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Abstract-A cis-diamminedichloroplatinum(II) (cisjdatin)-resistant subline (Cis-PP) demon- 
stated 2Q-fold greater resistance to the cytotoxic effects of cisplatin, compared with the parental 
cloned rat ovarian carcinoma cell line (ROT SS/Cl). The uptake of cisplatin into the Cis-Pt’ 
cells was identical to that into the ROiW/C1 cells in vitro and in vivo. Glutathione activity 
in a cytoplasmic extract was 1.4-fold and I.&fold greater in the Cis-PT cells than in the 
ROiW/C1 cells in vitro and in vivo, respectively. There was no difference between the 
ROiW/C1 and Cis-PT cells in ‘95m czsplatin binding per pg DNA. DNA repair of cisplatin 
DNA damage was increased in the Cis-PT cells but not in the ROT68/C1 cells. These results 
suggest that the mechanisms of resistance to cisplatin in rat ovarian carcinoma cells invoke 
increased activity of the DNA repair system and increased cytosolic binding to thiols may also 
be involved. 

INTRODUCTION 

DESPITE THE extremely high initial response rates of 
ovarian carcinoma to cisplatin, the 5-year survival 
rates have not improved primarily due to the 
frequent emergence of cisplatin resistance [ 11. 
Although the mechanisms of cellular resistance to 
cisplatin are not completely understood, several 
possible mechanisms are proposed including dc- 
creased drug uptake, a high content of cisplatin- 
binding cytoplasmic thiols, reduction ofDNA cross- 
linking and increased DNA repair [2]. Cisplatin 
resistance has been studied using several different 
cisplatin-resistant sublincs derived from the cisplat- 
in-sensitive parental cell lines in vitro [3]. The mech- 
anisms of resistance to cisplatin are not unified and 
appear to vary among the ccl1 lines. Therefore, we 
have recently developed a cisplatin-resistant subline 
(Cis-Pt’) from a cisplatin-sensitive rat ovarian carci- 
noma cell line (ROT68/Cl) using continuous 
exposure to increasing doses of cisplatin in vitro [3]. 
In this report, we examine the mechanisms of 
cisplatin resistance using these ccl1 lines and present 
evidence which supports a multifactorial mcchan- 
ism. 
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MATERIALS AND METHODS 

l!hgs 
The solution of cisplatin in saline (0.5 mg/ml) 

was a gift from Nippon Kayaku Co. (Tokyo, Japan). 
“‘““Cisplatin with a specific activity of 203 kg/mg 
cisplatin and a half-life of 4.02 days was made at 
the Research Reactor Institute (Osaka, Japan). To 
produce ‘“““‘platinum, a 10 mg sample of 95.06% 
enriched p “I4 latinum was irradiated in the 
hydraulic conveyor of KUR with a thermal neutron 
flux of approx. 8.15 X 10’” n.cmp2 for 75 h. 
“‘““‘Cisplatin was synthetized according to the 
method described in a previous paper [4]. Gluta- 
thione in a reduced form was purchased from Sigma 
Chemical Co. (St. Louis, MO). [“H.]Thymidinc 
with a specific activity of 2 Ci/mole was purchased 
from the New England Nuclear Corp. (Boston, 
MA). 

Cell line 
A cisplatin-resistant sublinc (Cis-Pt’) derived in 

uitro from a parental cloned rat ovarian adenocarci- 
noma cell line (ROT68/Cl) was used [3]. The 
ROT68/Cl cells were tumorigcnic to isologous 
Sprague-Dawlcy strain newborn rats [5] and 
showed sensitivity to the antitumor effect ofcisplatin 
in vitro [S] and in uivo [7, 81. Both cell lines grew as a 
monolayer in RPM1 1640 medium supplemented 
with antibiotics and 10% newborn bovine serum 
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(Flow Lab., New South Wales, Australia) in a 
humidified mixture of 5% carbon dioxide and 95% 
air at 37°C. The Cis-Pt’ cells were maintained with 

an intermittent exposure to 1 pg/ml ofcisplatin and 
the 20-fold resistance of this subline to cisplatin 
remained stable for the period (data not shown). 

Transplantation 
Approximately 5 X 10’ cells suspended in 

0.2 ml of medium were inoculated subcutaneously 

into the interscapular region of newborn 

Sprague-Dawley strain rats (Clea Japan Inc., 
Tokyo) within 48 h after birth. 

DNA histogram 
Cells ( lo”/25 cm2 flask) were exposed to 

l-10 kg/ml of cisplatin for 1 h, and harvested with 
0.25% trypsin at 37°C. The cells were fixed in 50% 
ethanol and a DNA histogram was generated using 
the method previously described [9] with a SCS-1 
flow cytometer (Nippon Bunkou, Tokyo). 

Karyotypic analysis 
A karyotype was gencratcd using a standard 

method. Mitosis was arrested with colcemid and 
the cells underwent a KC1 hypotonic treatment. 
Then they were fixed in acetic acid/methanol ( 1:3), 
dipped into 0.025% trypsin solution, rinsed in 
ethanol and stained with Gicmsa. 

Uptake of cisplatin 
To evaluate in vitro cisplatin uptake, 10” cells 

grown in three 75 cm2 flasks were incubated in a 
medium containing 10 pg/ml of cisplatin for appro- 

priate exposure times at 37°C. The cells were then 
rinsed, harvested and centrifuged at 1000 rpm for 
5 min to obtain a cell pcllct. The cell pellet was 
resuspended in 1 ml of phosphate-buffered saline 
(PBS) solution and disrupted in a sonicator, Handy 
Sonic Model UR-POP (Tomy Seiko Co., Ltd., 
Tokyo), at 20 kc for 1 min. After centrifugation at 
10,000 rpm for 60 min the supernatant platinum 
content was dctermincd using flameless atomic 
absorption spectrophotometry with a Hitachi Type 
170-70 (Hitachi Ltd., Tokyo). 

For in vivo cisplatin uptake, cisplatin at a dose of 
4 mg/body was injected into tumor-bearing rats 
weighing approx. 200 g, at 8 weeks after intra- 
peritoneal inoculation of the cells. At various intcr- 
vals from 15 min to 24 h after drug injection, the 
tumors were resected and stored at -20°C. An 
assay of cisplatin levels in the tissues was done as 
previously described [7] using flamelcss atomic 
absorption spectophotometry. 

Measurements of glutathione 
Cells (lo*) in the cxponcntial growth phase or 

tissues (0.5 g) were disrupted with a sonicator in 

4 ml of ice-cold distilled water containing EDTA 
(pH 8). Protein was removed by cold centrifugation 
at 5000 g for 10 min after addition of 1 ml of 25% 
HPO,. An aliquot of the supernatant fluid was then 
diluted with distilled water and the glutathione was 
measured according to the method of Cohn and 
Lyle [lo] with a Shimazu Model RF 500 spectro- 
photofluorometer (Shimazu Corp., Tokyo). Fluor- 
escence was mcasurcd at an excitation wavelength 
of 350 nm and an emission wavelength of 420 nm. 

‘““mCisplatin DNA binding 
Approximately 10’ cells were suspended in 1 ml 

of medium and ‘“““‘cisplatin was added to a final 
concentration of 1 pg/ml in a total volume of 2 ml. 
The culture tubes were promptly returned to the 
incubator (37°C). After various exposure times, the 
medium containing “lS”‘cisplatin was removed and 
washed with cold PBS following which the DNA 
was extracted by the method of Shibastani [ 111. 
Radioactivity was determined with a Aloka TOC 
gamma counter (Aloka Co., Ltd., Tokyo). The 
concentration of DNA was determined by the 
method previously described [ 121. 

Examination of unscheduled DNA synthesis 
Aproximately 1.5 X lo5 cells per 60 mm dish in 

the logarithmic phase of growth were washed in 
serum-free medium and incubated in medium con- 
taining various concentrations of cisplatin for 1 h 
at 37°C. Immediately after incubation, the cells 
wcrc washed and rc-incubated in pm-warmed 
medium containing [“HI thymidine (2 @X/ml) and 
10 mM of hydroxyurea. After incubation for 2 h, 
the radioactive medium was removed. Levels of the 
unscheduled DNA synthesis were measured by the 
method previously reported [ 131 using a liquid 
scintillation spectrometry with a Beckman LS-235 
scintillation spectrometer (Beckman, Fullerton, 
CA). 

RESULTS 
W e previously reported that Cis-Pt’were 20-fold 

more resistant to cisplatin cytotoxicity than the 
parental cell line (ROT68/C 1)) using drug concen- 
trations required for 50% colony inhibition in vitro 
[3]. In the present study, WC further confirmed the 
Cis-Pt’ cell cisplatin resistance by changes in the 
DNA histogram after exposure to cisplatin in vitro. 
As shown in Fig. 1, cell accumulation in the S phase 
was first observed in the ROT68/C 1 cells 48 h after 
treatment with 1 kg/ml for 1 h. Cell accumulation 
in the G2-M phase and cell debris which suggested 
intense cytotoxicity of cisplatin [ 14, 151 was promi- 
nent in the ROT68/Cl cells after treatment with 
concentrations of 5 kg/ml or more, resulting in 
complete arrest ofgrowth [3]. In contrast, changes 
in the DNA histogram wcrc not prominent or long 
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lasting in the Cis-Pt’ cells even when treated with 
10 kg/ml for 1 h (Fig. 2), which resulted in only 
slight inhibition of growth [3]. 

The ROT68/Cl and Cis-Pt’ cells had modal 
chromosome numbers of 93-95 and 90-92 rcspcct- 
iv_ely, and many marker chromosomes were shared 
by both cell lines (Figs. 3 and 4). Abnormalities 
noted specifically in the Cis-Pt’ cells included the 
addition of a long arm of chromosome 13 (13q+) 
observed in all Cis-Pt’ cells (Fig. 4). Behrens et al. 
[ 161 also reported a characteristic 13p-t chromo- 
some in a cisplatin-resistant human ovarian cancer 
cell subline. Double minute chromosomes were 
absent in both cell lines, as reported in other cisplat- 
in-resistant cell lines [ 16, 171. 

The first step in the exploration of cisplatin 
resistance was an examination of cisplatin uptake 
in vitro and in vivo. The uptake of concentrations of 
10 pg/ml in the Cis-Pt’ cells and the ROT68/Cl 
cells was identical and there was a linear increase in 
cellular platinum content with increasing exposure 
times from 20 min to 4 h in vitro (Fig. 5). On the 
other hand, tissue platinum content after a single 
intraperitoneal injection of cisplatin (4 mg/body) in 
vivo was also similar in both Cis-Pt’ and ROT68/ 
C 1 cells (Fig. 6). There was a linear increase in 
tissue platinum content during the first hour and 
the content decreased gradually thercaftcr. 

Endogenous glutathione interacts with cisplatin 
and binds such clcctrophiles to nucleophilic SH- 
containing compounds prior to the interaction with 
the DNA, and seems to rcducc the cytotoxicity of 
cisplatin in vitro and in vivo [ 181. Table 1 shows that 
the cytosolic glutathione content of the Cis-Pt’ cells 
was greater than that of the ROT68K 1 cells (1.4- 
fold in vitro and 1 .&fold in uivo). 

Considerable evidence suggests that cisplatin 
exerts its cytotoxic effect via an interaction with 
the DNA [19]. Figure 7 illustrates the binding of 
‘“““cisplatin per pg DNA. The binding was similar 
in both cell lines. 

Altered DNA repair activity after cytotoxic DNA 
cross linkage may also be related to the development 
of acquired resistance to cisplatin. Figure 8 illus- 
trates cisplatin-induced unscheduled DNA syn- 
thesis in ROT68/Cl and Cis-Pt’ cells. Under the 
condition of inhibition of scheduled DNA synthesis 
by hydroxyurea, specific activities of cisplatin- 
induced tritium incorporation per p,g DNA in Cis- 
Pt’cells were evidently larger than those in ROT68/ 
Cl cells, as well as the activities shown by the 
incorporation per 10” cells. Thus, the cisplatin- 
resistant Cis-Pt’ cells acquire resistance to cisplatin 
partly due to an increase in the activity of DNA 
repair systems. 

DISCUSSION 

Several studies using cisplatin-resistant sublines 
derived from a murine leukemia cell line L 12 10 in 
vitro demonstrated that a decrease in cisplatin 
uptake contributes to an acquired resistance to 
cisplatin [20, 2 11. The absence of a transport defect 
in cisplatin resistance has been reported using 
human bladder carcinoma cell lines [22, 231, as 
well as in the present study using a rat ovarian 
carcinoma cell line. Thus, although a transport 
defect is a possibility, experimental discrepancies 
exist among the cisplatin-resistance cell lines and 
there is no simple relationship between cisplatin 
uptake and differential cytotoxicity. 

Alterations in the intracellular metabolism of 
cisplatin can explain the development of cisplatin 
resistance. Elevation in cellular glutathione, a major 
nonprotein thiol, is a known characteristic of some 
cisplatin-resistant cell lines [22-261. Our present 
study also supports this possibility. However further 
studies arc necessary for confirmation, i.e. reversion 
of resistance to cisplatin by addition of buthionine 
sulfoximine [25]. 

Endogenously synthesized mctallothioneins, a 
major source of protein thiols, arc also increased in 
cisplatin-resistant cells [27, 281. One role of these 
thiols in the modification of the cellular response to 
cisplatin is a possible component of resistance. 

Cisplatin binds to DNA in a manner analogous 
to bifunctional alkylating agents and produces inter- 
strand and intrastrand DNA cross-linkage. DNA 
cross-linkage correlates with cytotoxicity and inter- 
ference with this process may be a mechanism of 
resistance [22-24, 29, 301. Recently, it has been 
proposed than an adduct not detected by alkaline 
elution such as an intrastrand cross-linkage is 
responsible for the cytotoxicity of cisplatin 
[ 19, 30, 311. The binding of ‘s4”cisplatin per pg 
DNA was similar in the cisplatin-sensitive parental 
ROT68Kl cells and in the cisplatin-resistant Cis- 
Pt’ cells. 

Increased activity of DNA repair systems in cell 
lines with acquired cisplatin resistance has been 
reported [23, 321. I n our study, unscheduled DNA 
synthesis increased in the cisplatin-resistant Cis- 
Pt’ cells but the parent cells showed no increased 
capacity to repair DNA damage. 

In conclusion, mechanisms of resistance in our 
rat ovarian carcinoma cell line involve increased 
DNA repair activity. In addition, an increased 
endogenous thiol content and other undetermined 
factors appear to be involved. 
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Table 1. Glutathione levels in ROT&I/Cl and Cis-Pt’ cells in 
vitro and in vivo 

Cell line 

ROT68/C 1 
Cis-Pt’ 

In vitro 
(kg/mg protein) 

I 1.4’ 
15.6 

In viva 
(f.bg/mg protein) 

16.8 
30.6 

*Values are the mean ofduplicates 

WC 25:3-C 
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