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ABSTRACT

In two human ovarian tumor cell lines, resistance to ciVdiamminedi-
chloroplatinum(II) (CDDP) was induced by continuous exposure of
the parental lines to an increasing CDDP concentration in the culture
medium. In contrast, a six times repeated pulse exposure of 6.7 jtM or
16.7 MMCDDP for l h did not result in a cell line that showed a higher
survival in CDDP-containing medium. The IDW value for CDDP was
seven to eight times higher for the resistant lines and those lines
were able to grow at 3.3 JIMCDDP. The induced resistance was stable
during at least 25 doubling times. The CDDP-resistant sublines showed
cross-resistance to the CDDP-analogues crWiammine-l,l-cyclobutane-
dicarboxylateplatinum(II) and m-dichlorobis(isopropylamine)-rranÂ£-
dihydroxyplatinum(IV) indicating that resistance to the different plati
num compounds is generated by a common mechanism. The resistant
sublines were also cross-resistant to mitomycin C and melphalan. The
degree of cross-resistance for the tested drugs varied widely between the
two cell lines. Resistance to CDDP was clearly correlated to decreased
amounts of platinum in the resistant cells as compared to the sensitive
cells. The amplification and expression of genes encoding proteins that
had been shown to be involved in multidrug resistance, e.g., the M,
170,000 P-glycoprotein was also studied. No amplification or overexpres-
sion of these genes could be shown in the resistant cell lines.

INTRODUCTION

CDDP4 is one of the most widely used antineoplastic agents

and is particularly effective in the treatment of ovarian and
testici!lar cancers (1). A major problem, as in all cancer chemo
therapy, is the development of resistance.

The mode of action of CDDP is generally considered to be
the formation of covalent adducts with DNA. Binding of the
drug to DNA takes place most likely at the N7 atoms of adenine
and guanine (2). Fichtinger et al. have shown that the main
adduct formed is the intrastrand chelation of two neighboring
guanines by CDDP. Two other adducts are also formed in
siunifican t amounts. Firstly, an adduct of a neighboring adenine
and guanine and secondly an adduct cross-linking two guanines
which are nonadjacent in the double helix. The latter adduct is
not only responsible for intrastrand but also for interstrand
cross-links (3). Finally, CDDP can also bind to cell membranes

and has been reported to cause inhibition of amino acid trans
port systems (4, 5).

Hitherto, the mechanism involved in the induction of CDDP-
resistance is not well understood. One supposes that there are
three possible mechanisms for the induction of resistance (6):
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overproduction of the drug target (e.g., as a result of gene
amplification), reduced drug permeability, and altered interac
tion of the drug with its target.

Often a very wide-ranging cross-resistance to unrelated drugs
is observed in cells originally selected for resistance to one
particular drug: the mult Â¡drug-resistancephenomenon. A mem
brane glycoprotein with a molecular weight of 170,000, P-
glycoprotein, is overproduced in several resistant cells, not only
in colchicine-resistant Chinese hamster cells (7-9), but also in
murine and human resistant cells (7). It is therefore highly
conserved and amplificai ion of the gene encoding this protein
seems to be related to a multidrug-resistant phenotype (8, 9).
There are only a few reports on CDDP-resistant human cell
lines. Recently Teicher et al. reported that a CDDP-resistant
subline from the Raji cell line, and a CDDP-resistant subline
from a head and neck squamous cell carcinoma both showed
cross-resistance to several alkylating agents (10).

The purpose of this study is to examine the induction of
CDDP-resistance and the underlying mechanisms. Two stable
growing human ovarian tumor cell lines were selected and made
resistant to CDDP in vitro. Several properties of these resistant
lines were compared with those of the parental lines. Further
more, cross-resistance to several other drugs, including the
newly synthesized CDDP analogues CHIP and CBDCA, was
determined.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. The human ovarian cell lines
cov362.cl4 and cov413.B were established from biopsy specimens from
patients with advanced ovarian cancer. The first one is a subcloned cell
line originally derived from pleural aspirate of a patient who recurred
after melphalan treatment. The second cell line is derived from an i.p.
metastasis from the bladderdome of an untreated patient. Cells were
maintained by regular passages in Dulbecco's minimal essential me
dium supplemented with 10% fetal calf serum, L-glutamine (3 IHM),i -
asparagine (1 HIM),penicillin (100 IE/ml), and streptomycin (0.05 nig/
ml). The cells were frequently monitored for mycoplasma contamina
tion and were mycoplasma free when used. The DNA content was
determined according to Vindel0v about every 25 passages of culture
(11). The mean DNA content per cell of both cell lines remained
constant during all experiments.

Development of Resistance to CDDP. Two methods were chosen to
induce CDDP-resistant sublines from cov362.cl4 and cov413.B.
Firstly, cells of both lines were repeatedly exposed for l h to CDDP in
a concentration of either 6.7 or 16.7 Â¿tM.Treated cells were cultured in
fresh medium until the surviving cells had recovered and showed a
normal exponential growth rate. Then the cultures were passaged and
the total procedure was repeated. Secondly, cells were grown at an
initially low concentration of CDDP. After the cells had regained their
exponential growth rate, the CDDP concentration was stepwise in
creased. After subsequently five steps of 50 ng/ml and three steps of
250 ng/ml in 7 months the cells grew normally at a concentration of
1000 ng CDDP/ml (3.3 JJM).About every 3 days the culture medium
was replaced by fresh medium with CDDP. The resistant sublines are
denoted as cov362.cl4-PtR and cov413.B-PtR. The number of passages
at which the lines were grown in culture medium with 3.3 JJMCDDP
is indicated between brackets.
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RESISTANCE TO CDDP

Drugs. CDDP, CBDCA, and CHIP, were obtained by courtesy of
Bristol Myers, Weesp (The Netherlands). Mitomycin C (Kyowa Hakko,
Japan), Adriamycin (Farmitalia Carlo Erba, Italy) and melphalan d
phenylalanine mustard, Wellcome, UK) were used in commercially
available formulations. All drugs were diluted in 0.9% NaCl immedi
ately prior to each experiment. Stock solutions of each drug were kept
frozen at -80'C.

Drug Sensitivity Assays. The sensitivity of the cells to various drugs
was studied using a monolayer colony-forming assay. 250 cells were
seeded in 6-well tissue culture plates and after 48 h the attached cells
were exposed to the drug. In case of a 1-h exposure, plates were washed
twice immediately after exposure and then fresh medium was added.
The plates were kept in a humidified incubator for 11 days at 37Â°Cin

5% COz in air. The plates were fixed by methanol and the colonies
were stained with Giemsa for counting. Sensitivity of the treated cells
for a drug was expressed as the fraction of surviving colonies relative
to untreated control culture x 100%. The concentration of a drug at
which colony formation is 50% inhibited as compared to colony for
mation of untreated cells (ID5o) is used as parameter of sensitivity for
that drug. The RF is the ratio of the ID50of the CDDP-resistant subline
and the MXÂ«of the parental line.

Uptake of CDDP. The cell lines were exposed to equal concentrations
of CDDP in the culture medium for l h at 37Â°Cand 5% CO2 in a

humidified incubator and were subsequently washed extensively. Cells
were then collected by trypsinization and diluted with 0.9% NaCl until
about 7.107 cells/ml. The exact number of cells in each sample and the

mean cell volume was determined by a Coulter Counter. Each sample
was analyzed for platinum content by introducing 40 /Â¿Iinto a Perkin-
Elmer model 4000 atomic absorption spectrophotometer. A 0.4 /<M
K;l't( I,,solution was used to construct a calibration curve.

DNA and RNA Analysis. High molecular weight DNA was isolated
from the resistant and parental cell lines according to standard proce
dures (12), digested with Â£coRIand fractionated on a 1% agarose gel.
After electrophoresis the DNA fragments were transferred to a Gene
Screen Plus filter and hybridized to a 32P-labeled DNA probe as

described elsewhere (13). Polyadenylated RNA was separated from
nonpolyadenylated RNA by chromatography on oligo(dT)-cellulose
(12). For Northern blot analysis, poly(A)+ RNA samples were electro-
phoresed in 1% agarose-2.2 M formaldehyde gels and transferred to
nitrocellulose filters. Hybridization and washing were performed ac
cording to standard procedures (12).

RESULTS

Cell Lines. Cov362.cl4 and cov413.B are ovarian tumor cell
lines which grow as a uniform monolayer culture on plastic.
The doubling times of both lines for plastic-adherent growth
under the conditions described are: cov362.c 14,22 h; cov413.B,
19 h. The mean DNA content per cell of both lines was 3.4n
for cov362.cl4 and 1.8n for cov413.B. Both lines grow stable
with respect to morphology, doubling time, and DNA content
when used for these experiments. The cell lines were used for
these experiments in passages 50-110. To investigate the sen
sitivity of these cell lines for CDDP and other drugs, we used
the monolayer colony-forming assay. The major advantage of
such an assay as compared to estimation of viable cells by
Coulter counting after trypsinization is that only cells with full
proliferating capacity are measured as "viable." In Table 1 the

ID50 value of both lines for CDDP at 1 h and at continuous
exposure is given. Above concentrations of 3.3 MMfor contin
uous incubation or 67 //M for 1 h incubation, no colonies were
formed. These results show that there is a considerable effect
of the exposure time on cell survival in agreement with earlier
reports (14). It can also be seen from Table 1 that the two cell
lines have a slightly different sensitivity for CDDP, i.e.,
cov362.cl4 being more sensitive than cov413.B. This effect
seems more distinct at a 1-h exposure time than at continuous
incubation with the drugs.

Table 1 Sensitivity aforarÃan tumor cell lines for CDDP
IDÂ»values of CDDP for 1 h (parental lines) and for a continuous exposure

(parental and resistant lines) as determined with the monolayer colony forming
assay.

Celllinecov362.cl4

cov362.cl4-PtR (p = \\)Â°

COV413.B
cov413.B-PtR(p = 21)Â°1-h

exposureIDÂ»

0"M)10.0

ND*

20.0
NDContinuous

exposureIDÂ«

(MM)0.47

3.33
0.63
5.00RF1

7.1
17.9

" p, number of passages at which the cell lines were grown in presence of 3.3

MMCDDP in the culture medium.
* ND, not determined.

Development of Resistant Cell Lines. Two different methods
were used to elicit resistance to CDDP in the two ovarian tumor
cell lines. In the first method the cells were treated with several
pulses of a high concentration CDDP. Neither a concentration
of 6.7 nor 16.7 ftM could make the cell lines resistant at two
incubation times (results not shown). A slight increase of the
ID50 values resulting in RF of at most 1.7 could be seen. We
conclude that the pulse method is not appropriate for making
these ovarian tumor cells resistant to CDDP. The second
method was to culture the cells in the continuous presence of
stepwise increasing CDDP concentrations. After about 7
months and raising the CDDP in eight times to 3.3 /<M,resistant
sublines of both cell lines were obtained (Table 1). Now, RF
values up to 7.9 could be obtained and the cells were able to
grow at a CDDP concentration of 3.3 MM,at which concentra
tion no cells of the parental lines survive.

After an increase of the CDDP concentration only a fraction
of the population survived. The extent of the stepwise increase
appeared to be related to the recovery time of the surviving
cells. The recovery time of cov413.B-PtR was shorter than the
recovery time of cov362.cl4-PtR after adding fresh CDDP to
the culture media. This resulted in a faster overall growth rate:
cov362.cl4-PtR was passaged 17 times in 8 months and
cov413.B-PtR 25 times in the same time (results not shown).
One day after adding CDDP in the culture medium several
changes could be observed. The cell volume increased dramat
ically, e.g., for cov413.fi from 1500 to 2500 fl in presence of
1.7 MM CDDP in the culture medium as measured by the
Coulter counter after trypsinization (results not shown). The
size of the nuclei was large and much more irregular nuclei can
be seen after a single dose of 3.3 MMCDDP. Many cells had
more than one nucleus. The DNA content of the resistant lines,
however, was not changed indicating that no gross chromo
somal alterations had been induced during the development of
resistance to CDDP (results not shown).

Cross-Resistance. Recently new CDDP analogues have been
developed with the expectation to diminish the severe side-
effects of CDDP and to maintain the same antitumor effects in
patients. Another application of the analogues might be admin
istration to patients that have developed resistance to CDDP.
To investigate the feasibility of the latter option, we tested the
efficacy of the two CDDP analogues CBDCA and CHIP on the
CDDP-resistant cell lines. The results indicate that the cell line
cov413.B-PtR is as resistant to CBDCA as to CDDP (Table 2,
Fig. 1, compare A and B). A somewhat lower cross-resistance
was found for CHIP on cov413B-PtR (Fig. 1C, Table 2). The
same trend was found for cell line cov362C14-PtR (Table 2).
This line, however, seems less resistant to CBDCA and CHIP
than cov413.B-PtR, suggesting that the mode of action of the
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RESISTANCE TO CDDP

Table 2 Cross-resistance aforarÃan tumor cell lines to various cytostatic agents
IDÂ»values were measured by the monolayer colony-forming assay after a

continuous exposure of the cell lines to the indicated drug.

DrugCDDP

CBDCA
CHIP
MMC
ADMDrugCDDP

CBDCA
CHIPMMC

ADM
Melphalancov362.cl40.47

2.16
1.445.0 X IO'3

3.7 xIO'3COV413.B0.63

1.89
1.791.5 x IO'2

2.2 x IO'2

2.23IDÂ»

(MM)cov362.cl4-PtR07=11)"3.33

8.09
2.391.0 x 10~2

9.2 xIO-3IDÂ»

(Â¿IM)cov413.B-PtR

(p =21)5.00

13.7
5.742.8 x IO'2

2.2 x IO'2

8.19RF7.1

3.7
1.7
2.02.5RF7.9

7.2
3.2
1.9
1.0
3.7

" p. number of passages at which the cell lines were grown in presence of 3.3

liM CDDP in the culture medium.

analogues might be slightly different from that of CDDP. To
test whether the resistance of the cell lines to the analogues was
specific for platinum compounds we determined the sensitivity
to mitomycin C and Adriamycin (DNA intercalating agents)
and to melphalan (an alky lut ing agent). Cov413.B-PtR has
considerable cross-resistancy to melphalan (Fig. IF, Table 2)
and to a lesser extent to mitomycin C (Fig. ID, Table 2). This
line, however, proved to have remained completely sensitive to
Adriamycin and no difference with the original cell line could
be seen (Fig. IE). The other resistant cell line (cov362.cl4-PtR)
showed cross-resistance with Adriamycin (Table 2), although it
is considerably lower than the resistance to CBDCA and
CDDP. Taken together these results suggest a specific mecha
nism of resistance to CDDP and its analogues: the resistant
cells are predominantly cross-resistant to the other platinum
compounds.

The level of resistance to CDDP of cell line cov413.B-PtR

did not change after seven passages (25 doubling times in 2
months) growth in medium without CDDP, indicating that the
resistance is based on a stable change in the cell line, rather
than a transient phenomenon (results not shown).

Several ways of induction of cytostatic agent resistance have
been reported. In this situation, e.g., CDDP resistance, we favor
two possibilities: reduced drug permeability and/or an altered
interaction of the drug with the target, i.e., DNA. In a first
attempt to analyze at which level this resistance to CDDP takes
place, the concentration of platinum in cell line cov413.B and
its resistant subline was determined by atomic absorption after
a 1-h exposure to CDDP. The results (Fig. 2) show a striking
reduction of platinum in the resistant subline. This strongly
suggests that the reduced sensitivity to CDDP is caused by a
reduced steady state level of CDDP in the cell and hence a
lower concentration in the nucleus that ultimately may lead to
the formation of less adducts and to a reduced cytotoxicity.
Resistance to a vast number of drugs has been shown to be due
to induction of membrane proteins which might play an impor
tant role in either trapping the drug or facilitating reverse
transport from in or out of the cell (IS). A major mechanism
involved in this process is amplification of genes encoding the
A/r 170,000 P-glycoprotein involved in multidrug resistance (9,
13). Also a protein with a molecular weight of 22,000 (Sorcin/
VI9) is overproduced in some multidrug-resistant cell lines
(16). We therefore investigated such an amplification in our
resistant cell lines using a P-glycoprotein-specific probe (13)
and a V19-specific probe (16). The Southern blot analysis did
not reveal any gene amplification of the genes encoding P-
glycoprotein in the lines as compared to the sensitive parental
lines (Fig. 3, A and B). Also no amplification of VI9 has been
observed (results not shown).

To investigate the actual expression of the P-glycoprotein-
encoding gene, poly(A)-containing mRNA from parental and
resistant ovarian carcinoma cell lines and from a control cell
line expressing normal levels of P-glycoprotein mRNA (the
human hepatoma cell line HepG2) were analyzed by Northern
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Fig. 1. Resistance of ovarian tumor cell line cov413.B and its resistant subline to various cytostatic agents. Colony survival was measured as a function of drug
concentration at a continuous exposure to the drugs. O, cov413.B; x, cov413.B-PtR; points, mean of two independent experiments; MMC, mitomycin C; ADM,
Adriamycin.
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Fig. 2. Uptake of CDDP. Cellular platinum concentrations after a l-li treat

ment with CDDP as measured by atomic absorption spectrometry. O, cov413.B;
x, cov413.B-PtR.

blotting (Fig. 3C). A hybridization with a GAPDH probe was
included as a control for the amount of mRNA loaded on each
lane. Fig. 3C shows that expression of P-glycoprotein is com
pletely absent in all ovarian carcinoma cell lines (lanes 1-4)
even though much more RNA was loaded in these lanes than
in the control, where P-glycoprotein expression can be easily
detected (lane 5).

DISCUSSION

The development of resistance to effective cytotoxic agents
such as CDDP is a major impediment to effective treatment of
tumors that were originally sensitive to the drug. A detailed
understanding of the mechanism underlying the resistance may
ultimately result in ways to circumvent it or to delay its induc
tion. In the present contribution we showed that it is possible
to render ovarian cancer cell lines resistant to CDDP. The
degree of resistance, however, seems rather low as compared to
resistance induced with other cytostatic agents. With metho-

trexate for instance, RF values of at least 100 can easily be
reached (17) while we hardly could induce a value of 7 after 7
months of selection with increasing amounts of CDDP. This
observation is in agreement with another report (10) where a
RF value of at most 12 was obtained. These results show that
the course of the induction of resistance to CDDP differs from
that to other cytostatic agents. This is further corroborated by
the observation that the pulse exposure does not induce resist
ance to CDDP. Resistance to, for instance, Adriamycin or
colchicine, however, arises rather quickly (6). In these cases,
pulse exposure of a cell culture results in highly resistant
sublines (6), suggesting either that there is a selection for
preexisting resistant cells in the population or that in one
particular cell a single event occurs, e.g., a point mutation (18).
In our case pulse exposure did not result in any resistance.

Interestingly the two cell lines used for these experiments
have a rather different sensitivity for CDDP, cov362.cl4 being
more sensitive than cov413.B. This effect is the more remark
able since the amount of DNA in cov362.cl4 is about twice the
amount as in cov413.B (respectively, 3.4 and 1.8n). This indi
cates that the sensitivity to CDDP is not merely dependent on
the ratio of CDDP concentration in the medium and the
amount of DNA in the cell, but rather on the activity of the
DNA repair system in a particular cell line or the presence of a
CDDP-inactivating system, e.g., the level of transport through
the cellular membrane. The fairly reduced intracellular CDDP-
concentrations in the CDDP-resistant line investigated as com
pared to the parental line (Fig. 2) suggests that the latter
mechanism is possible. An exploration of the degree of ampli
fication of genes involved in multidrug resistance (13) revealed
no role for the genes encoding the P-glycoprotein, neither did
Northern blotting experiments show an increase in the tran
scription of the genes. These results show that overexpression
of the P-glycoprotein does not account for resistance to CDDP.

Both CDDP-resistant cell lines showed not only cross-resist
ance to the structurally CDDP-related drugs CBDCA and
CHIP but also to apparently unrelated drugs such as mitomycin
C and melphalan. The resistant subline of cov362.cl4 was also
resistant to Adriamycin. Both resistant sublines, therefore, dem
onstrate a multidrug-resistant phenomenon. It is striking that
both lines show a much lower degree of cross-resistance to

Fig. 3. The P-glycoprotein gene in the pa
rental and resistant lines. A and B, Southern
blot analysis of ffoRI-digested DNA from the
two ovarian tumor cell lines (cov362.cl4 and
COV4I3.B) and the resistant sublines
(cov362.cl4-PtR and cov413.B-PtR). A, filter
hybridized with a P-glycoprotein-specific
probe (13). B, the same filter hybridized with
a N-ros-specific probe as a control for the
amount of DNA in each lane. C, Northern blot
analysis of poly(A)+ RNA from the two ovar
ian tumor cell lines (lanes I and 3) and the
resistant sublines (lanes 2 and 4). HepG2 (lane
5) is a human hepatoma cell line with a normal
expression of P-glycoprotein. The filter is hy
bridized with a P-glycoprotein-(gpl70)-spe-
cific probe (lop) and with a GAPDH-specific
probe as a control for the amount of RNA in
each lane (bottom).
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CHIP than to CBDCA, which might be explained by the fact
that CHIP is essentially different from the others since it is
quarternary platinum(l V) binding and not a binary platinum(II)
binding. Furthermore the resistance factors for CDDP and
CBDCA are about the same in cov413.B-PtR but differ in
cov362.cl4-PtR. These observations suggest that there is a

relation between the structure of CDDP analogues and the
degree of resistance and that this relation varies among different
cell lines. Apparently there is not one general mechanism of
resistance to CDDP.

Our results show that the resistant sublines accumulate less
CDDP. A possible explanation could be an altered transport
system. Shionoya et al. showed recently that when K562 cells
were made resistant to CDDP, their neutral amino acid trans
port system was changed (19). Unlike in our cell lines, this
resistance was not stable and redevelopment of sensitivity to
CDDP was accompanied with reversion of the amino acid
transport properties. A close inspection of these and other
amino acid carrier systems (5) in our cell lines might perhaps
reveal a clue as to what changes in ovarian cancer cell lines
induce resistance to CDDP and its analogues. Recently, Beh-

rens et al. (20) and Teicher et al. (21) reported the characteriza
tion of a CDDP-resistant subline of, respectively, a human
ovarian cancer cell line and a human squamous carcinoma cell
line. Their results are in agreement with out results. Behrens et
al. also showed that the resistant line showed higher glutathione
levels and DNA repair capacity (20). Teicher et al. reported a
higher glutathione transferase activity and decreased DNA
cross-linking in their resistant cell line (21). In addition, we
have shown here that amplification or overexpression of the P-
glycoprotein gene, involved in multidrug resistance, are not
active in CDDP resistance. Now the question arises as to what
mechanism on the molecular level is underlying CDDP resist
ance. Ultimately, unraveling this mechanism may lead to a
better understanding of how cells become insensitive to plati
num compounds and may so provide insight into methods that
circumvent these phenomena and lead to new ways in treating
cancer patients with cytostatic drugs.
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