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Abstract—A series of cisplatin-resistant cell lines were used to examine the formation and removal of
platinum-DNA adducts from the overall genome and the formation and removal of cisplatin-interstrand
cross-links from specific genomic regions. Cisplatin accumulation and DNA platination levels, which
correlated linearly, were similar in three of the resistant cell lines despite differences in their primary
cisplatin resistance. Increased platinum removal from total genomic DNA was found to be associated
with increased resistance. Interstrand cross-link levels were found to be 2- to 4-fold lower in the 28S
ribosomal RNA gene and a non-coding genomic region of the resistant cell lines as compared with the
parental A2780 cell line. In addition, 1.2- to 2.7-fold more cross-links were formed in the non-coding
region than in the ribosomal RNA gene in all of the cell lines. Interstrand cross-links were removed
more rapidly from both regions of the highly cisplatin-resistant C80 and C200 cells and from the
ribosomal RNA gene only in the cell lines of lower resistance. The results support a role for DNA
repair and alterations in interstrand cross-link formation in cisplatin resistance and provide evidence

for heterogeneous interstrand cross-link formation in the genome.
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Currently the most effective treatment for advanced
stage ovarian cancer following cytoreductive surgery
is combination chemotherapy with a platinum-
containing drug (e.g. cisplatin, carboplatin) [1].
Despite the encouraging clinical complete response
rates (40-60%) achieved with platinum-based
chemotherapy, the majority of patients eventually
relapse and become refractory to further treatment
{2]. One approach to alleviate this problem is to
elucidate the mechanisms responsible for drug
resistance and then develop strategies to effectively
circumvent resistance or prevent its occurrence.
The available dataindicate that the antitumor effect
of cis-diamminedichloroplatinum (II) (cisplatin)
occurs through its ability to covalently bind to DNA
and prevent DNA replication and transcription.
Cisplatin reacts primarily at the N7 position of
guanine residues to form several types of lesions
including (dG)Pt monoadducts, d(GpG)Pt,
d(ApG)Pt and d(GpNpG)Pt intrastrand cross-links,
and (dG),Pt interstrand cross-links [3]. The specific
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lesion(s) responsible for cisplatin cytotoxicity remains
to be established.

Cellular resistance to cisplatin appears to be
multifactorial [4-8]. The potential mechanisms
responsible for cisplatin resistance, which have been
identified, may be classified into two categories:
those that influence the formation of cytotoxic DNA
lesions and those that minimize their impact. The
first category includes decreased drug accumulation
[9-13] and enhanced drug inactivation either by
thiol-containing proteins (e.g. metallothionein)
[14-17] or by non-protein sulfhydryl molecules (e.g.
GSH])) [18-24). For example, we and others have
shown GSH levels to be strongly correlated with
increased cisplatin resistance [18-24].

If such mechanisms do not prevent a drug from
interacting with DNA, the cell must either tolerate
or repair the resulting DNA damage in order to
survive. This constitutes a second major category of
resistance mechanisms. Evidence forincreased DNA
repair (2- to 4-fold) in the total genomic DNA of
cisplatin-resistant cells has been reported by several
laboratories [25-29]. In some model systems, it
appears that DNA repair occurs preferentially in
transcribed gene regions relative to the overall
genome [reviewed in Ref. 30]. It is conceivable that
the survival of cisplatin-resistant cells may depend
more on the speed or efficiency of repair in essential
regions of their genomes than in bulk DNA. If this
is the case, differences in gene-specific repair may
be more dramatic and correlate more closely to
relative cisplatin resistance than does repair in the
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overall genome. In fact, it has been reported recently
that the gene-specific repair of cisplatin interstrand
cross-links may be associated with cellular resistance
to cisplatin in human ovarian cancer cell lines [31].
We have measured the formation and removal of
total platinum-DNA adducts and one specific
platinum-DNA adduct, the interstrand cross-link,
in specific DNA sequences including the 28S
ribosomal RNA gene and a non-coding DNA region
of relatively cisplatin-sensitive A2780 cells and a
series of cisplatin-resistant cell lines that were
derived from the parental A2780 cell line. These
measurements were made in the context of the
complex multifactorial resistance mechanisms that
are present. In addition to a previously reported
role for glutathione in cisplatin resistance, our results
indicated that reduced cisplatin accumulation,
increased DNA repair, and decreased gene-specific
interstrand cross-link formation contribute to
cisplatin resistance in these cell lines.

MATERIALS AND METHODS

Materials. Cisplatin was obtained from Bristol-
Myers Squibb (Syracuse, NY). Chemicals and
reagents were obtained from the Sigma Chemical
Co. (St. Louis, MO). Cell culture reagents were
obtained from GIBCO (Grand Island, NY).

Cell lines. The human ovarian cancer cell line
A2780 was derived from a patient prior to treatment
[32]. The A2780/C series of cisplatin-resistant cell
lines was developed by near continuous, incremental
exposure of the A2780 cells to cisplatin (8-200 uM).
Cisplatin sensitivities and relative resistances were
determined as described previously [24] using the
MTT assay (see Table 1). Cell lines were maintained
at 37° in 5% CO, in RPMI 1640 medium
containing 10% (v/v) fetal bovine serum, 100 ug/mL
streptomycin, 100 U/mL penicillin, 0.3 mg/mL
glutamine and 0.3 U/mL insulin (porcine). For repair
experiments, duplicate flasks of cells (grown to
approximately 80% confluence) were treated at 37°
with various concentrations of cisplatin as follows:
A2780 (50 uM for 2 hr), CP70 (200 uM for 2 hr),
C30, C80 and C200 (300 uM for 4 hr). Following
cisplatin exposure, the medium was replaced with
fresh medium and incubated for 4, 8 or 12 hr at 37°,
The data for each cell line are reported as the mean
values taken from independent measurements on
DNA isolated from flasks on two separate occasions.

Cisplatin accumulation. Cell-associated platinum
was measured in total cellular extracts by AAS.
Triplicate flasks containing subconfluent, expo-
nentially growing cells were treated with cisplatin
(20~200 uM) for 2hr at 37°. Cells were washed
twice with phosphate-buffered saline, harvested by
trypsinization and counted; 2.5 million cells from
each flask were pelleted. Cells were “wet ashed”
essentially as described [33] by incubating overnight
in 0.5mL of concentrated nitric acid at room
temperature followed by incubating for Smin at
100°, adding 0.5mL of 30% (v/v) H,0,, and
reincubating for 5 min at 100°. Duplicate aliquots
(20 uL) of the resulting clear, pale yellow solution
were analyzed directly by AAS using a Perkin-
Elmer model 3100 atomic absorption spectrometer

equipped with a graphite furnace, and platinum was
quantitated relative to a standard curve for elemental
platinum. The optimized furnace program included
an 80-sec drying step at 90°, a 50-sec charring step
at 1300°, followed by atomization for 5 sec at 2350°.

DNA isolation. Cells (10-30 x 10°) were harvested
by washing three times with 10mM Tris-HCI,
pH 7.6, containing 0.15M NaCl and incubated in
8mL of lysis buffer (10mM Tris-HCI, pH?7.4,
containing 0.15M NaCl, 10 mM EDTA, 0.1% (w/v)
SDS and 200 ug/mL proteinase K) for 3-12hr at
37°. The lysates were collected into 50-mL
polypropylene tubes and mixed with 8 mL of Tris-
saturated pheno! [0.1M Tris-HCIl, pH 8.0, 0.2%
(w/v) hydroxyquinoline and 0.01% (v/v) B-mer-
captoethanol]. Samples were centrifuged at 3000 g
for 8min, and the resulting supernatants were
transferred to fresh polypropylene tubes and
mixed with 8 mL of phenol : CHCl; : isoamy! alcohol
(25:24:1). Following centrifugation at 3000 g, the
supernatants were mixed with 0.1 vol. of 3 M sodium
acetate, pH 5.2, and 2 vol. of absolute ethanol. DNA
was spooled onto glass rods. rinsed with 70%
ethanol, and resuspended in 2.5 mL of 10 mM Tris~
HCIL, pH 7.6, containing 1 mM EDTA (TE buffer).
Samples were incubated with 100 ug/mL RNase A
for 1hr at 37°, and the DNA was spooled, as
described above, and resuspended in 1 mL of TE
buffer overnight at 4°. DNA samples (200-300 ug)
were restriction-digested with 400U of HindIll
(BRL, Gaithersburg, MD) for 8-12 hr at 37°. The
DNA was precipitated with ethanol, resuspended in
150-200 uL. of TE buffer, and quantitated by the
Hoechst fluorescent dye-binding assay [34].

Total DNA platination. Approximately 125 ug of
each purified DNA sample was incubated with
100 ug/ml. RNase A and 1000U of RNase T, in
200 uL. of TE buffer for 1 hr at 37° to ensure the
removal of contaminating RNA. SDS (0.05%) and
proteinase K (100 ug/mL) were added, and the
samples were incubated for 1hr at 37°. Following
an extraction with phenol: CHCl,:isoamyl aicohol
(25:24:1), the DN A was reprecipitated with ethanol,
resuspended in 130 uL. of 5% HCI, and incubated
for 20 min at 90-95°. The absorbance at 260 nm was
measured in the resulting hydrolysate, and the
platinum content was determined in duplicate by
AAS. The furnace program included a 110-sec drying
step at 100°, a 50-sec charring step at 1400°, followed
by atomization for 5 sec at 2350°.

Measurement of cisplatin interstrand cross-links in
specific DNA sequences. To measure the formation
and removal of cisplatin interstrand cross-links in
specific genomic regions, we used the renaturing
agarose gel electrophoresis assay [35]. DNA samples
(0.5 to 5.0 ug) were incubated at 55-60° in 0.1N
NaOH for Smin and placed on ice for 2 min.
Loading buffer was added, and the samples were
electrophoresed in 0.5% agarose gels (90 mM Tris-
borate, 2mM EDTA) for 1 hr at 100 V followed by
12-16 hr at 35-40V. The gels were incubated in
0.25 N HCI for 20 min, equilibrated in 0.4 N NaOH-
1.5M NaCl for 15min, and transferred to Gene
Screen Plus transfer membranes (NEN Research
Products, Boston, MA) overnight in 0.4 N NaOH-
1.5M NaCl. The membranes were subsequently
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Table 1. Relationship between cisplatin cytotoxicity, cisplatin accumulation and DNA
platination in cisplatin-sensitive and -resistant ovarian cancer cell lines

Cisplatin
Cell ICs* Fold Accumulationt DNA platinationt
line (uM) resistant (ng Pt/10° cells) (pg Pt/ug DNA)
A2780 0.35 1 79 106
CP70 5.5 16 39 46
C30 98 280 11 18
C80 144 411 12 14
C200 147 418 12 16

* Cytotoxicity was determined by cisplatin treatment for 72 hr using the MTT assay.
The ICs is the concentration that inhibited growth by 50%. The ics, values were measured

in triplicate in two independent experiments.

T Cells were incubated with 200 uM cisplatin for 2 hr at 37°.

hybridized with either the ABEy; probe (provided
by Dr. J. E. Sylvester, University of Pennsylvania),
which recognizes a 17 kb HindIII restriction fragment
of the 28S ribosomal RNA gene [36], or the 144D6
probe (D17S34, obtained from the American
Type Culture Collection, Rockville, MD), which
hybridizes to an approximately 23kb HindIII
fragment of a non-transcribed VNTR region on
chromosome 17. These two probes were selected
since they recognize an actively transcribed gene
and a non-transcribed, non-gene region, respectively.
In addition, these DNA fragments are of similar size
and are present in multicopies, which facilitated
analysis. Histograms were generated for each lane
using an AMBIS radioanalytic imaging system
(AMBIS Systems, San Diego, CA), and the fraction
of cross-linked strands was determined by weight
analysis of the peaks. The average number of ICL
per fragment was calculated using the Poisson
distribution equation: In (1 — F,), where F, is
the fraction of DNA strands containing cross-links
[35].

RESULTS

We have developed a series of cisplatin-resistant
ovarian cancer cell lines that exhibit a wide range of
cisplatin sensitivity (Ref. 24, Table 1). Cisplatin
accumulation in these cell lines is nonsaturable and
approximately linear with increasing cisplatin
concentrations, up to 200 uM (data not shown). The
relatively cisplatin-sensitive A2780 cell line, from
which the resistant variants were derived, accumu-
lated 2-fold more platinum than the moderately
resistant CP70 cell line and approximately 7-fold
more platinum than the highly resistant C30, C80
and C200 cell lines when treated with 200 uM
cisplatin for 2 hr (Table 1). Total DNA platination
was also linear with increasing cisplatin concen-
trations, up to 300 uM (data not shown). When
treated with equivalent cisplatin concentrations
(200 uM), genomic DNA from A2780 cells contained
approximately 2-fold more platinum than DNA from
CP70 cells and 5- to 7-fold more platinum than DNA
from C30, C80 and C200 cells (Table 1). Although
cellular platinum accumulation correlated with total
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Fig. 1. Removal of platinum from genomic DNA in
cisplatin-sensitive and -resistant ovarian cancer cell lines.
Cells were treated as described in Materials and Methods
to obtain the following initial DNA platination levels: 58 pg
Pt/ug DNA (A2780), 46 pg Pt/ug DNA (CP70), 61 pg
Pt/ug DNA (C30), 48 pg Pt/ug DNA (C80) and 46 pg Pt/ug
DNA (C200). Points indicate the mean of two independent
experiments, and errors ranged from 0-20%.

DNA platinum (r = 0.99), cisplatin cytotoxicity did
not correlate as well with accumulation (r = 0.85)
or DNA platination (r = 0.83), suggesting that an
additional resistance mechanism(s) may be present.

For DNA repair experiments, cisplatin con-
centrations and treatment times were optimized to
obtain similar amounts of platinated DNA (46-61 pg
Pt/ug DNA or 0.77 to 1.02 platinum adducts/10 kb).
Following cisplatin treatment, cells were either
harvested or incubated in fresh medium for 4, 8 or
12 br. Under these conditions, very little, if any,
new replicative DNA synthesis occurred as measured
by [PH]thymidine incorporation (data not shown).
Figure 1 shows the removal of platinum from
genomic DNA in the cisplatin-sensitive and -resistant
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cell lines as determined by AAS. The initial rate of
platinum removal from DNA was increased in the
cisplatin-resistant cell lines relative to the A2780
parental cell line. After 12 hr, the resistant cell lines
removed 24-40% of platinum from their DNA,
whereas the A2780 cell line removed only 14%.
The formation and removal of cisplatin interstrand
cross-links were measured in the ribosomal RNA
gene and a non-coding genomic region by renaturing
agarose gel electrophoresis (Fig. 2, Table 2).
Although each cell line contained similar levels of
total platinated DNA, the level of interstrand cross-
links was reduced approximately 2- to 4-fold in the
non-coding and ribosomal RNA gene regions of the
resistant cell lines relative to that of the A2780 cell
line. In addition, the non-coding region initially
contained 1.2 to 2.7 times the number of cross-links
as the ribosomal RNA gene in these cell lines. The
rate of removal of the interstrand cross-links from
the 28S ribosomal RNA gene was higher in the
cisplatin-resistant cell lines than in the parental
A2780 cell line at 4 hr post-treatment (18-33 vs 6%)
(Table 2). Repair was also more complete in this
gene region of the resistant cells after 12 hr (71-95
vs 56%). The initial (4 hr) removal rates of cisplatin-
interstrand cross-links from the non-coding region
of the A2780, CP70 and C30 cell lines were similar
(21-23%), while the more resistant C80 and C200
cell lines removed 53 and 62% of the interstrand
cross-links from this region, respectively.

DISCUSSION

The present investigations were designed to
expand on our initial observation [26, 27] and those
of others [25,28,29] indicating a role for DNA
repair in cisplatin resistance. We have used a related
series of cell lines with a wide range of in vitro
selected primary cisplatin resistance and determined
the potential for total platinum-DNA adduct repair
and DNA sequence-specific interstrand cross-link
repair to contribute to cisplatin resistance. This has
been done in the context of other factors that may
contribute to the formation of platinum-induced
DNA damage. Since the measurement of repair
generally requires drug or radiation exposure
conditions that kill a high percentage of cells, we
have individualized platinum exposure conditions in
order to achieve equivalent initial total platinum-—
DNA damage. Therefore, equivalent damage may
be anticipated to produce similar cell kill in the
absence of differences in the types of lesions formed,
damage tolerance and/or DNA repair. In support
of the existence of such alterations, we have observed
that cell survival under the treatment conditions
employed, which yield similar levels of platinum—
DNA damage, is much higher in the resistant cell
lines relative to the sensitive cell line.

Consistent with many reports [9-13], we show that
the in vitro selection for cisplatin resistance
was associated with decreased cellular cisplatin
accumulation. Our studies demonstrated that cell
lines (C30, C80, C200) which vary in degree of
primary cisplatin sensitivity (ICsp values from 98 to
147 uM) exhibit similar cellular accumulation after
exposure to equivalent amounts of the drug (Table

1). Therefore, decreases in cellular accumulation are
not likely to be the sole determinant of primary
cisplatin resistance in this model system. Indeed, the
only parameter previously tested by us and others
which was found to correlate well with resistance to
DNA damaging agents has been cellular GSH
[19, 24, 37, 38]. The mechanisms through which GSH
contributes to cisplatin resistance are incompletely
defined; however, GSH has been postulated to
inactivate cisplatin in the cell and/or facilitate
DNA repair perhaps by quenching platinum-DNA
monoadducts [39-41].

We have also examined the relationship between
cisplatin cytotoxicity and total DNA platination.
Similar levels of DNA platination were observed in
the C30, C80 and C200 cell lines that vary significantly
in cisplatin resistance (Table 1). The most
straightforward explanation for this finding may be
that the more resistant cells have an increased ability
to repair cisplatin-damaged DNA. It is also possible
that there are differences in the ability of the cells
to tolerate DNA damage or differences in the types
of platinum-DNA adducts that are formed, assuming
the various lesions differ in their cytotoxicity, Our
data regarding the repair of total platinum-DNA
adducts and the formation and removal of cisplatin
interstrand cross-links in specific DNA sequences
support these possibilities.

Many factors have the potential to impact on the
ability of cisplatin to form potentially cytotoxic DNA
lesions. Therefore, when studying the role of DNA
repair in cisplatin resistance, it is important to
consider the choice of cisplatin exposure conditions.
The approach we have taken is to compare the DNA
repair abilities of cisplatin-sensitive and -resistant
cells under cisplatin exposure conditions that yield
similar amounts of total platinum-DNA adducts.
DNA repair activity was shown to be dependent on
the amount of platinum-induced DNA damage as
measured by UDS [26], and our approach should
enable the detection of differences in repair rate
and/or capacity. Furthermore, we have found that
very aggressive platinum exposure conditions, which
create substantial amounts of DNA damage, prevent
the relative quantitative recovery of high molecular
weight DNA. Hence, when cells are treated
equivalently with high concentrations of cisplatin,
substantially more high molecular weight DNA is
recovered from resistant versus sensitive cells. Such
differences have the potential to yield artifactual
results. In contrast, exposure of cells to different
cisplatin concentrations in order to obtain equivalent
levels of DNA damage (i.e. total platinum-DNA
adducts) results in similar recovery of high molecular
weight DNA between resistant and sensitive cells.

Under conditions in which individual cell lines
were treated with cisplatin concentrations that
yielded similar total platinum-DNA adduct levels
(0.77 to 1.02 Pt adducts/10 kb), there was a clear
relationship between the ability to remove platinum
from DNA and the degree of resistance (Fig. 1).
This finding in several related cell lines expands our
initial observation of increased DNA repair as
monitored by UDS in CP70 cells [26]. Such results
in CP70 cells have been confirmed by others using
several approaches [27-29]. It is also noteworthy
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Fig. 2. Removal of cisplatin-interstrand cross-links from (A) the ribosomal RNA gene and (B) a non-

coding DNA fragment in cisplatin-sensitive and -resistant ovarian cancer cell lines. DNA was isolated

from cells that were treated as described in Materials and Methods and subjected to renaturing agarose
gel electrophoresis followed by Southern blotting.

that at the initial repair time point (4 hr) the parental
A2780 cells showed little repair of total platinum
adducts in contrast to the repair observed in the
resistant variants. We have speculated that DNA
repair could be a mechanism of cisplatin resistance
distinct from a process that would influence the
innate sensitivity of cells to cisplatin. This view was

based on the observation that the inhibition
of cisplatin-induced DNA repair by aphidicolin
influenced the cytotoxicity of cisplatin in the
moderately cisplatin-resistant CP70 cells but not in
the parental A2780 cells from which they were
derived [26]. The present data further support this
possibility. One would assume that if removal/repair
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Table 2. Removal of cisplatin ICL. from (a) the ribosomal RNA gene and (b) a non-coding
region of cisplatin-sensitive and -resistant ovarian cancer cell lines

(a) Ribosomal RNA gene

ICL/10 kb* (% repair)

Repair
time (hr) A2780% CP70% C308 C80% C200%
0 0.101 0.060 0.038 0.039 0.024
4 0.095 (6) 0.042 (30) 0.029 (24) 0.032 (18) 0.016 (33)
8 0.049 (51) 0.024 (60) 0.021 (45) 0.009 (77) 0.014 (42)
12 0.044 (56) 0.016 (73) 0.011 (71) 0.002 (95) 0.007 (71)
(b) Non-coding region
ICL/10kb* (% repair)
Repair
time (hr) A2780% CP70% C308 C808 C2008
0 0.131 0.073 0.061 0.058 0.065
4 0.103 (21) 0.058 (21) 0.047 (23) 0.027 (53) 0.025 (62)
8 0.075 (43) 0.038 (48) 0.031 (49) 0.024 (59) 0.023 (65)
12 0.027 (79) 0.030 (59) 0.033 (46) 0.008 (86) 0.016 (75)

* Independent replicate determinations consistently yielded values that varied by 0.001 to

0.019 ICL/10kb.
T Cells were treated with 50 uM cisplatin for 2 hr at 37°.
1 Cells were treated with 200 uM cisplatin for 2 hr at 37°.
§ Cells were treated with 300 uM cisplatin for 4 hr at 37°.

of cisplatin from the DNA of the parental A2780
cells had the same impact on survival as in the
resistant variants, then the parental cells would have
repaired 27% of their cisplatin lesions at 12 hr.
This would create a linear relationship between
cytotoxicity and DNA repair in the entire panel of
cell lines, including A2780. This was not the case,
however, since the A2780 cells only repaired 14%
of their cisplatin lesions at 12 hr. Therefore, the
inclusion of A2780 cytotoxicity and DNA repair
data substantially weakens the otherwise linear
relationship (r = 0.98) between these parameters in
the resistant cell lines. Furthermore, the inclusion
of A2780 data also weakens a log—linear relationship
between these parameters. These data do not exclude
a role for DNA repair as a determinant of cisplatin
sensitivity. Indeed, the fact that cytotoxicity and
DNA repair are both drug concentration dependent
infers that a role is present at some level. Our
current and previous data do suggest, however, that
the relative contribution of DNA repair to cisplatin
sensitivity in A2780 is less than that in the cisplatin-
resistant cell lines.

Consistent with our finding of a relationship
between total platinum-DNA adduct removal and
degree of cisplatin resistance, we observed increased
DNA sequence-specific removal of cisplatin-inter-
strand cross-links in resistant versus sensitive cells
at 4hr post-treatment. We report in detail the
examination of two categories of DNA sequences,
one that contains actively transcribed genes and one
that contains non-transcribed, non-gene encoding
sequences. The increased repair was more apparent

when the transcribed sequences were examined.
Repair of interstrand cross-links in the multiple
copies of the ribosomal RNA gene occurred more
rapidly (18-33 vs 6% at 4 hr) and was more complete
{71-95 vs 56% at 12 hr) in the resistant variants as
compared with the parental A2780 cell line. The
lack of appreciable repair of interstrand cross-links
in A2780 cells at the initial 4-hr time was consistent
with the lack of removal of platinum from the overall
genome in these cells at 4 hr (Fig. 1, Table 2). The
data on interstrand cross-link repair in the non-
coding DNA sequence are more complex. The
increased rate of repair observed for the ribosomal
RNA gene in all of the resistant variants was only
apparent for the non-coding sequence in the two
most cisplatin-resistant cell lines (C80 and C200);
however, the extent of repair of this sequence was
similar in all cell lines at the 12-hr time point. We
did not observe increased removal of interstrand
cross-links from the ribosomal RNA genes relative
to the non-coding region in any of the cisplatin-
sensitive or -resistant cell lines except possibly the
C30 cells. The decreased precision with which very
low levels of cross-links can be measured, as are
present at the later time points in resistant cells,
suggests that this apparent difference is not
significant. Therefore, our findings are consistent
with reports which demonstrate that only genes
transcribed by RNA polymerase II are subject
to increased time-dependent, gene-specific repair
[42, 43].

During the course of the work presented here, an
independent report describing overall DNA repair
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and repair of specific DNA sequences in A2780 and
CP70 was published [31]. Our results complement
and expand on these findings. This report described
a 2-fold increase in the removal of interstrand cross-
links in both actively transcribed (DHFR) and non-
transcribed (S-globin and mdr-I) genes in CP70
versus A2780 cell lines. Zhen et al. [31} treated both
cisplatin-sensitive and -resistant cells with the same
concentration of cisplatin. Exposure conditions were
chosen such that nearly two-thirds of the fragments
of interest contained an interstrand cross-link. This
was in contrast to our approach on an expanded
series of cell lines which used less aggressive cisplatin
exposure conditions that yielded similar amounts of
total platinum-DNA adducts. Both procedures,
however, yielded qualitatively similar data: increased
DNA sequence-specific repair of interstrand cross-
links in cisplatin-resistant versus -sensitive ovarian
cancer cell lines. The small quantitative differences
in the amount of repair of DNA sequence-specific
interstrand cross-links between this report and that
of Zhen et al. {31] may be related to the fact that
repair in different DNA sequences was measured or
they may be due to differences in cisplatin treatment
conditions or the choice of time points for repair
measurements.

In addition to the results supporting a role
for DNA sequence-specific interstrand cross-link
removal in cisplatin resistance, these data suggest
other unanticipated possibilities as to cisplatin
resistance mechanisms. It was of particular interest
that, in the presence of near equivalent amounts of
total platinnm-DNA damage, there was a marked
decrease in interstrand cross-link formation within
the ribosomal RNA gene as resistance increased.
This could be the result of increased gene-specific
repair activity occurring in the resistant cell lines,
which resulted in an apparent reduction in the initial
level of interstrand cross-links. It is also possible
that, in addition to the direct role of DNA repair in
cisplatin resistance, differences in the types of
platinum—DNA lesions formed could contribute to
the resistance phenotype. The fact that GSH is
elevated markedly in the highly cisplatin-resistant
cell lines [24], coupled with this finding of reduced
interstrand cross-link formation in these cell lines,
indirectly supports the concept that GSH could
participate in cisplatin resistance by altering the
types of cisplatin~-DNA adducts formed. Thus, in
the presence of equivalent total DNA platination,
there could be a decrease in sequence-specific
interstrand cross-links.

It is noteworthy that the amount of initial
interstrand cross-link formation was lower in the
actively transcribed ribosomal RNA gene than in
the non-coding DNA sequence. These changes were
particularly apparent in the more resistant cell lines
(i.e. C30, C80 and C200). We have also examined
the formation of cisplatin interstrand cross-links in
the non-transcribed fB-interferon gene with the
interferon-f1 probe (provided by Dr. P. Pitha-
Rowe, Johns Hopkins, Ref. 44). Using the same
A2780 DNA preparations as above {Table 2), we
found fewer cross-links formed in the B-interferon
gene (0.051 ICL/10kb) than in the ribosomal RNA
gene (0.101 ICL/10kb) or the non-coding sequence

(0.131 ICL/10 kb). These results suggest that certain
regions of the human genome may be more tolerant
of, or accessible to, damage than others, an
hypothesis that has been proposed [30,45]. This
could be due to the presence of altered chromatin
structure in various regions of the genome or the
existence of GC-rich sequences in certain genomic
regions that may be more conducive to cisplatin
interstrand cross-link formation.

In conclusion, the studies reported here expand
our understanding of the complex mechanisms
responsible for cisplatin resistance. They suggest the
likely possibility that changes in the types of DNA
lesions formed, such as interstrand cross-links, may
prominently contribute to resistance and continue
to support a role for increased total and sequence-
specific DNA repair in cisplatin resistance.
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