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Increased Nucleotide Excision Repair in Cisplatin-
Resistant Ovarian Cancer Cells
ROLE OF ERCC1—XPF
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ABSTRACT. Increased platinum—DNA adduct removal has been shown by several DNA repair assays to be
associated with cisplatin resistance in the A2780/C-series human ovarian cancer model system. In the present
study, we provide further evidence that the resistance phenotype of these cell lines is due, in part, to enhanced
nucleotide excision repair (NER). Cisplatin resistance was found to be associated with increased UV resistance.
Northern blot analysis revealed that increased expression of ERCC1 was also associated with cisplatin resistance
in this panel. Several other NER genes were found to be constitutively overexpressed in the most resistant cell
line, C200, as compared with the parental A2780 cells. A plasmid substrate containing a site-specific cisplatin
adduct was used to measure the nucleotide excision activity of cell extracts prepared from cisplatin-sensitive and
-resistant cells. Using this in vitro assay, extracts prepared from C200 cells exhibited approximately 3-fold more
activity than extracts prepared from A2780 cells, similar to the difference in UV sensitivity. Complementation
of A2780 extracts with ERCCI-XPF protein resulted in approximately 2-fold increased activity, but had little
effect on excision in C200 extracts. Overall, these results support a role for the ERCC1-XPF endonuclease as
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a determinant of increased NER in this cisplatin resistance model.
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Opvarian cancer is the leading cause of death from gyneco-
logic malignancies in the United States. Aggressive treat-
ment with platinum-based chemotherapy results in com-
plete response rates of 70—-80% in these patients. Unfortu-
nately, 30-40% of complete responders eventually relapse
with disease that is resistant not only to platinum com-
pounds, but also to a wide range of other chemotherapeutic
agents [1]. One approach to alleviate this major limitation
in ovarian cancer treatment is to elucidate the mechanisms
responsible for drug resistance and then develop ways to
treat resistant disease effectively or to prevent its occur-
rence.

Cisplatin [cis-diamminedichloroplatinum (II)] is widely
used not only in the treatment of ovarian cancer but also
for many other solid tumors including those arising in the
testes, bladder, head and neck, and lung [2]. The cytotox-
icity of this drug is believed to result from the formation of
platinum—DNA adducts. Intracellularly, cisplatin becomes
aquated to form an electrophilic species that binds prefer-
entially to the N7 atom of guanine and adenine residues [3].
Platinum—DNA adducts consist primarily of monoadducts
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and intrastrand cross-links (GG > AG > GNG); how-
ever, this drug also forms GG-interstrand cross-links and
DNA-protein cross-links, although each is thought to
comprise a small percentage of the total adducts formed [4, 5].
Studies with human ovarian cancer cell lines have
indicated that cisplatin resistance is multifactorial, consist-
ing of mechanisms such as decreased drug accumulation
[6—8], increased drug inactivation [9—13], and an enhanced
ability to repair [14-19] and tolerate [20] DNA damage.
The A2780/C-series of cells was established by treating the
human ovarian cancer cell line A2780 with incrementally
increasing concentrations of cisplatin. The cell lines of this
panel exhibit a wide range of cisplatin sensitivity. All of the
cisplatin resistance mechanisms mentioned above have
been observed in these cell lines, as well as significant
cross-resistance to a wide range of alkylating agents and
natural product drugs [9, 13-21]. Therefore, this model is
valuable for elucidating the molecular basis for drug resis-
tance mechanisms that ultimately may be relevant to the
drug resistance phenotype observed in the clinic.
Evidence for increased repair of platinum—DNA damage
in resistant ovarian cancer cells has been demonstrated by
a variety of cellular assays including the measurement of
unscheduled DNA synthesis, reactivation of cisplatin-dam-
aged plasmid DNA, atomic absorption spectrometry, and
renaturing agarose gel electrophoresis. We and others have
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demonstrated a clear association between increased plati-
num-DNA adduct removal and increased cisplatin resis-
tance in the A2780/C-series [14-18, 22]. For example, in
one study, cells were treated to obtain similar initial levels
of platinum—DNA adducts, and repair was monitored by
comparing total platinum—DNA adduct levels, as measured
by atomic absorption spectrometry, of cells harvested im-
mediately after treatment with cells incubated in fresh
medium post-treatment. The initial rate of platinum re-
moval from DNA was increased in the resistant derivatives
compared with the cisplatin-sensitive A2780 cell line, and,
after 12 hr, the cisplatin-resistant cell lines removed 24—
40% of platinum from their DNA, whereas the cisplatin-
sensitive A2780 cells removed only 14% [18]. In a fol-
low-up study, under drug treatment conditions that yielded
similar initial levels of sequence-specific cisplatin-inter-
strand cross-links, the cisplatin-resistant derivatives re-
moved up to 2.5 times more interstrand cross-links at 12-hr
post-treatment than the A2780 parental cell line (82—86 vs
30-36%), as measured by renaturing agarose gel electro-
phoresis [22].

The repair of platinum—DNA lesions is believed to occur
primarily by the process of NER.* Mammalian NER re-
moves DNA damage as part of an oligonucleotide 2432
residues long. DNA damage is thought to be recognized by
the zinc-finger protein XPA in association with the hetero-
trimeric replication protein RPA. The XPA-RPA complex
then is believed to recruit the basal transcription factor
TFIIH, a multisubunit protein that also plays a role in
transcription, to the site of damage. Two subunits of TFIIH,
XPB and XPD, have helicase activities that are believed to
function in opening up the DNA around the adduct, thus
allowing structure-specific nucleases to incise the DNA.
The ERCC1-XPF heterodimer is responsible for cutting the
strand on the 5’ side of the damage, and the XPG protein
incises on the 3’ side [23]. Principal sites of cleavage
flanking a 1,3-intrastrand d(GpTpG)-cisplatin cross-link in
a closed circular duplex DNA substrate were identified as
the 9th phosphodiester bond 3’ to the lesion and the 16th
phosphodiester bond 5’ to the lesion [24]. DNA polymerase
d or € and accessory proteins, replication factor C (RFC),
and proliferating-cell nuclear antigen (PCNA), fill in the
gap, and the DNA is joined by the action of DNA ligase. In
addition to the proteins described above, the incision stage
of the reaction requires XPC, a protein that may be
involved in DNA damage recognition and/or stabilizing an
incision reaction intermediate [23]. Knowledge is currently
limited as to which of these NER proteins may be critical or
rate-limiting in the enhanced DNA repair phenotype that
is observed in the A2780/C-series and other cisplatin-
resistant cell lines.

In the present study, the DNA repair profile of members
of the A2780/C-series of cells was examined in several
ways: (a) cytotoxicity assays were performed to determine

* Abbreviations: NER, nucleotide excision repair; DTT, dithiothreitol; and
MTT, 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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sensitivity to cisplatin and UV irradiation; (b) the
constitutive expression of several NER genes was exam-
ined; and (c) an in vitro DNA excision assay was
performed to analyze the activity of cellular extracts and
to monitor the impact of the addition of purified protein
on excision. Furthermore, we present evidence that a
molecular determinant of increased nucleotide excision
repair in the cisplatin-resistant C200 cell line may be
due, in part, to increased activity of the ERCCI1-XPF
heterodimeric endonuclease.

MATERIALS AND METHODS
Chemicals and Reagents

Cisplatin was obtained from Bristol Myers Squibb. Cell
culture reagents were obtained from Life Technologies,
Inc., except for fetal bovine serum, which was obtained
from Atlanta Biologicals. All other chemicals were ob-
tained from the Sigma Chemical Co. unless otherwise
indicated. The M13mpl8GTGx construct and ERCCI1-
XPF protein were provided by Dr. Richard Wood of the
Imperial Cancer Research Fund.

Cell Culture

A2780 is a human ovarian cancer cell line derived from a
patient prior to chemotherapy. The A2780/C-series of
cisplatin-resistant cell lines was developed by nearly con-
tinuous, incremental exposure of the A2780 cells to cispla-
tin (8-200 uM). GMO8437A and GMO4312B, SV40-
immortalized fibroblasts from patients with the NER-
deficient ~ syndrome  xeroderma  pigmentosum  of
complementation groups XPF and XPA, respectively, were
obtained from the NIGMS Human Genetic Mutant Cell
Repository. HeLa is a human cervical cancer cell line. All
cell lines were maintained at 37°, 5% CO, in RPMI 1640
medium containing 10% (v/v) fetal bovine serum, 100
pg/mL of streptomycin, 100 U/mL of penicillin, 0.3 mg/mL
of glutamine, and 0.3 U/mL of insulin (porcine, Novo

Nordisk).

Cisplatin Cytotoxicity Assay

Cisplatin cytotoxicity was determined using the MTT assay
[25]. Cells were plated in 150 pL of medium/well in 96-well
plates. Following overnight incubation, cells were exposed
to various concentrations of cisplatin. Following a 72-hr
incubation, 40 L of a 5 mg/mL solution of MTT was added
per well. After 2 hr at 37°, the cells were lysed by adding
100 pL of 20% (w/v) SDS and 50% (v/v) N,N-dimethyl-
formamide (pH 4.7) and incubated overnight at 37°. The
absorbance at 570 nm was determined using a microplate
reader (Bio-Rad model 3550). The reported values are the
averages of duplicate determinations.
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UV Sensitivity Assay

An MTT assay was also used to determine the relative
sensitivity of the cell lines to UV light. Cells were plated in
2 mL of medium in 35 X 10 mm dishes. Following
overnight incubation, cells were exposed to UV light at 254
nm at approximately 0.2 J/m?/sec for time points ranging
from 10 to 240 sec in medium. Following a 72-hr incuba-
tion, 500 L of a 5 mg/mL solution of MTT was added per
dish. After 2 hrat 37°, the cells were lysed by adding 1.3 mL
of 20% (w/v) SDS and 50% (v/v) N,N-dimethylformamide
(pH 4.7) and incubated overnight at 37°. The absorbance
at 570 nm was measured for each dish. The reported values
are the averages of duplicate measurements.

Northern Blot Analysis

For RNA isolation, cells were harvested at approximately
80% confluence. Total cellular RNA was isolated by the
guanidine isothiocyanate—phenol—chloroform extraction
method. Approximately 15 pg of each RNA sample was
denatured, electrophoresed through agarose/formaldehyde
gels, and blotted onto nylon membrane filters (Magna-
Graph, Micron Separations, Inc.) using standard tech-
niques. Gels were stained with ethidium bromide and
photographed by UV illumination to check for even load-
ing prior to membrane transfer. Northern blots were probed
by standard methods. Primers were designed to amplify
portions of the coding regions of the various DNA repair
genes. Polymerase chain reaction (PCR) products were
cloned using plasmid vectors (TA Cloning Kit, Invitrogen),
and insert sequences were verified by DNA sequence
analysis. Fragments were isolated by restriction digestion,
agarose gel electrophoresis, and glass powder purification.
The fragments, which ranged in size from 259 bp to 1.2 kb,
were labeled by the method of random priming (Prime-It II
kit, Stratagene). Quantitation was done by phosphorimag-
ing using the Fuji Macbas 2000 imaging system from Fuji
Medical Systems.

Preparation of Whole Cell Extracts

Extracts were prepared essentially by the method of Manley
et al. [26] with modifications noted below. Briefly, cells
were plated in four 245 X 245 X 20 c¢m culture dishes and
harvested at 4872 hr (80-90% confluency). Cells were
either untreated or treated for 16 hr at an 1Csy concentra-
tion of drug (IC5y values based on previous determinations:
A2780, 0.2 uM; C200, 225 wM) prior to harvesting. After
rinsing the plates with ice-cold PBS, the cells were scraped
into 5 mL of hypotonic lysis buffer containing protease
inhibitors [10 mM Tris-HCI (pH 8.0), 1 mM EDTA, 5 mM
DTT, 0.5 mM phenylmethylsulfonyl fluoride, and 0.5
pg/mL each of leupeptin, pepstatin, and chymostatin].
After 20 min on ice, the cells were lysed by 30 strokes with
a Dounce homogenizer. Then an equal volume of 50 mM
Tris-HCI (pH 8.0), 10 mM MgCl,, 2 mM DTT, 25%
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sucrose and 50% glycerol (Fluka), and 1.25 mL neutralized,
saturated ammonium sulfate was added with gentle mixing,
and stirring was continued for 50 min on ice. The mixture
then was centrifuged at 125,000 g for 3 hr at 2°. Proteins
were precipitated from the resulting supernatant by adding
0.33 g/mL of ammonium sulfate and neutralized with 10 uL
of 1 N NaOH per g ammonium sulfate added. The
precipitate was collected by centrifugation and dialyzed for
16 hr against 1 L of 25 mM HEPES-KOH (pH 7.9), 0.1
mM KCl, 12 mM MgCl,, 1 mM EDTA, 2 mM DTT, and
17% glycerol. Insoluble material was removed by centrifu-
gation, and the extract was frozen in small aliquots and
stored at —80°. Protein quantitation was done by a modi-
fied Lowry procedure that utilizes bicinchoninic acid and
CuSO;,.

Single Lesion Excision Assay

The in vitro excision experiments were done essentially by
methods described by Moggs et al. [24]. Briefly, the 24-mer
5" TCTTCTTCTGTGCACTCTTCTTCT-3" was reacted
with cisplatin and gel purified to isolate the major product
of this reaction, the oligonucleotide containing a 1,3-
intrastrand d(GpTpG)-cisplatin cross-link. This particular
platinum lesion was selected since it was shown previously
to be repaired more efficiently than the d(GpG)Pt intras-
trand cross-link and would result in higher signal to noise
ratios in the excision assay [27]. The oligonucleotide or a
purified undamaged oligonucleotide was used to prime the
plus strand of a modified MI13mpl8 molecule
(M13mp18GTGx), and the second strand was synthesized
by incubation in a reaction mixture containing 10 mM
Tris=HCI (pH 7.9), 50 mM NaCl, 10 mM MgCl,, 1 mM
DTT, 600 uM each of dATP, dCTP, dGTP, and TTP, 75
U T4 DNA polymerase gp43 subunit (Promega), and 1600
cohesive end units T4 DNA ligase (NEB). Closed circular
DNA then was isolated by CsCI/EtBr density gradient
centrifugation. Reaction mixtures (50 L) contained 250
ng of the modified M13mp18 molecule containing a site-
specific 1,3-intrastrand d(GpTpG)-cisplatin cross-link (Pt-
GTG) or an undamaged control substrate (Con-GTG) and
125 wg of whole cell extract protein. For complementation
experiments, 5 pL of a 20 ng/uL preparation of purified
ERCCI1-XPF protein was added per reaction. The substrate
and protein were incubated in a buffer containing 45 mM
HEPES-KOH (pH 7.8), 70 mM KCl, 7.5 mM MgCl,, 0.9
mM DTT, 0.4 mM EDTA, 2 mM ATP, 20 uM each of
dATP, dCTP, dGTP, and TTP, 40 mM phosphocreatine,
2.5 pg creatine phosphokinase, 3.4% (v/v) glycerol, and 18
g BSA for 30 min at 30°. Purified DNA was electropho-
resed through a 12% denaturing polyacrylamide gel, and
the DNA was transferred onto a nylon membrane (Hybond
N+, Amersham) by capillary transfer. Fixed membranes
were incubated in 40 mL of buffer containing 7% (w/v)
SDS, 10% (w/v) polyethylene glycol 8000, 250 mM NaCl,
130 mM potassium phosphate buffer (pH 7.0), and 100
pmol of ??P-labeled oligonucleotide with the sequence



1308

TABLE 1. Sensitivity of the A2780/C-series and control cell
lines to cisplatin and UV irradiation

Cisplatin 1C5* UV st
Cell line (pM) 1))
A2780 0.28 0.018
CP70 7.0 0.028
C30 60 0.035
C200 265 0.045

Measurements were determined using an MTT assay. Each value shown is the result
of duplicate measurements.

*Concentration of cisplatin that inhibited growth by 50%.

FDose of UV light (254 nm at 0.2 J/m?/sec) that inhibited growth by 50%.

5"-GAAGAGTGCACAGAAGAA-GAGGCCTGG-3'.
After washing in 1X SSC [3 M sodium chloride + 0.3 M
sodium citrate (pH 7.0)] with 0.1% (w/v) SDS, the mem-
branes were exposed to x-ray film (X-OMAT AR, Kodak).
Quantitation was done by densitometry using the AMBIS
optical imaging system (AMBIS).

RESULTS

The cisplatin-resistant cell lines CP70, C30, and C200
were derived from the human ovarian cancer cell line
A2780 by nearly continuous, incremental exposure to
cisplatin. Cisplatin sensitivities were determined using the
MTT assay (Table 1). The results were similar to those
reported previously [13, 22] in which cisplatin sensitivity
was significantly lower in the resistant sublines (CP70,
C30, C200) with 1c5y values ranging from 7 to 265 pM as
compared with 0.28 puM in A2780, yielding relative resis-
tance values of 25- to 946-fold. These values are also very
similar to those reported by Perez et al. [28] using a
clonogenic assay.

Figure 1 shows the UV sensitivity of the A2780/C-series
as well as the HeLa, GMO8437A (XPF), and GMO4312B
(XPA) cell lines as measured by an MTT assay. Decreased
UV sensitivity was found to be associated with decreased
cisplatin sensitivity in the A2780/C-series. The exposure
time to UV light with a wavelength of 254 nm at approx-
imately 0.2 J/m?/sec necessary to eliminate one-half of the
A2780 cells was approximately 94 sec, whereas for CP70 it
was 145 sec (1.5-fold increase), for C30 it was 180 sec
(1.9-fold increase), and for C200 it was 235 sec (2.5-fold-
increase) (Table 1). HeLa cells were about as sensitive as
A2780 in this assay, and the NER-deficient cell lines
exhibited hypersensitivity to UV irradiation.

The relative constitutive mRNA levels of several nucle-
otide excision repair genes were evaluated by northern blot
analysis (Fig. 2). Total cellular RNA was isolated from
subconfluent cultures of A2780, CP70, C30, and C200
cells, and northern blots were prepared. The constitutive
expression levels of many of the genes examined were quite
low; however, they were expressed at a significantly higher
level in the C200 cell line as compared with the A2780
cells. The largest increase in steady-state mRNA expression
in C200 compared with A2780 was observed for ERCCI
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FIG. 1. Relationship between cell survival and time of exposure
to UV light for the A2780/C-series and control cell lines as
measured by an MTT assay. Cells (approx. 5 X 10%) were
treated with UV light at 254 nm of approximately 0.2 J/m?*/sec.
Measurements were obtained using an MTT assay, and data
points shown are the average of two independent measurements.
The cell lines analyzed were: A2780 ((J), CP70 (M), C30 (O),
C200 (@), HeLa (X), XPA (A), and XPF (A).

(approximately 3-fold), followed by XPA, XPB, XPC, and
XPG (approximately 2-fold), whereas PCNA and XPF were
elevated slightly (approximately 1.4-fold) (Table 2). Con-
stitutive mRNA levels for RPA and XPD were similar in
these cell lines. Several of the genes, including XPB, XPC,
XPF, XPG, and PCNA, were expressed at a lower level in
the cell lines of intermediate resistance levels (CP70 and
C30) relative to A2780. Although most of the genes
examined were overexpressed in the C200 cell line as
compared with the A2780 cells, the only transcript in
which the steady-state level was increased significantly
relative to the parental cells in all of the resistant sublines
was ERCCI. Furthermore, increased expression of this gene
was associated with increased cisplatin resistance in the
C-series (r = 0.99).

Figure 3 shows the results of a single lesion excision assay
that utilizes a closed circular DNA molecule containing a
site-specific 1,3-intrastrand d(GpTpG) cisplatin adduct
incubated with whole cell extracts from the A2780 and
C200 cell lines. Two independent whole cell extracts,
prepared from cells that were untreated (A2780U, C200U)
or treated (A2780T, C200T) with an 1Cs, concentration of
cisplatin, were analyzed. Reaction products were separated
on a 12% denaturing polyacrylamide gel, and the DNA was
transferred onto a nylon membrane and probed with a
32P.labeled oligonucleotide complementary to the region of
the substrate that is removed during the dual incision
process of NER. The autoradiograph shown in Fig. 3
revealed that the C200 extracts from untreated cells pos-
sessed a significantly greater ability (2.8-fold, P = 4.75 X
107%) to complete the NER dual incision event as com-
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FIG. 2. Northern blot analysis of the A2780 cell line and its resistant derivatives CP70, C30, and C200 showing the constitutive
expression of various NER genes. RNA was isolated from subconfluent cells by the guanidine isothiocyanate-phenol-chloroform
method, and northern blots were prepared and probed by standard methods. The last panel is an ethidium bromide stained gel showing
the even loading of 28S and 18S ribosomal RNA in each lane.

TABLE 2. Expression of NER genes in CP70, C30, and C200 relative to A2780

Cell line  ERCC1 PCNA RPA XPA XPB XPC XPD XPF XPG
A2780 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CP70 1.37+0.14 0.76 £0.10 097 =051 1.15*+0.33 082=*=0.15 059 *0.13 1.07£0.03 0.53=0.09 0.63 =0.07
C30 1.57+0.19 073002 0.82=*006 133*+035 094+0.14 0.74 £0.11 0.71 £0.04 0.64 =0.08 0.63 = 0.08

C200 295047 144 =039 091 £0.14 201 *032 2.06=*0.29 1.82*x0.08 1.29=*0.09 141 =*0.13 1.70=*=0.10

Quantitation of northern blots was done by phosphoimaging using the Fuji Macbas 2000 imaging system from Fuji Medical Systems. Values given are relative to expression in
the A2780 parental cell line and are the result of two independent measurements with the range indicated.
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FIG. 3. Single lesion excision assay of A2780 and C200 both untreated and treated at an 1C5, concentration of cisplatin along with
control cell lines. Shown is the autoradiograph of the Southern blot, in which the reaction products formed during the dual incision
reaction were transferred onto a nylon membrane and probed with a >*P-labeled complementary probe. The sizes (bases) of the excised
oligonucleotides are indicated and were determined by comparison with the mobility of the platinated 24-mer used in the synthesis of
the substrate. Two independent extracts of A2780, C200, and of both cell lines treated at their respective 1Cs, concentrations of drug
were prepared, and the activity of 125 g of each was examined as indicated in lanes 1-8. Results from reactions using XPA extract
(125 pg), XPF (125 pg), and XPA + XPF (62.5 pg of each) are shown at a longer exposure in lanes 9-11, respectively. Results from
reactions in which 125 pg of an A2780U or C200U was incubated with a substrate devoid of the Pt-GTG adduct are shown in lanes

12 and 13, also at a longer exposure time.

pared with A2780 extracts from untreated cells (Table 3).
Linear reaction conditions used for this comparison were
determined in a separate experiment (data not shown).
Drug treatment resulted in slightly increased activity of the
A2780T extracts (1.2-fold), whereas treatment with an
equitoxic dose in C200 cells resulted in decreased extract
activity (1.5-fold). Similarly, ERCCI expression increased
in cisplatin-treated A2780 cells, whereas ERCCI expres-
sion decreased in cisplatin-treated C200 cells (data not
shown). Dual incision of the Pt-(GTGQG) substrate results in
products that range in size from 25 to 30 nucleotides with
the most predominant being 26 nucleotides in length [24].
The approximate size of these bands was verified by
comparison with the migration of an end-labeled, plati-
nated 24-mer used in the construction of the single lesion
substrate (data not shown). Control samples are shown in
lanes 9—-13 (shown at a longer exposure time). Extracts
prepared from XPA and XPF cells showed no indication of
dual incision activity, as expected. Dual incision activity
was reconstituted by mixing these extracts, while keeping
the total protein constant. Lanes 12 and 13 represent an
A2780 (untreated) and a C200 (untreated) extract incu-

TABLE 3. Results of the single lesion excision assay of
A2780 and C200 wuntreated and treated with an 1Csq
concentration of cisplatin

Average relative

Cell extract Cisplatin (puM) intensity

A2780U 0 9.65 * 0.65
A2780T 0.2 12.1 =£0.20
C200U 0 274 =150
C200T 225 17.8 = 0.60

Average relative intensity was derived by densitometric scanning of the autoradio-
graph using the AMBIS system (AMBIS). The average values obtained from the
assay of two independent extracts are shown, and the range is indicated.

bated with Con-GTG, a substrate devoid of the Pt-GTG
lesion.

Figure 4 shows a representative result of a single lesion
assay in which the effect of the addition of purified
ERCCI1-XPF protein to both A2780U and C200U extracts
was examined. In this experiment, the addition of ERCCI1—
XPF protein to an A2780 extract resulted in an increase in
excision activity (2.2-fold), whereas addition of this het-
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FIG. 4. Complementation of A2780 and C200 extracts with
purified ERCC1-XPF protein as measured by a single lesion
excision assay. Shown is the autoradiograph of the Southern
blot, in which the reaction products formed during the dual
incision reaction were transferred onto a nylon membrane and
probed with a 3?P-labeled complementary probe. The sizes
(bases) of the excised oligonucleotides are indicated and were
determined by comparison with the mobility of the platinated
24-mer used in the synthesis of the substrate. Lanes 1 and 3
result from the reaction of the single lesion substrate with 125
g of A2780 and C200 extract protein, respectively. Lanes 2
and 4 result from the same reactions with the addition of 100 ng
of purified ERCC1-XPF protein.
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erodimeric protein had little effect on the activity of a
C200 extract (1.2-fold). A second experiment examining
an independently prepared A2780 extract showed a repro-
ducible (extract and extract plus protein examined in
triplicate) but more modest complementation of 1.5-fold,
whereas the addition of the purified protein had no impact
on an independently prepared C200 extract. The resulting
average complementation factor of ERCC1-XPF for A2780
was 1.86 * 0.36-fold and for C200 was 1.13 *+ 0.08-fold.

DISCUSSION

The A2780 human ovarian cancer cell line and its cispla-
tin-resistant derivatives CP70, C30, and C200 exhibit a
wide range of cisplatin resistance. The resistant sublines in
this model system contain several putative cisplatin resis-
tance mechanisms including: (a) decreased platinum accu-
mulation; (b) increased drug inactivation; (c) enhanced
platinum-DNA adduct repair capacity; and (d) an in-
creased ability to tolerate platinum—DNA damage [9, 13—
21]. We would like to emphasize that this is an exaggerated
model of resistance, developed by repeatedly exposing cells
to high concentrations of cisplatin. It is valuable for
identifying resistance mechanisms and determining their
underlying molecular basis, but it may not necessarily
reflect the clinical drug resistance phenotype. We do
believe, however, that this model offers a unique opportu-
nity to gain insight into the molecular basis for the
enhanced platinum—DNA adduct repair phenotype, since
differences in repair activity are easily measured and clearly
evident in this panel of cell lines. Therefore, if it turns out
that increased platinum—DNA adduct repair is shown to be
a clinically relevant resistance mechanism, then our results
using this model may provide insight into the basis for the
phenotype and may be useful for designing and testing
strategies to circumvent resistance caused by this mecha-
nism.

To focus on the DNA repair component of cytotoxicity,
the UV sensitivity of this panel of cell lines was measured.
Cells irradiated with UV light at 254 nm incur DNA
damage mainly in the form of pyrimidine dimers, circum-
venting factors such as accumulation and inactivation,
which contribute to the cytotoxicity of cisplatin and other
chemical DNA-damaging agents. Pyrimidine dimers, like
platinum—-DNA adducts, are repaired by the nucleotide
excision repair pathway, and thus UV sensitivity is an
indication of the capacity of a cell to perform this type of
repair or, perhaps, to tolerate these types of lesions [29]. A
clear association between increased cisplatin resistance and
decreased UV sensitivity was observed in this model system,
providing additional evidence that the cellular measure-
ments of increased removal of platinum—DNA adducts in
the resistant members of the panel is the result of enhanced
NER activity. In addition, the decreased UV sensitivity of
C200 cells relative to A2780 cells (2.5-fold) was nearly
identical to the difference in platinum—DNA excision
activity between the two cell lines (2.8-fold).
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To gain insight into the molecular basis for enhanced
repair in our model system, the constitutive expression of
several NER genes was determined. Most of the transcripts
examined were increased in abundance in C200 cells as
compared with A2780 cells, including ERCC1, XPA, XPB,
XPC, XPG, and PCNA. However, ERCCI was the only
transcript examined that consistently showed a significant
increase in all of the resistant cell lines and that was present
at steady-state levels that correlated with the level of
cisplatin resistance (r = 0.99). An additional observation
was that ERCCI expression was strongly associated with
UV resistance (r = 0.93).

To investigate further the molecular determinant(s) of
increased NER in our model system, a cell-free excision
assay was performed. Initial attempts at measuring repair
using an assay that relies on the measurement of DNA
damage-dependent repair synthesis were unsuccessful due
to the significant contribution of the mismatch repair
system to nucleotide incorporation. Therefore, to avoid the
contribution of the mismatch repair system to the overall
signal, we chose to use an assay that measured platinum-—
DNA adduct excision. Using this single lesion excision
assay, we found that C200 cell extracts had a significantly
greater capacity than A2780 extracts to excise an oligonu-
cleotide containing the platinum—-DNA adduct. Since
ERCC1 was the strongest candidate for the molecular
determinant of increased NER activity in C200 cells based
on northern analysis, complementation experiments using
purified ERCC1-XPF heterodimeric protein were per-
formed. ERCC1 forms a tight complex with its het-
erodimeric partner XPF and, therefore, copurifies with it
[30]. Furthermore, within the cell, ERCCI1 protein is very
unstable in its absence [31]. The addition of ERCCI1-XPF
to A2780 extracts resulted in an average increase in
excision activity of approximately 2-fold, whereas the
addition of this protein had little effect on the excision of
C200 extracts. The lack of an association between the
constitutive mRNA levels of XPF throughout the entire
panel of cell lines and both cytotoxicity and repair mea-
surements, as seen for ERCCI mRNA, may indicate that,
in this model system translation of ERCCI mRNA may be
rate-limiting in the synthesis of the heterodimeric endonu-
clease. We conclude from these experiments that increased
activity of the ERCCI1-XPF endonuclease is likely to be
one factor involved in the increased NER activity in the
cisplatin-resistant cell line C200. Increased abundance of
other NER components or as yet undiscovered proteins may
be involved in the full increase in excision activity that we
observed in C200 extracts.

Reconstitution of the specific dual incisions characteris-
tic of human nucleotide excision repair has been accom-
plished by the mixture of six repair proteins: XPA, XPC,
XPG, TFIIH, RPA, and ERCC1-XPF [32]. ERCC1-XPF is
a 5’ junction-specific endonuclease, believed to form the
5’-incision during NER [30, 33]. It should be mentioned
that in addition to having a role in NER, this protein
complex is also believed to be involved in a separate, poorly
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understood recombination-dependent pathway for remov-
ing interstrand cross-links known as recombinational repair
[34]. The ERCCI1-XPF protein is believed to directly
interact with both XPA and RPA [35]. These interactions
suggest that ERCC1-XPF may play a role in both the
damage-recognition and incision steps of nucleotide exci-
sion repair. This article presents data to support a role for
the ERCCI-XPF endonuclease in the increased repair
observed in our cellular model of cisplatin resistance. A
number of studies by Reed and colleagues have also impli-
cated ERCCI1 as an important contributor to enhanced
NER in cisplatin resistance. First of all, this group presented
clinical data to support this protein as having a role in
resistance to cisplatin. They showed that ERCC1 mRNA
levels in tumors from previously untreated ovarian cancer
patients correlate well with subsequent response to plati-
num-based therapy [36]. They also recently presented
evidence showing that cisplatin induces ERCC1 expression
in A2780/CP70 cells following cisplatin treatment and that
this induction is associated with AP-1 activity [37]. These
results complement those of our previous study in which we
demonstrated that increased AP-1 activity is associated
with cisplatin resistance in the A2780/C-series [38]. Our
study, the clinical correlates, and evidence implicating
ERCCI1-XPF in the recognition and excision of adducts
formed by cisplatin and other DNA-damaging agents sug-
gest that the ERCC1-XPF endonuclease has a rate-limiting
or regulatory role in the NER process.

The capacity to efficiently repair DNA damage clearly
plays a role in determining the sensitivity of a tumor cell to
platinum drugs and other DNA-damaging agents. There is
recent evidence suggesting that cell lines derived from
tumors that are unusually sensitive to cisplatin, such as
testicular non-seminomatous germ cell tumors, are defi-
cient in their ability to repair platinum—DNA adducts as
compared with tumor cells derived from intrinsically resis-
tant bladder carcinoma [39]. Similarly, the relative unre-
sponsiveness of non-small cell lung cancer as compared
with small cell lung cancer has been associated with an
elevated DNA repair capacity [40]. Increased repair of
platinum—DNA lesions in cisplatin-resistant cells as com-
pared with their sensitive counterparts has been shown for
several human cancers including ovarian [18, 19], breast
[41], and glioma [42]. Evidence for increased repair of
cisplatin interstrand cross-links in specific gene and non-
gene regions in cisplatin-resistant cell lines has also been
demonstrated [22, 43]. Due to the complex nature of the
NER process, the molecular basis for the increased plati-
num-DNA adduct repair capacity of cisplatin-resistant cell
lines has been elusive. The recent development of highly
specific assays for NER has made it possible to both confirm
the increase in NER capacity in these and other drug-
resistant cell lines and to examine the molecular determi-
nants of this resistance mechanism, which was done in this
study. Importantly, this and other studies point to ERCC1-
XPF as having a role in determining the overall NER
capacity of cell lines resistant to cisplatin and other
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DNA-damaging agents and suggest that this protein may be
an important regulatory component of the NER machinery.
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