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Introduction

Cellular resistance to antitumor agents represents one of
the major drawbacks of therapy involving cytotoxic drugs.
Among the numerous chemotherapeutic agents available,
this review focuses specifically on alkylating agents and
cisplatin.

Various mechanisms are involved in cellular resistance
to alkylating drugs or cisplatin, including (1) impaired up-
take of the drug [9, 47, 56, 64, 69], (2) increased levels of
drug metabolism [23, 35], (3) increased concentrations of
secondary nonessential targets such as giutathione (GSH)
or metallothioneins [44, 70}, and (4) enhanced repair of
DNA damage [4-7, 26, 46, 56]. Two additional points are
worth mentioning: (1) more than one mechanism is
frequently observed in a single cell line resistant by adapta-
tion to increasing drug concentration [50], and (2) most
reports on cell lines involve studies based on high levels of
resistance acquired in vitro, but very few analyze the mech-
anisms of in vivo resistance [17, 42].

Among the various processes leading to drug resistance,
only DNA repair is considered in the present review. First,
the DNA lesions and their repair pathways are presented.
Then, the role of DNA repair in resistance to alkylating
agents is analyzed. Finally, the use of an in vitro assay [71]
for the quantification of repair efficiency in cell extracts to
study the links between repair and resistance is discussed.

DNA damage induced by alkylating agents
and cisplatin

Alkylating agents are used in the treatment of germ-cell
cancer, lymphomas, childhood tumors, multiple myeloma,
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breast cancer, and small-cell lung cancer. This class of
agents includes melphalan, chlorambucil, busulfan, cyclo-
phosphamide, nitrosoureas, and mitomycin C [10]. Most
alkylating agents form positively charged carbonium/azir-
idinium ions that react with the nucleophilic centers on
DNA, proteins, and small molecules such as GSH. The N7
position of guanine is a frequent site of alkylation, but
many other base modifications are possible and the spec-
trum of these varies with the compound used [61].

Bifunctional agents (melphalan, chlorambucil, and bu-
sulfan) form both monoadducts and, in a second reaction,
biadducts that are mainly interstrand DNA cross-links. Cy-
clophosphamide is activated by metabolism into phos-
phoramide mustard, which reacts with DNA, and acrolein
as active metabolites. Nitrosoureas undergo a decomposi-
tion reaction in aqueous solution to produce a chloroethyl
carbonium ion and an isocyanate group. The former reacts
with DNA and creates a mono- and then a bifunctional
DNA cross-link. The isocyanate group reacts with amines
in a carbamoylation reaction. Following its activation by a
reduction reaction, mitomycin C reacts as an alkylating
species and binds to DNA, with cross-links being the main
lesion responsible for its toxicity [20].

cis-Diamminedichloroplatinum(Il) (CDDP) is widely
used in the treatment of solid tumors. After undergoing a
hydration step, it reacts within the cell by covalent binding
to nucleophiles such as proteins and cysteine residues of
GSH and DNA [40, 52]. Its covalent binding to DNA
involves the formation of monofunctional adducts, particu-
larly at the N-7 atom of guanine and adenine. In a second
step, these monoadducts react with another purine base or
nucleophilic center of a protein to form bifunctional
adducts. The two major adducts (90% of platinum bound
to DNA) are cis-Pt(ONH3)2d(pGpQ) and  cis-
Pt(NH3)2d(pApG), both corresponding to intrastrand
cross-links of CDDP between adjacent bases. Bifunctional
interstrand cross-links represent about 5% of the total plat-
inum binding. Bifunctional adducts are more toxic than
monofunctional ones, but it is not yet clear whether the
inter- or the intrastrand cross-links are relevant for cyto-
toxicity [40].
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The following events occur after treatment with these
vatious drugs: (1) a decrease in DNA synthesis, (2) a cor-
relation between toxic effects and the extent of DNA dam-
age, (3) an induction of chromosomal damage, and (4) an
increased toxicity in DNA-repair-deficient mutants. On the
basis of these results, it is generally considered that DNA is
the ultimate target responsible for cell toxicity and anti-
tumor activity. However, the precise chemical adduct(s)
responsible for cell lethality has not been conclusively
established [7, 28, 39, 53, 74].

DNA repair mechanisms

Due to the conversion kinetics of monoadducts into biad-
ducts, a protection effect could take place by a mechanism,
superimposed on the repair processes, that allows blockade
of the evolution of monofunctional adducts. Such a reac-
tion is dependent on the presence of either GSH or the
suicide-repair protein O6-alkylguanine alkyltransferase
(MGMT) [1, 4, 24, 25,43, 51, 72].

The tripeptide GSH protects the cell against cisplatin
toxicity either by lowering the reactive species capable of
binding to DNA or by quenching the relatively poorly toxic
monoadducts [2, 3, 25, 49]. Similarly, GSH is involved in
cell protection against alkylating agents [1, 2, 32]. Second,
the enzyme MGMT is responsible for the removal of O6-
alkylguanine lesions, which are premutagenic lesions trig-
gered by methylating and chloroethylating alkylating
agents. It operates by transferring the alkyl group to one of
its cysteine residues in a suicide reaction. This protein can
therefore prevent the formation of interstrand cross-links
provoked by alkylating agents such as nitrosoureas and
dacarbazine [4, 5, 18, 24, 31, 58, 67, 72].

Among the mechanism of DNA repair, three main
processes have been described [29]: reversion, excision,
and tolerance of the lesion. Reversion and excision mecha-
nisms represent DNA repair stricto sensu, which can be
defined as the removal of damage from DNA and restora-
tion of the genetic information. However, tolerance of the
lesion should also be considered as a mechanism of DNA
repair, illustrated in bacteria by the so-called SOS response
[68]. The involvement and efficiency of each repair
process depends on (1) the chemistry of the lesion, (2) the
intrinsic cellular capacity for repair, and (3) the structure
and dynamics of the chromatin (active transcription and
replication) [8].

In the case of antitumor alkylating agents and cisplatin,
the main pathway of repair is the excision-repair process,
which leads to the removal of either mono- or bifunctional
lesions. The excision-repair mechanism is well known in
bacteria [66] but remains under investigation in eukaryotes
[36]. This mechanism consists of recognition of the lesion,
incision on both the 3" and 5" ends of the damage, displace-
ment of the modified oligonucleotide, and gap filling by
DNA synthesis. Following the ligation step, the DNA tem-
plate is restored. This process, which in bacteria and
eukaryotes, respectively, requires 3 and at least 7 genes for
the incision step, is expressed at a basal level. The DNA
excision-repair proficiency of cells is a major factor in the
level of cell resistance to many drugs since repair-deficient

Table 1. Examples of techniques used to study DNA repair

Quantification of adduct removal in DNA:
Radioactively labeled adduct
Antibodies (mono- or polyclonal)
Direct identification of the adducts by HPLC
In vitro enzymatic removal with UVRABC excinuclease
PCR assay (blockade of Taq polymerase)

DNA repair:
Unscheduled DNA-repair synthesis
In vitro assay for DNA-repair synthesis
Transfection with a damaged plasmid

HPLC, High-performance liquid chromatography; PCR, polymerase
chain reaction

cells are hypersensitive to mitomycin C, CDDP, or other
cross-linking agents [37, 48, 53, 62]. Enzymes are likely to
cooperate in the case of interstrand cross-links, excision
repair, and recombination [14].

Is DNA repair involved in cellular resistance?

To circumvent the toxic effects of DNA alkylation, differ-
ent mechanisms of resistance take place that allow tumor
cells to escape the cytotoxic effect of chemotherapy.
Among these various mechanisms of resistance, DNA re-
pair has recently been emphasized [4-7, 26, 46, 56].

Different approaches have been undertaken to measure
DNA repair, some of which are listed in Table 1. Repair
activity has been monitored as enhancement of (1) un-
scheduled DNA synthesis [73], (2) the rate of adduct re-
moval [6, 26, 46], and (3) the expression and survival of
damaged plasmid [11, 13, 16, 38, 41, 60]. However, the
extent of plasmid reactivation did not correlate with the
level of cell resistance to the compound tested [38, 60].
These results imply that additional events are responsible
for the specificity of repair of the damaged chromatin. The
higher rate of DNA-adduct removal suggests that the criti-
cal step in resistance is likely to be the preincision event
rather than the polymerase reaction. Increased excision
repair might rely on the enhancement of specific gene
expression as with bacterial uvrA, B,D genes [30, 66]. Re-
sistant cell lines might also exhibit an overexpression of
damaged-recognition proteins [12, 15, 19] that could
modulate the efficacy of excision repair. A modification of
topoisomerase I activity could also provoke an indirect
effect on the excision pathway. Despite contradictory re-
ports [21, 22], inhibitors of topoisomerase Il act synergisti-
cally with CDDP in clinical experiments. Moreover, in
some cases resistance to alkylating agents can be as-
sociated with collateral sensitivity to topoisomerase II in-
hibitors, and vice-versa [27, 45, 63].

As discussed above, increased DNA-repair activity
could result from an alteration in reversion, excision,
and/or tolerance of the lesion and the different repair mech-
anisms could act coordinately. A tolerance mechanism is
hypothetical and largely stems from our knowledge of the
repair processes in bacteria. For instance, the fidelity of the
repair process has not yet been measured, and a difference
in the quality of repair could account for the difference
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Fig. 1. Scheme for the DNA-repair synthesis in vitro assay (adapted from
Wood et al. [71]). The repair activity was obtained by incubation of
damaged and undamaged plasmids with cell extracts in the presence of
deoxynucleoside triphosphates (INTPs), adenosine triphosphate (ATP),
and [032P)-deoxyadenosine triphosphate (dATP). The damaged plasmid
is pBS (2959 bp) and the control plasmid is a 3738-bp derivative. The

in survival of sensitive and resistant Walker cell lines
[54, 57].

The involvement of DNA repair in resistance mecha-
nisms has been studied under the assumption that lesions
are chemically similar in resistant and sensitive cell lines.
However, alkylating-agent binding to DNA might be
modulated by the chromosomal structure. Finally, DNA
repair is gene-specific since the efficiency of repair corre-
lates with the transcriptional activity of a specified gene
[8]. However, differences exist not only between DNA-
damaging agents but also between lesions caused by a
specific agent; for example, CDDP intrastrand adducts are
rapidly removed from actively transcribed genes, but inter-
strand cross-links show no preferential repair in active
genes [8]. Therefore, additional experiments should be
done to look for a correlation between gene-specific repair
and resistance.

Assessment of DNA -repair involvement
in cell resistance to alkylating agents
by an in vitro repair assay

DNA-repair involvement in cell resistance has been de-
monstrated in resistant cell lines obtained by in vitro step-
wise selection leading to 100-fold increases in resistance in
some cases [27]. However, the absence of a correlation
between the level of resistance and the rescue of a damaged
vector appeared to be a limitation of this assay. A molecu-
lar biochemical approach was required to investigate this
question in tumor cells grown either in vitro or in vivo. We
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latter is a substrate for nonspecific endonucleolytic activity and polymer-
ization activity on nicked plasmid. Plasmid DNA was purified from
reaction mixtures, linearized, and then electrophoresed. Data were quan-
tified by autoradiography and densitometry and/or scintillation counting
of excised DNA bands

therefore used an in vitro assay previously described by
Wood et al. [33, 71], which allows quantification of the
excision-repair capacity in cell extracts (Fig. 1). In this
assay, the excision process is monitored by the incorpora-
tion of [032P]-deoxyadenosine monophosphate (d{AMP)
into damaged plasmid DNA during the repair-synthesis
step. Some drawbacks in this quantification of excision-
repair capacity in cell extracts should be emphasized:
(1) this assay deals with global repair as opposed to in vivo
preferential repair of transcribed genes: (2) the DNA-re-
pair process takes place on naked plasmid DNA instead of
chromosomal DNA, and the efficiency of lesion removal is
quite low [71]); and (3) during the preparation of cell ex-
tracts, one can lose some specific proteins involved in the
repair mechanism. However, excision repair by cell ex-
tracts is close enough to genomic repair-in cells to allow
purification of repair proteins [59]. Moreover, cell extracts
can carry out repair synthesis in DNA damaged by ul-
traviolet light, psoralen, acetylaminofluorene, or plati-
num(II) agents, and monoadducted DNA can be used as a
substrate for in vitro excision repair [33, 34, 55, 65, 71].

The level of DNA repair tested by this assay is depen-
dent on different parameters: (1) the cell-protein extract
concentration, (2) the KCl content of the assay, (3) the
reaction time, and (4) the level of plasmid modification
[33, 71]. After the optimization of these parameters, which
are dependent on the extent of damage and the cell line or
tumor sample used, this assay should be of interest in
investigations of the mechanism of cell resistance to alky-
lating agents and cisplatin with regard to a possible modu-
lation of DN A-repair capacities.



88

Acknowledgements. This work was partly supported by grants from the
Conseil Régional Midi-Pyrénées and the Association pour la Recherche
sur le Cancer. We are grateful to Dr. R. D. Wood for the gift of plasmids
and technical advice on the in vitro repair assay. One of the authors

(B.

S.) is a professor at the Université P. Sabatier, Faculty of Pharmacy.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Andrews P, Murphy M, Howell S (1985) Differential potentiation of

alkylating and platinating agents’ cytotoxicity in human ovarian caz-
cinoma cells by glutathione depletion. Cancer Res 45: 6250

. Andrews P, Murphy M, Howell S (1987) Differential sensitization of

human ovarian carcinoma and mouse L1210 cells to cisplatin and
melphalan by glutathione depletion. Mol Pharmacol 30: 643

. Andrews P, Schiefer M, Murphy M, Howell S (1988) Enhanced

potentiation of cisplatin cytotoxicity in human ovarian carcinoma
cells by prolonged glutathione depletion. Chem Biol Interact 65: 51

. Barrows L, Borchers A, Paxton M (1987) Transfectant CHO cells

expressing O6-alkylguanine-DNA-alkyltransferase display in-
creased resistance to DNA damage other than O6-guanine alkylation.
Carcinogenesis 8: 1853

. Batist G, Torres-Garcia S, Demuys J-M, Greene D, Lehnert M,

Rochon M, Panasci L (1989) Enhanced DNA cross-link removal: the
apparent mechanism of resistance in a clinically relevant melphalan-
resistant human breast cancer cell line. Mol Pharmacol 36: 224

. Bedford P, Fichtinger-Schepman A, Shellard S, Walker M,

Masters J, Hill B (1988) Differential repair of DNA adducts in
human bladder and testicular tumour continuous cell lines. Cancer
Res 48: 3019

. Bodell W, Tokuda K, Ludlum D (1988) Differences in DNA alkyl-

ation products formed in sensitive and resistant human glioma cells
treated with N-(2-chloroethyl)-N-nitrosourea. Cancer Res 48: 4489

. Bohr V (1991) Gene specific DNA repair. Carcinogenesis 12: 1983
. Bungo M, Fujiwara Y, Kasahara K, Nakagawa K, Ohe Y, Sasaki Y,

Irino S, Saijo N (1990) Decreased accumulation as a mechanism of
resistance to cis-diamminedichloroplatinum(Il) in human non-small
cell lung cancer cell lines: relation to DNA damage and repair.
Cancer Res 50: 2549

Chabner BA, Myers CE (1989) Clinjcal pharmacology of cancer
chemotherapy. In: De Vita VT, Hellman S, Rosenberg SA (eds)
Cancer. J. B. Lippincott, Philadelphia, p 349

Chao C, Lee Y, Lin-Shao S (1990) Phenotypic reversion of cisplatin
resistance in human cells accompanies reduced host cell reactivation
of damaged plasmid. Biochem Biophys Res Commun 170: 851
Chao C, Huang SLHH, Lin-Shao S (1991) Cross-resistance to UV
radiation of a cisplatin-resistant human cell line: overexpression
of cellular factors that recognize UV-modified DNA. Mol Cell Biol
11:2075

Chao C, Lee Y, Cheng P, Lin-Shao S (1991) Enhanced host cell
reactivation of damaged plasmid DNA in HeLa cells resistant to
cis-diamminedichloroplatinum(Il). Cancer Res 51: 601

Cheng S, Sancar A, Hearst J (1991) RecA-dependent incision of
psoralen-crosslinked DNA by (A)BC excimuclease. Nucleic Acids
Res 19: 657

Chu G, Chang E (1990) Cisplatin-resistant cells express increased
levels of a factor that recognizes damaged DNA. Proc Natl Acad Sci
USA 87:3324

Dabholkar M, Eastman A, Reed E (1990) Host-cell reactivation of
cisplatin-damaged pRSVecat in human lymphoid cell line. Carcino-
genesis 11: 1761

De Vries E, Meijer C, Timmer-Bosscha H, Berendsen H, De Leij L,
Scheper R, Mulder N (1989) Resistance mechanisms in three human
small cell lung cancer cell lines established from one patient during
clinical follow-up. Cancer Res 49: 4175

Dolan ME, Young GS, Pegg AE (1986) Effect of O6-alkylguanine
pretreatment on the sensitivity of human colon tumor cells to cyto-
toxic effects of chloroethylating agents. Cancer Res 46: 4500
Donahue B, Augot M, Bellon S, Treiber D, Toney J, Lippard S,
Essigmann J (1990) Characterization of a DNA damage-recognition

20.

21.

22,

23.

24,

25.

26.

217.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

protein from mammalian cells that binds specifically to intrastrand
d(GpC) and d(ApG) DNA adducts of the anticancer drug cisplatin.
Biochemistry 29: 5872

Dorr RT, Bowdan GT, Alberts DS, Liddil JD (1985) Interaction of
mitomycin C with mammalian DNA detected by alkaline elution.
Cancer Res 45: 3510

Downes C, Mullinger A, Johnson R (1987) Action of etoposide
(VP-16-123) on human cells: no evidence for topoisomerase II in-
volvement in excision repair of UV-induced DNA damage, nor for
mitochondrial hypersensitivity in ataxia telangiectasia. Carcinogene-
sis 8:1613

Dresler S, Robinson-Hill R (1987) Direct inhibition of UV-induced
DNA excision repair in human cells by novobiocin, coumermycin
and nalidixic acid. Carcinogenesis 8: 813

Dulhanty A, Li M, Whitmore G (1989) Isolation of Chinese hamster
ovary cell mutants deficient in excision repair and mitomycin C
bioactivation. Cancer Res 49: 117

Dumenco LL, Warman B, Hatzoglou M, Lim IK, Abboud SL., Ger-
son SL (1989) Increase in nitrosourea resistance in mammalian cells
by retrovirally mediated gene transfer of bacterial O6-guanine-DNA-
alkyltransferase. Cancer Res 49: 6044

Eastman A (1987) Cross-linking of glutathione to DNA by cancer
chemotherapeutic platinum coordination complexes. Chem Biol In-
teract 61: 241

Eastman A, Schulte N (1988) Enhanced DNA repair as a mechanism
of resistance to cis-diamminedichloroplatinum(Il). Biochemistry
27: 4730

Eastman A, Schulte N, Sheibani N, Sorenson C (1988) Mechanisms
of resistance to platinum drugs. In: Nicolini M (ed) Platinum and
other metal coordination compounds in cancer chemotherapy. Mar-
tinus Nijhoff, Boston, p 178

Erickson L, Laurent G, Sharkey N, Kohn K (1980) DNA cross-link-
ing and monoadduct repair in nitrosourea-treated human tumour
cells. Nature 288: 727

Friedberg EC (1985) DNA repair. Freeman and Cie, New York
Geleziunas R, McQuillan A, Malapetsa A, Hutchinson M, Ko-
priva D, Wainberg M, Hiscott J, Bramson J, Panasci L (1991) In-
creased DNA synthesis and repair-enzyme expression in lympho-
cytes from patients with chronic lymphocytic leukemia resistant to
nitrogen mustards. J Natl Cancer Inst 83: 557

Gonzaga P, Harris L, Margison G, Brent T (1990) Evidence that
covalent complex formation between BCNU-treated oligonu-
cleotides and E. coli alkyltransferases requires the O6-alkylguanine
function. Nucleic Acids Res 18: 3961

Hamilton T, Winker M, Louie K, Batist G, Behrens B, Tsuruo T,
Grotzinger K, McCoy W, Young R, Ozols R (1985) Augmentation of
Adriamycin, melphalan, and cisplatin cytotoxicity in drug-resistant
and sensitive human ovarian carcinoma cell lines by buthionine
sulfoximine mediated glutathione depletion. Biochem Pharmacol
34: 2583

Hansson J, Wood R (1989) Repair synthesis by human cell extracts
in DNA damaged by cis- and trans-diamminedichloroplatinum(II).
Nucleic Acids Res 20: 8073

Hansson J, Munn M, Dean Rupp W, Kahn R, Wood R (1989)
Localization of DNA repair synthesis by human cell extracts to a
short region at the site of a lesion. J Biol Chem 264: 21 788

Hoban P, Walton M, Robson C, Godden J, Stratford I, Workman P,
Harris A, Hickson I (1990) Decreased NADPH: cytochrome P-450
reductase activity in impaired drug activation in a mammalian cell
line resistant to mitomycin C under aerobic but not hypoxic condi-
tions. Cancer Res 50: 4692

Hoeijmakers JHJ, Bootsma D (1990) Molecular genetics of eukary-
otic DNA excision repair. Cancer Cells 2: 311

Ishida R, Buchwald M (1982) Susceptibility of Fanconi’s anemia
lymphoblasts to DNA cross-linking and alkylating agents. Cancer
Res 42: 4000

Jennerwein M, Eastman A, Kokhar A (1991) The role of DNA repair
in resistance of L1210 cells to isomeric 1,2-diamminocyclohexane-
platinum complexes and ultraviolet irradiation. Mutat Res 254: 89



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Jiang B, Bank B, Hsiang Y, Shen T, Potmesil M, Silber R (1989)
Lack of drug induced DNA cross-links in chlorambucil-resistant
Chinese hamster ovary cells. Cancer Res 49: 5514

Johnson NP, Butour JL, Villani G, Wimmer FM, Defais M, Pier-
son V, Brabec V (1989) Metal antitumor compounds: the mechanism
of action of platinum complexes. Progress in Clinical Biochemical
Medicine.

Knox R, Lydall D, Friedlos F, Basham C, Roberts J (1987) The effect
of monofunctional or difunctional platinum adducts and of various
other associated DNA damage on the expression of transfected DNA
in mammalian cell lines sensitive or resistant to difunctional agents.
Biochim Biophys Acta 908: 214

Kuroda H, Sugimoto T, Ueda K, Tsuchida S, Horii Y, Inazawa J,
Sato K, Sawada T (1991) Different drug sensitivity in two neuroblas-
toma cell lines established from the same patient before and after
chemotherapy. Int J Cancer 47: 732

Lindhal T, Sedgwick B (1988) Regulation and expression of the
adaptive response to alkylating agents. Anou Rev Biochem 55: 133
Litterst C, Bertolero F, Uozumi J (1985) The role of glutathione and
metallothionein in the toxicity and subcellular binding of cisplatin.
In: McBrien D, Slater T (eds). Biochemical mechanisms of platinum
antitumour drugs. IRL, Oxford, p 227

Long B, Newhouse L, Brattain M (1987) Characterization of ac-
quired resistance to etoposide (VP16) and teniposide (VM26). Proc
Am Assoc Cancer Res 28: 286

Masuda H, Ozols R, Lai J, Fojo A, Rothenberg M, Hamilton T
(1988) Increased DNA repair as a mechanism of acquired resistance
to cis-diamminedichloroplatinum(Il) in human ovarian cancer cell
lines. Cancer Res 48: 5713

Metcalfe S, Cain K, Hill B (1986) Possible mechanism for difference
in sensitivity to cis-platinum in human prostate tumor cell lines.
Cancer Lett 31: 163

Meyn R, Jenkins S, Thompson L (1982) Defective removal of DNA
cross-links in a repair deficient mutant of Chinese hamster ovary
cells. Cancer Res 42: 3106

Micetich K, Zwelling L, Kohn K (1983) Quenching of DNA: plati-
num(ll) monoadducts as a possible mechanism of resistance to cis-
diamminedichloroplatinum(II) in L1210 cells. Cancer Res 43: 3609
Parker R, Eastman A, Bostick-Bruton F, Reed E (1991) Acquired
cisplatin resistance in human ovarian cancer cells is associated with
enhanced repair of cisplatin-DNA lesions and reduced drug accumu-
lation. J Clin Invest 87: 772

Pegg AE (1990) Mammalian 06-alkylguanine-DNA alkyl-
transferase: regulation and importance in response to alkylating car-
cinogenic and therapeutic agents. Cancer Res 50: 6119

Pinto A, Lippard S (1985) Binding of the antitumor drug cis-diam-
minedichloroplatinum(II) (cisplatin) to DNA. Biochim Biophys Acta
780: 167

Plooy A, Van Dijk M, Berends F, Lohman P (1985) Formation and
repair of DNA interstrand cross-links in relation to cytotoxicity and
unscheduled DNA synthesis induced in control and mutant human
cells treated with cis-diamminedichloroplatinum(II). Cancer Res
45: 4178

Rawlings C, Roberts J (1986) Walker rat carcinoma cells are excep-
tionally sensitive to cis-diamminedichloroplatinum(Il) (cisplatin)
and other difunctional agents but not defective in the removal of
platinum-DNA adducts. Mutat Res 166: 157

Reardon J, Spielmann P, Huang J, Sastry S, Sancar A, Hearst J
(1991) Removal of psoralen monoadducts and crosslinks by human
cell free extracts. Nucleic Acids Res 19: 4623

Richon VM, Schulte N, Eastman A (1987) Multiple mechanisms of
resistance to cis-diamminedichloroplatinuni(IT) in murine leukemia
L1210 cells. Cancer Res 47: 2056

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

89

Roberts J, Friedlos F, Scott D, Ormerod M, Rawlings C (1986) The
unique sensitivity of Walker rat tumor cells to difunctional agents is
associated with a failure to recover from inhibition of DNA synthesis
and increased chromosome damage. Mutat Res 166: 169

Robins P, Harris A, Goldsmith I, Lindhal T (1983) Cross-linking of
DNA induced by chloroethylnitrosourea is prevented by O%-methyl-
guanine-DNA methyltransferase. Nucleic Acids Res 11: 7743
Robins P, Jones C, Biggerstaff M, Lindhal T, Wood R (1991) Com-
plementation of DNA repair in xeroderma pigmentosum group A
cell extracts by a protein with affinity for damaged DNA. EMBO
710:3913

Sheibani N, Jennerwein M, Eastman A (1989) DNA repair in cells
sensitive and resistant to cis-diamminedichloroplatinum(II): host cell
reactivation of damaged plasmid DNA. Biochemistry 28: 3120
Singer B (1975) The chemical effects of nucleic acid alkylation and
their relation to mutagenesis and carcinogenesis. Prog Nucleic Acid
Res Mol Biol 15: 219

Sorenson C, Eastman A (1988) Influence of cis-diammine-
dichloroplatinum(IT) on DNA synthesis and cell cycle progression in
excision repair proficient and deficient Chinese hamster ovary cells.
Cancer Res 48: 6703

Tan K, Per S, Boyce R, Mirabelli C, Croolie S (1988) Altered
expression and transcription of the topoisomerase IT gene in nitrogen
mustard-resistant human cells. Biochem Pharmacol 37: 4413
Teicher B, Hoden S, Kellet M, Shea T, Cucchi C, Rosowsky A,
Henner W, Frei E III (1987) Characterization of a human squamous
carcinoma cell line resistant to cis-diamminedichloroplatinum(IT).
Cancer Res 47: 388

Ullah S, Husain I, Carlton W, Sancar A (1989) Human nucleotide
excision repair in vitro: repair of pyrimidine dimers, psoralen and
cisplatin adducts by HeLa cell-free extract. Nucleic Acids Res
17: 4471

Van Houten B (1990) Nucleotide excision repair in Escherichia coli.
Microbiol Rev 54: 18

Waldstein E, Cao E, Miiler M, Cronkite E, Setlow R (1982) Extracts
of chronic lymphocytic leukemia lymphocytes have a high level of
DNA repair activity for O6-methylguanine. Proc Natl Acad Sci USA
79: 4786

Walker G (1987) The SOS response of Escherichia coli. In: Neid- -
hardt FC (ed) Escherichia coli and Salmonella typhimurium. ASM,
Washington, p 1347

Waud W (1987) Differential uptake of cis-diamminedichloroplat-
inum(Il) by sensitive and resistant murine 11210 leukemia cells.
Cancer Res 47: 6549

Waxman D (1990) Glutathione S-transferases: role in alkylating
agent resistance and possible target for modulation chemotherapy.
Cancer Res 50: 6449

Wood R, Robins P, Lindhal T (1988) Complementation of
xeroderma pigmentosum DNA repair defect in cell-free extracts.
Cell 53: 97

Yarosh D, Barnes D, Erickson L (1986) Transfection of DNA from a
chloroethylnitrosourea-resistant tumor cell line (Mer+) to a sensitive
tumor cell line (Mer~) results in a tumor cell line resistant to MNNG
and CNU that has increased O6-methylguanine-DNA-methyl
transferase levels and reduced levels of DNA interstrand cross-link-
ing. Carcinogenesis 7: 1603

Zwelling L, Anderson T, Kohn K (1979) DNA protein and DNA
interstrand cross-linking by c¢is- and frams-platinam(I) di-
amminedichloride in L1210 mouse leukemia cells and relation to
cytotoxicity. Cancer Res 39: 365

Zwelling L, Michaels S, Schwartz H, Dobson P, Kohn K (1981)
DNA cross-linking as an indicator of sensitivity and resistance of
mouse 1.1210 lenkemia to cis-diamminedichloroplatinum(Il) and
L-phenylalanine mustard. Cancer Res 41: 640



