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Abstract

Carcinogens may damage DNA either through the production of cad
icals that cause base modification in situ or throunji the formation of bulky
adducts at relatively nucleophilic sites. Predlinical studies have demon
strated that administration of the dithiolethione oltipraz protects labors
tory animals from the development of tumors following subsequent expo
sure to a variety of carcinogens. This may occur through a mechanism
involving the induction of detoxicating gene expression. In some modeis,
oltipraz treatment following carcinogen exposure may also confer protec
lion. To investigate a possible mechanism for this observation, we studied
the effects of oltipraz on base excision repair and platinum-DNA damage
formation and removal. No effect of oltipraz was observed on base cxci

sion repair as determined by an in vitro assay measuring the repair of
apurinic/apyrimidinic sites by untreated and oltipraz-treated HT-29
whole-cell extracts. Treatment of HT-29 eels with cisplatin In the absence
or presence of 30 and 100 @tMoltipraz decreased the accumulation of
platinum in DNA. A dose-dependent reduction in DNA platination was
also observed in purified DNA treated concurrently with cisplatin and
increasing concentrations of oltipraz When DNA was first platinated and
subsequently incubated with oltipraz, no decrease in platinum content in
DNA was found. Preincubation of HT-29 cells with oltipraz enhanced the
rate of removal of total platinum-DNA adducts and interstrand cross
links. These data support a novel mechanism through which dithiolethlo
nes may protect carcinogen-exposed animals from tumor formation and
may expand their potential role in the clinic.

Introduction

Epidemiological studies demonstrate that the risk of developing
certain tumors, especially colon cancer, may be diminished by a diet
rich in cruciferous vegetables (1â€”3).Such vegetables (including broc
coli, cabbage, and cauliflower) are a rich source of dithiolethiones,
which are believed to contribute to their protective effects (4). Support
for this concept derives from the fact that a synthetic dithiolethione,
oltipraz, has been shown to protect laboratory animals from develop
ing tumors following exposure to several DNA-damaging carcinogens
(5). The protective effect is believed to result from elevation of the
activity of one or more detoxicating enzymes through an inductive
effect on gene transcription (6, 7). In recent clinical trials, oltipraz has
been shown to induce the transcription of detoxicating genes in human
tissues (8). Based on these data, the potential of oltipraz to protect

patients at high risk for colorectal cancer from the development of this
disease is being investigated.

The initial rodent studies with oltipraz established that the addition
of the drug to the laboratory diet yielded a dose-dependent decrease in
the number of tumors that resulted from a subsequent exposure to
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carcinogens, including diethylnitrosamine, uracil mustard, benzo
(a)pyrene, azoxymethane, aflatoxin B1, and N-nitrobis-(2-oxypropyl)-
amine hydroxybutylnitrosamine (5, 9â€”12). It was also shown that
although pretreatment of the animals with oltipraz was protective, so
was the administration of oltipraz following carcinogen exposure (13).
This latter observation suggested an effect of oltipraz even after DNA
damage by the carcinogen. Because such a mechanism would greatly
broaden the potential value of a protective drug of this nature, we
examined the effect of oltipraz on DNA repair.

Two forms of DNA repair were studied. Base excision repair was
measured using whole-cell extracts from oltipraz-treated cells in as
says of the repair of AP@sites. NER was measured using the antican
cer drug cisplatin as a model. It has been shown previously that
platinum-DNA adducts are repaired predominantly by NER (14). The
results indicate that NER but not base excision repair is stimulated by
oltipraz in a dose-dependent fashion. These results expand the poten
tial role of drugs of this nature to applications broader than cancer
prevention and justify prevention studies in larger populations.

Materials and Methods

Cells and Reagents. Human HT29 cells were maintained at 37Â°Cin a
humidified atmosphere containing 5% CO2 in DMEM medium containing
10% fetal bovine serum. Cisplatin was obtained from Bristol-Myers Squibb
(Syracuse, NY). Oltipraz was obtained from the National Cancer Institute
(Bethesda, MD).

Base Excision Repair. The covalently closed circular DNA carrying either
a natural AP site or a 3-hydroxy-2-hydroxymethyltetrahydrofuran (tetrahydro
furan) residue (a synthetic analogue of the AP site) with a 32P at the 5' side of
the lesion was prepared as described previously (15). The whole-cell extracts
were prepared as described by Tanaka et a!. (16). The protein concentrations
were determined by the Bradford assay (Bio-Rad, Richmond, CA).

Repair reactions containing 10 @xgof protein from the whole-cell extract
were carried out as described previously (15). After recovery from the repair
reaction, the DNA samples were digested with PvuII and Xenopus laevis AP
endonuclease and analyzed by gel electrophoresis in a 6% polyacrylamide gel
with 8 M urea. The gel was dried and subjected to autoradiography with an
X-ray film or scannedwith a Fuji BAS1000 imaging system for quantitative
analysis.

Platinum-DNA Adduct Formation and Removal in HT-29 Cells. The
formation and removal of total platinum-DNA adducts was studied by incu

bating triplicate flasks of cells (1 X 108)for 24 h with oltipraz 0, 30, or 100
pM, followed by incubation with cisplatin concentrations of 0, 10, 20, 30, 40,

and 50 p.M for 4 h. DNA was isolated by the phenol/CHC13method and
processed for platinum determination by AAS. DNA platination was measured

using a Perkin-Elmer model 3100 atomic absorption spectrometer equipped

with a graphite furnace as described previously (17). For repair experiments,
HT-29 cells were pretreated with 0, 30, or 100 @xMof oltipraz for 24 h followed
by a 4-h incubation with the concentration of cisplatin required to obtain
similar initial levels of total platinum-DNA adducts. Cells were either har

vested immediately or fresh medium was added, and the cells were incubated
for various repair times. DNA was isolated, restriction-digested with HindIll,

3The abbreviationsusedare: AP, apurinic/apyrimidinic;NER, nucleotideexcision
repair; AAS, atomic absorption spectrometry.
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Fig. 1. Effect of oltipraz (OLP; 100 @.os),cisplatin
(CP; 25 pM), and combined oltipraz and cisplatin
treatment of HT29 colon adenocarcinoma and HepG2
hepatoma cells on base excision repair. Cells were
pretreated for 24 h (OLP), or 4 h (CP), or both, or
neither (control). Whole-cell extracts were prepared
and incubated with a plasmid containing a natural AP
site as described in â€œMaterialsand Methods.â€•The
repaired and unrepaired plasmids were separated by
electrophoresis, and relative repair was quantitated as
a percentage of the total signal. No differences were
observedamongthe treatmentconditions.

and either processed for total platinum content by AAS or subjected to
renaturating agarose gel electrophoresis for cisplatin interstrand cross-link
determination (18). Briefly, 2 @gof DNA were incubated at 60Â°C-65Â°Cfor 5
mm in 0.2 NNaOH and immediately placed on ice. Samples were loaded onto
a 0.5% agarose gel prepared in 40 giMTris-acetate buffer containing 1 @.tM
EDTA and electrophoresed for 4 h at 100 V. Following Southern blotting,
membranes were hybridized with the ABE@1probe, which recognizes a 17-kb
HindIII fragment of the 285 rRNA gene. Membranes were washed and
subjected to autoradiography. Histograms were generated for each lane using
a Fuji BASI000 imaging system, and the fraction of cross-linked strands was
determined by weight analysis of the peaks. The average number of interstrand
cross-links per fragment was calculated using the Poisson distribution equa
tion, ln(l â€”Fe), where Fe is the fraction of DNA strands containing cross
links.

Platinum-DNA Adduct Formation and Removal In Purified DNA. The
formation of platinum-DNA adducts in purified DNA was examined by
incubating 50 gxgof DNA purified from untreated HT-29 cells with 10 ng of
cisplatin and either 0, 30, or 100 p.Mofoltipraz in 450 @&lof TE buffer (10 mM
Tris-HC1, pH 8.0, containing 1 mM EDTA) for 4 h at 37Â°C.For platinum
removal studies, DNA isolated from HT-29 cells that were treated with 100 p@M
cisplatin for 4 h was subsequently incubated in the presence of 0, 30, or 100
p.M of oltipraz in 450 ,.d of TE buffer for 0, 2, or 4 h at 37Â°C.The reactions
were extracted in phenol/CHCI3and precipitated in ethanol; then the platinum
content was determined by AAS.

Results and Discussion

Consistent with studies in rodent model systems, we have shown
previously that cultured HT29 colon adenocarcinoma cells respond to
oltipraz treatment by up-regulating the expression of genes involved
in detoxication, including DT-diaphorase and -y-glutamylcysteine syn
thetase (19).@Maximal induction is observed at 100 p.Mexposure for
24 h, whereas concentrations less than 30 p@Mhave little effect. This
up-regulation is also associated with increased expression of the
ubiquitous transcription factors nuclear factor-KB and AP-1 (19).@
Therefore, these cells respond to oltipraz treatment in a manner
similar to that of the tissues of animals treated with oltipraz, in whom
a chemoprotective effect is observed (7).

Carcinogens may damage DNA either through the production of
radicals that cause base modification in situ or through the formation
of bulky adducts at relatively nucleophilic sites (such as the N7 of
guanine; Ref. 20). The modified bases that result from radical forma
tion are generally thought to be repaired by base-excision repair (21).
In vertebrates, the reaction of base-excision repair can proceed in one

4 P. J. O'Dwyer et al., submitted for publication.

5 P. i. O'Dwyer and K-S. Yao, unpublished data.

of two alternative pathways: the DNA polymerase (3-dependent path
way; and the proliferating cell nuclear antigen-dependent pathway
(15, 22). We have developed an in vitro assay system to measure AP
site repair involving either pathway (15). AP sites are generated from
unstable base modifications and also as common intermediate prod
ucts following the first step of base-excision repair, in which damaged
bases are removed by specific DNA-N-glycosylases. In this assay
system, both of these pathways can repair natural AP sites, whereas
tetrahydrofuran residues are repaired primarily by the proliferating
cell nuclear antigen-dependent pathway. A 32P-labeled plasmid car
rying either lesion was incubated with extracts from treated cells and
analyzed for its repair. The repaired products in this assay system
should yield a 382-bp fragment, whereas the unrepaired DNA, which
is still sensitive to AP endonuclease, would yield a shorter fragment.
Fig. 1 shows that although extracts from untreated cells resulted in
natural AP site repair in proportion to the amount of cell extract
added, no increase in repair was observed in the extracts prepared
following exposure of HT29 cells to 30 or 100 .LMoltipraz. The repair
of tetrahydrofuran residues was examined with similar results. There
fore, treatment with oltipraz did not induce base-excision repair ac
tivity in HT29 cells.

Treatment of cells with the chemotherapeutic drug cisplatin induces
a variety of lesions in DNA. Platinum binding to DNA occurs initially
as monoadducts, which may then be converted to either intrastrand or
interstrand cross-links (23). The repair of platinum-DNA adducts is
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Fig. 2. Effect of oltipraz on the formation of platinum-DNA adducts in HT-29 cells.
Cells were preincubated for 24 h with 0, 30, or 100 @xuof oltipraz, followed by a 4-h
exposure to a range of cisplatin concentrations (0â€”50gi.M).DNA was isolated, and
platinum content was determined by AAS as described in â€œMaterialsand Methods.â€•Each
point is the result of triplicate measurements made for each DNA sample; bars, SD.
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platinum-DNA adducts in a concentration-dependent manner (Fig. 2).
Concomitant treatment with oltipraz decreases the rate and the peak
accumulation of platinated DNA at concentrations 30 . This effect
was also observed when oltipraz and cisplatin were concurrently incu
bated with purified DNA (Fig. 3A). These data suggest that oltipraz may
act by directly quenching the ability of carcinogens or radicals to bind
DNA, as well as by inducing enzyme-mediated inactivation. Further
more, they do not rule out the possibility that oltipraz can displace
platinum or carcinogens already bound to DNA. To examine this possi
bility, we incubated HT29 DNA with cisplatin followed by oltipraz. Fig.
3B shows that oltipraz failed to displace platinum from DNA directly.
Also, oltipraz incubated with platinated plasmid DNA in vitro failed to
displace the bound metal (data not shown). It is presently unclear whether
oltipraz directly inactivates cisplatin or whether it interacts with DNA to

_______ maskoralterpotentialdrug-bindingsites.Preliminarystudiesinour
:@:g@ laboratoryhavenotyieldedevidencefortheformationofanoltipraz

@ OLT100 cisplatincomplex(datanotshown).
In addition to measuring platinum binding to DNA, the effects of

oltipraz on the repair/removal of total platinum-DNA adducts and
interstrand cross-links were investigated. The effect of oltipraz on the
repair of cisplatin-DNA adducts in HT29 cells was examined by
treating cells with 100 pM oltipraz for 24 h, followed by exposure to
a cisplatin concentration high enough to yield the same number of
cisplatin-DNA adducts as were formed by exposure of the HT29 cells
that were not treated with oltipraz to 50 pi@icisplatin for 4 h. Under
these conditions of equivalent DNA platination in oltipraz-treated and
-untreated cells, a 3-fold enhancement of total platinum-DNA adduct
removal was observed as measured by AAS (data not shown). An
effect of oltipraz on DNA interstrand cross-link removal was also
observed. Cross-links were measured in a constitutively expressed
multicopy gene (rRNA) using the renaturating agarose gel electro
phoresis assay, in which restriction-digested cross-linked DNA re
mains double-stranded under denaturing conditions and, therefore,
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Fig. 3. Effect of oltipraz on the formation and removal of platinum-DNA adducts from

purified HT-29 DNA. In A. cisplatin (10 ng) was incubated simultaneously with 50 @gof
DNA and 0, 30, or 100 ps.i oltipraz for 4 h at 37'C. In B, purified DNA from
cisplatin-treated HT-29 cells was incubated with 0, 30, or 100 psi of oltipraz for 0, 2, or
4 h at 37Â°C.Platinum content was determined by AAS as described in â€œMaterialsand
Methods.â€•

believed to occur primarily by NER (14). Several investigators have
characterized previously the kinetics of formation and repair of var
jous platinum-DNA adduct species in ovarian cancer cells (17, 24â€”
28). In the present study, cisplatin-treated HT29 cells accumulated
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Fig. 4. Removal of cisplatin interstrand cross-links in
HT-29 cells preincubated for 24 h with 0. 30, or 100 @iu
oltipraz. Cells were treated with cisplatin for 4 h at 37'C
and either harvested immediately or incubated in drug
free medium for 2, 6, or 10 h. DNA was isolated and
subjected to renaturating agarose gel electrophoresis (A)
as described in â€œMaterialsand Methods.â€•Cross-links
were quantitated as described in â€œMaterialsand Meth
odsâ€•(B).
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may be recognized and quantitated as a slower migrating band in
Southern blots. Oltipraz concentrations 30 ,.tM resulted in fewer
cross-links and in their more rapid removal (Fig. 4). It is believed that
although some of the effect of ohipraz could be a consequence of
diminished adduct formation as was observed in vitro, most is a result
of an effect on DNA repair, because we and others have found that
increased intrastrand cross-link formation following cisplatin removal
does not occur (28, 29).

These findings suggest that the chemoprotective drug oltipraz may
have a stimulating effect on NER but not on base excision repair. Because
the carcinogens from which oltipraz protects animals share the capacity to
form bulky DNA adducts, induction of the NER pathways are, therefore,
a plausible mechanism of oltipraz action. Oltipraz has been shown to
protect aflatoxin B1-treated animals from hepatoma formation and from
lung and forestomach tumors following benzo(a)pyrene exposure (5, 6).
It also protects rats from colon tumor formation following azoxymethane
(7). Although some of these carcinogens have the potential to generate
free radicals and damage DNA indirectly, they have in common an ability
to form bulky aciducts, particularly to adenine and guanine residues. Our
results indicate that in addition to inhibition of their formation, the repair
of such adducts is stimulated by oltipraz. Furthermore, oltipraz may not
itself have a role in the repair of lesions such as photoadducts that may
result from radiation exposure; but given these results, a broader inves
tigation of compounds capable of such protection is justified.

NER results from the coordinate action of over 40 proteins (30).
Aboussekhra et a!. (30) have recently purified all ofthe proteins involved
and have reconstituted NER in vitro. The mechanism by which oltipraz
may influence the rate of repair is unclear at present. One possibility is
that oltipraz treatment results in the up-regulation of NER genes, as has
been demonstrated for detoxication genes (31). Oltipraz may have the
potentialtoalterredoxcharacteristicsintracellularly;however,thelackof
an effect of oltipraz on adduct formation in a cell-free system argues
against the importance of such an action. On the other hand, the finding
of fewer adducts and cross-links in the immediate aftermath of oltipraz
treatment suggests an additional direct effect. The induction of detoxi
eating pathways is not immediate; in vitro and in vivo studies demonstrate
peak activities that are delayed for approximately 24 h after treatment.
The induction of elevated transcriptionfactor content and binding activ
ities is more rapid, however, and may relate to inhibition of DNA adduct
formation by oltipraz (19).

These results suggest an effect of oltipraz on the repair of DNA
adducts following exposure to various DNA-damaging agents and may
account for the observation that initiating oltipraz treatment after carcin
ogen exposure may be as protective as pretreatment,although such an
effect has not been found to be universal. Hence, oltipraz may reduce
cancer risk not only by directly limiting the damage produced by potential
carcinogens or by inducing genes in which their products enzymatically
enhance detoxication, but as our data show, by increasing the repair of
carcinogen-associated DNA damage. The data support NER as the prim
cipal repair system involved, but it is yet to be clarified how the change
in activity is accomplished. The data also support the initiation of che
moprotective strategies in high-risk patients even after a history of mu
tagen exposure. The stimulation of DNA repair may furtherjustify trials
ofcompounds ofthis nature in individuals found to have been exposed to
industrialpollutants such as dioxin. As appropriateclinical end points are
identified, such studies should be considered.

References

1. Graham, S., Dayal, H., Swanson, M., Minelman, A., and Wilkinson, 0. Diet in the
epidemiologyofcancerofthe colonand rectum.I. Nail.Cancerlnst., 61: 709-714, 1978.

2. Haenszel, W., Locke, F. B., and Segi, M. A case-control study of large bowel cancer

in Japan. J. Nail. Cancer Inst., 64: 17â€”22,1980.
3. Kune, S., Kune, G. A., and Watson, L. F. Case-control study of dietary etiological

factors: the Melbourne colorectal cancer study. Nutr. Cancer, 9: 21â€”42,1987.

4. National Research Council. Inhibitors of carcinogenesis. In: Diet, Nutrition and
Cancer, pp. 358â€”370.Washington, DC: National Academy Press, 1982.

5. Wattenberg, L. W., and Bueding, E. Inhibitory effects of 5-(2-pyrazinyl)-4-methyl.
l,2-dithiol-3-thione (oltipraz) on carcinogenesis induced by benzo[a)pyrene, dieth
ylnitrosamine and uracil mustard. Carcinogenesis (Land.), 7: 1379â€”1381,1986.

6. Kensler, T. W., Egner, P. A., Dolan, P. M., Groopman, J. D., and Roebuck, B. D.
Mechanism of protection against aflatoxin tumorigenicity in rats fed 5-(pyrazinyl)-
4-methyl-1,2-dithiol-3-thione (oltipraz) and related l,2-dithiol-3-thiones and 1,2-
dithiol-3-ones. Cancer Res., 47: 4271â€”4277,1987.

7. Davidson, N. E., Egner, P. A., and Kensler, T. W. Transcriptional control of glutathione
S-transferasegene expression by the chemoprotectiveagent 5-(2-pyrazinyl)-4-methyl
1,2-dithiol-3-thione(oltipraz) in rat liver. Cancer Res., 50: 2251â€”2255,1990.

8. O'Dwyer, P. J., Szarka, C. E., Yao, K-S., Halbherr, T. C., Pfeiffer, G. R., Green, F.,
Gallo, J. M., Brennan, J., Frucht, H., Goosenberg, E. B., Hamilton, T. C., Litwin, S.,
Balshem, A. M., Engstrom, P. F., and Clapper, M. L. Modulation of gene expression
in subjects at risk for colorectal cancer by the chemopreventive dithiolethione
oltipraz. J. Clin. Invest., 98: 1210â€”1217, 1996.

9. Rao, C. V., Tokoma, K., Kelloff, 0., and Reddy, B. S. Inhibition by dietary oltipraz
of experimental carcinogenesis induced by azoxymethane in male F344 rats. Carci
nogenesis(Lond.),/2:1051â€”1055,1991.

10. Roebuck, B. D., Lin, Y-L., Rogers, A. R., Groopman, J. D., and Kensler, T. W.
Protection against aflatoxin B ,-induced hepato-carcinogenesis by 5-(2-pyrazinyl)-4-
methyl-1,2-dithiol-3-thione (oltipraz): predictive role for short-term molecular dosim
coy. Cancer Res., 51: 5501â€”5506,1991.

11. Moon, R. C., Kelloff, G. J., Detrisac, C. J., Steele, V. E., Thomas, C. F., and Sigman.
C. C. Chemoprevention of OH-BBN-induced bladder cancer in mice by oltipraz alone
and in combination with 4-HPR and DFMO. Anticancer Res., 14: 5â€”12,1994.

12. Clapper, M. L., Wood, M., Leahy, K., Lang, D., Miknyoczki, S., and Ruggen, B. A.
Chemopreventive activity of oltipraz against N-nitrosobis (2-oxopropyl) amine
(BOP)-induced ductal pancreatic carcinoma development and effects on survival of
Syrian golden hamsters. Carcinogenesis (Land.), 16: 2159â€”2165,1995.

13. Rao, C. V., Rivenson, A., Katiwalla, M., Kelloff, G. J., and Reddy, B. S. Chemopreven
Uve effectofoltiprazduringdifferentstages ofexperinsental colon carcinogenesis induced
by azoxymethane in male F344 rats. Cancer Ret., 53: 2502-2506, 1993.

14. Sancar, A. Excision repair in mammalian cells. J. Biol. Chem., 270: 15915-15918,
1995.

15. Matsumoto, Y., Kim, K,. and Bogenhagen, D. F. Proliferating cell nuclear antigen
dependent abasic site repair in Xenopus laevis oocytes: an alternative pathway of base
excision DNA repair. Mol. Cell. Biol., 14: 6187â€”6197, 1994.

16. Tanaka, M., Lai, J-S., and Herr, W. Promoter-selective activation domains in oct-i
and oct-2 direct differential activation of an snRNA and mRNA promoter. Cell, 68:
755-767, 1992.

17. Johnson, S. W., Perez, R. P., Godwin, A. K., Yeung, A. T., Handel, L. M., Ozols,
R. F., and Hamilton, T. C. Role of platinum-DNA adduct formation and removal in
cisplatin resistance in human ovarian cancer cell lines. Biochem. Pharmacol., 47:
689â€”697, 1994.

18. Jones, J. C., Then, W. P., Reed, E., Parker, R. J., Sancar, A., and Bohr, V. A.
Gene-specific formation and repair of cisplatin intrastrand adducts and interstrand
cross-links in Chinese hamster ovary cells. J. Biol. Chem., 266: 7101â€”7107, 1991.

19. Yao, K-S., and O'Dwyer, P. J. involvement of NF-scBin the induction of NAD(P)H:
quinone oxidoreductase (DT-diaphorase) by hypoxia, oltipraz and mitomycin C.
Biochem. Pharmacol., 1994.

20. Friedberg, E. C. DNA Repair, pp. 1-614. New York, NY: W. H. Freeman & Co.
1985.

21. Wallace, S. S. DNA damages processed by base-excision repair: biological conse
quences. mt. J. Radiat. Biol., 5: 579â€”589,1994.

22. Frosina, G., Fortini, P., Rossi, 0., Carrozzino, F., Raspaglio. G., Cox, L. S., Lane,
D. P., Abbondandolo, A., and Doglioni, E. Two pathways for base excision repair in
mammalian cells. J. Biol. Chem., 271: 9573â€”9578,1996.

23. Eastman, A. The function, isolation and characterization of DNA adducts produced
by anticancer platinum complexes. Pharmacol. Ther., 34: 155â€”166,1987.

24. Lai, G-M., Ozols, R. F., Smyth, J. F., Young, R. F., and Hamilton, T. C. Enhanced
DNA repair and resistance to cisplatin in human ovarian cancer. Biochem. Pharma
col., 37: 4597â€”4600,1988.

25. Masuda, H., Tanaka, T., Matsuda, H., and Kusaba, I. Increased removal of DNA
bound platinum in a human ovarian cancer cell line resistant to cis-diamminedichlo
roplatinum (II). Cancer Res., 50: 1863-1866, 1990.

26. Parker, R. J., Eastman, A., Bostick-Burton, F., and Reed, E Acquired cisplalin resistance
in humanovariancancercells is associatedwithenhancedrepairofcisplatin-DNA lesions
and reduced drug accumulation.J. Clin. Invest., 87: 772â€”777.1991.

27. Eastman, A., and Schulte, N. Enhanced DNA repair as a mechanism of resistance to
cis-diamminedichloroplatinum (II). Biochemistry, 27: 4730â€”4734,1988.

28. Then, W., Link, C. J., Jr., O'Conner, P. M., Reed, E., Parker, R., Howell, S. B., and Bohr,
V.A. increased gene-specificrepair of cisplatin interstrandcross-linksin cisplatin-resist
ant human ovarian cancer cell lines. Mol. Cell. Biol., 12: 3689â€”3698,1992.

29. Johnson, S. W., Swiggard, P. A., Handel, L. M., Brennan, J. M., Godwin, A. K.,
Ozols, R. F., and Hamilton, T. C. Relationship between platinum-DNA adduct
formation and removal and cisplatin cytotoxicity in cisplatin-sensitive and -resistant
human ovarian cancer cells. Cancer Res., 54: 5911â€”5916,1994.

30. Aboussekhra, A., Biggerstaff, M., Shivji, J. K., Vilpo, J. A., Moncollin, V., Podurt,
V. N.. Protic, M., Hubscher, U., Egly, J. M., and Wood, RD. Mammalian DNA
nucleotide excision repair reconstituted with purified protein components. Cell, 80:
859â€”868,1995.

31. Egner, P. A., Kensler, T. W., Prestera, T., Talalay, P., Libby, A. H., Jeyner, H. H., and
Curphey, T. Regulation of phase 2 enzyme induction by oltipraz and other dithiole
thiones. Carcinogenesis (Lond.), 15: 177-181, 1994.

1053

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/6/1050/2465765/cr0570061050.pdf by guest on 19 M

ay 2023


