ANTICANCER RESEARCH 28: 2663-2668 (2008)

Increased Glutathione Level Is not Involved in Enhanced
Bleomycin Sensitivity in Cisplatin-resistant 2780C? Cells
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Abstract. The cytotoxic activity of bleomycin (BLM) was
evaluated in cisplatin (CDDP)-sensitive (A2780) and -
resistant (2780°F) human ovarian cancer cells, and the
mechanism of increased antitumor activity of BLM in the
2780CF cells was investigated. Compared with the A2780 cells,
the 2780CF cells exhibited a 4.5-fold increase in resistance to
CDDP, but were 4.0-fold more sensitive to BLM. The cellular
glutathione (GSH) levels in the 2 780CF cells were significantly
higher than those in the A2780 cells, however, GSH depletion
in the 2780F cells below the levels in the A2780 cells by
using buthionine-[S,R]-sulfoximine (BSO) did not affect the
sensitivity to BLM. BLM decreased 5-bromo-2’-deoxyuridine
(BrdU) incorporation after 24-h exposure by 27.5% -90%
compared to that of the untreated control at BLM doses of
25-500 ng/ml in the 2780CF cells, but only by 1.5% -45.8% in
the A2780 cells. Furthermore, in the 2780F cells, the
percentage of S-phase cells markedly decreased, with an
increase in Gy/M-phase cells as determined by flow cytometry
after exposure to BLM. The enhanced cytotoxity of BLM in
CDDP-resistant 2780 cells could be attributed to BLM-
induced G,/M accumulation and significantly inhibited DNA
synthesis, not to increased cellular GSH levels.

Cisplatin (CDDP) is considered one of the most effective
antitumor agents in the treatment of a wide range of human
malignancies, however, the emergence of acquired resistance to
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the drug remains a major clinical problem. Tumor cells with
acquired resistance to a certain antitumor agent are frequently
cross-resistant to other structurally and functionally unrelated
antineoplastic drugs (1-4). CDDP-resistant 2780°F cells
established in vitro from A2780, a human ovarian cancer cell
line, also showed marked cross-resistance to 5-fluorouracil
(5-FU), a pyrimidine antagonist belonging to the group of
antitumor agents termed antimetabolites, amphotericin B, a
polyene antibiotic increasing the permeability of the cell
membrane, and aphidicolin, a specific inhibitor of DNA
polymerase a., in our previous research (5-7). Less commonly,
drug-resistant tumor cells exhibit collateral sensitivity to other
agents (8, 9). Bleomycin (BLM) is a family of glycopeptide-
derived antibiotics and exerts its therapeutic activity by binding
to DNA, especially adjacent to guanine residues. BLM is not a
routinely used antineoplastic drug for the treatment of human
ovarian cancer, although it is active against several human
carcinomas, including cancer of the head and neck, testicular
carcinomas and Hodgkin’s disease (10). However, investigating
the mechanisms of sensitivity to BLM would be useful in
overcoming not only acquired resistance, but intrinsic resistance
to BLM. Glutathione (GSH) is an intracellular non-protein
compound, which plays a key role as a drug detoxification
compound (11, 12), and elevated intracellular GSH levels have
been found to be part of the CDDP-resistant phenotype in many
studies (13, 14), including in a human ovarian cancer cell line
(11, 15). The effect of the GSH level on BLM sensitivity and
the effects of BLM on cell progression and DNA synthesis
ability in CDDP-resistant 2780 cells were investigated.

Materials and Methods

Chemicals. Eagle’s minimum essential medium (MEM) was
obtained from Nissui (Tokyo, Japan); fetal bovine serum (FBS) and
trypsin were from GIBCO (Grand Island, NY, USA); CDDP and
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BLM were from Nippon Kayaku (Tokyo, Japan); buthionine-[S,R]-
sulfoximine (BSO), propidium iodide (PI) and RNase were from
Sigma (St. Louis, MO, USA); 3-(4,5-dimethyl-2-thiazol)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) and the total glutathione
quantification kit were from Dojindo (MD, USA); cell proliferation
ELISA BrdU kit was from Roche (Penzberg, Germany) and
L-glutamine was from Wako (Tokyo, Japan).

Cell line and culture. The A2780 cell line, an ovarian cancer cell
line derived from an untreated patient and the CDDP-resistant
2780CP cell line, which was produced by step-wise exposure of
A2780 cells to increasing concentrations of CDDP up to 70 uM
(16) were provided by T. C. Hamilton (Fox Chase Cancer Center,
Philadelphia, Pa.) and used. Both cell lines were maintained as
monolayers in MEM supplemented with 10% (v/v) FBS, 60 pg/ml
kanamycin and 0.3 mg/ml glutamine at 37°C in a humidified
atmosphere of 5% CO,-95% air.

Drug treatment. Log-phase growing cells were plated at a density
of 500 cells/well for the cytotoxicity studies and 5x103 cells/well
for DNA synthesis in a 96-well microplate, and at a density of
5x105 cells/dish for the GSH assays and 1x106 cells/dish for cell
cycle analysis in 6 cm diameter dishes. After 24 h incubation, the
cells were exposed to various doses of BLM for 24 h or CDDP for
2 h, washed twice with Hanks’ solution, and subsequently incubated
in fresh culture medium for the required time interval at 37°C. BSO,
a selective inhibitor of y-glutamylcysteine synthetase that catalyzes
the limiting step of glutathione synthesis, was added to each well
or each dish at the same time as the cells were seeded into the 96-
well plates or dishes and continued during BLM treatment.

Cell survival studies. After drug treatment, the medium was replaced
with fresh medium (200 pl) and the cells were cultured for 72 h, and
then tetrazolium agent (20 pl of 4 mg MTT/ml PBS) and 0.1 M
sodium succinate (20 pl) were added to each well. After 2.5 h
incubation at 37°C, the medium was discarded and 100 pl DMSO
were then added per well. Cell survival was determined according to
colorimetric comparison by optical density values from a microplate
reader (NJ-2300; Nalge Nunc International, Tokyo, Japan) at an
absorption wavelength of 540 nm.

GSH assay. The cultures were treated with or without BSO for 48 h
and then switched to fresh medium. Cells were harvested every 24
h from day 2 to day 4 of culture and 5x105 cells were centrifuged at
200 xg for 10 min at 4°C. The pellets were washed twice with PBS
and lysed with 80 ul of 10 mM HCI. The lysates were alternately
frozen and thawed twice and then 20 upl of 5% (w/v) 5-
sulfosalicylic acid was added. The sample was centrifuged at 8000
xg for 10 min and the supernatant was retained for measurement.
The GSH content of the supernatant was determined with the total
glutathione quantification kit. The cellular GSH content was
expressed in nmol GSH/106 cells.

DNA synthesis ability. After BLM exposure, the DNA synthesis
ability of the A2780 and 2780CP cells was determined by measuring
5-bromo-2’-deoxyuridine (BrdU) incorporation using the cell
proliferation ELISA BrdU kit. The absorbance of each well was
measured at 405 nm with a reference wavelength at 490 nm using a
microplate reader. Simultaneously, cellular metabolic activity was
assessed by MTT assay in the two cell lines.

2664

Table 1. Sensitivity of A2780 and 2780CP cells to 2-h exposure to CDDP
or 24-h exposure to BLM. Results are the means of three independent
experiments.

Cell type CDDP BLM
IC50 Fold ICSO Fold
(pg/ml) resistance (ng/ml) resistance
A2780 1.5+0.1 - 180.0+9.0 4.0
2780CP 6.8+0.4 4.5 45.0+2.1 -

CDDP, cisplatin; BLM, bleomycin.

Flow cytometric analysis. After BLM exposure, the cells were
trypsinized, washed twice with PBS, and fixed in 10 ml of cold
(=20°C) 70% methanol for 2 h at 4°C. After washing twice with
PBS, the cells were incubated in PBS solution containing 0.25
mg/ml RNase for 60 min at 37°C. The cells were then stained with
PI at a final concentration of 50 pg/ml and stored until analysis at
4°C. The fluorescence of individual cells was detected using a flow
cytometer (EPICS XL-MCL; Beckman-Coulter International,
Miami, FL, USA; Bio-information Research Center, University of
Occupational and Environmental Health) and EPICS XL-MCL
System II version 3.0 software was employed to analyze the cell
cycle parameters.

Results

CDDP and BLM sensitivity. Table I presents the IC5 for the
A2780 and 2780°P cells determined using a MTT assay and
2-h exposure to CDDP or 24-h exposure to BLM. By
comparing the IC5, of CDDP for each cell line, the 2780P
cells were 4.5-fold more resistant to CDDP than the A2780
cells. By contrast, the ICs, for BLM was 180.0 ng/ml in the
A2780 cells and 45.0 ng/ml in the 2780CF, and the 2780CP
cells were thus 4.0 times more sensitive to BLM than the
A2780 cells.

GSH level and effect of BSO on GSH level. Figure 1 shows the
cellular GSH concentration determined in the log-growth phase in
A2780 and in 2780P cells and the effect of BSO treatment on
GSH levels in the 2780 cells. The GSH levels in the A2780 cells
were 36.1+2.3,9.6+0.8 and 4.0+0.8 nmol/10° cells at 24,48 and
72 h after seeding cells, respectively, while, in the 2780€P cells,
they were 614+1.6, 22.9+0.2 and 20.8+0.5 nmol/ 10° cells,
respectively. The GSH levels were thus markedly higher in the
2780P cells than in the A2780 cells. The GSH levels in the
2780 cells were depleted in a dose-dependent manner by the
addition of BSO. The 2.5 uM BSO treatment reduced the GSH
levels in the 2780F cells to a level lower than or equal to that in
the A2780 cells (24.2+3.5,7.0+0.5 and 3.4+0.8 nmol/ 100 cells at
24, 48 and 72 h, respectively). Furthermore, the 2.5 uM BSO
treatment did not affect cell growth in the 2780 cells (data not
shown).
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Figure 1. Total cellular GSH levels in A2780 and 2780CP cells and the
effect of BSO on cellular GSH levels in 2780 cells. Cells were incubated
in the absence or presence of BSO. GSH was measured at 24, 48 or 72 h
after seeding cells. Values are the means+SD of four measurements.

Effect of GSH depletion on BLM cytotoxicity. To investigate
the effect of GSH on BLM cytotoxity, cell survival
experiments were performed after manipulating the cellular
GSH using BSO. The 2780 cells were incubated with 1.0
or 2.5 uM BSO, beginning 24 h prior to BLM treatment and
continuing during BLM treatment. The survival rates were
almost identical in the BLM alone and 1.0 uM BSO/BLM
combination (Figure 2). The treatment with 2.5 uM BSO, at
BLM doses of 10.0 and 25.0 ng/ml reduced cell survival
slightly compared with BLM alone and had no influence on
cell survival at BLM doses of 50-250 ng/ml. The treatment
with 1.0 uM BSO in the A2780 cells also had no effect on
the survival rate with BLM treatment.

Effect of BLM on DNA synthesis ability. DNA synthesis ability
as measured by BrdU incorporation immediately after the
removal of BLM in the A2780 and 2780CF cells is shown in
Figure 3, and cellular metabolic activity is shown
simultaneously. In the A2780 and 2780CF cells, DNA synthesis
was blocked by BLM treatment, although cellular metabolic
activity was hardly inhibited. At BLM doses of 25, 50 and 100
ng/ml, when cellular metabolic activity was more than 90% in
both cell lines, the 2780<F cells showed 27 5,404 and 58.5%
reductions in their total BrdU incorporation, respectively,
compared with only 1.5, 4.6 and 7.4% for the 2780CF cells.
Furthermore, treatment with 250.0 and 500.0 ng/ml BLM
reduced BrdU incorporation in the 2780 cells by 80.0 and
90.0% , respectively, compared with 21.5 and 45.8% for the
A2780 cells. Thus, BLM inhibited DNA synthesis in the
2780CP cells much more than in the A2780 cells.
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Figure 2. Effect of BSO on the sensitivity to BLM in A2780 (open
symbols) and 2780CF (closed symbols) cells. Cells were incubated in
the absence (circles), or presence of 1.0 (square) and 2.5 (triangles)
uM BSO beginning 24 h prior to BLM exposure and continuing during
BLM treatment. Values are the means+SD of three measurements.
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Figure 3. BrdU incorporation (circles) and cellular metabolic activity
(squares) immediately after removal of BLM in A2780 (open symbols)
and 2780CF cells (closed symbols). Cells were incubated with BLM for
24 h. Values are the means=SD of three measurements.

Effect of BLM on A2780 and 2780F cell cycle progression.
In order to investigate whether BLM affected the cell cycle
progression, the DNA content of the A2780 and 2780¢F
nuclei was measured by flow cytometry using PI fluorescence
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Figure 4. Flow cytometric profiles of A2780 (A) and 2780CF (B) cells after BLM treatment. Cells were incubated with 0, 0.25 and 0.50 ug/ml of BLM

for 24 h, and then immediately fixed with methanol and stained with PI.

at 24 h after BLM addition. As shown in Figure 4A, when the
A2780 cells were treated with 0.25 or 0.50 pg/ml BLM, the
distribution in the Gy/Gy, S and G,/M phases was almost the
same as that of cells untreated with BLM. On the other hand,
in the 2780€F cells, treatment with BLM caused enhanced
accumulation of G,/M-phase cells and a marked S-phase
decrease in a dose-dependent manner (Figure 4B).

Discussion

In the present study, it is of interest that the CDDP-resistant
2780CP cell line showed more elevated sensitivity to BLM
than did the A2780 parent cell line. Three major mechanisms
of acquired CDDP resistance have been identified: decreased
CDDP accumulation in cells (17, 18), enhanced repair
activity of platinum-DNA lesions (19-21) and increased
detoxification by elevated intracellular levels of GSH and
metallothionein (11, 15, 22). In our studies, the cellular
platinum concentrations after CDDP treatment for 2 h were
almost the same in both the A2780 and 2780°F cells (data
not shown). Additionally, the amount of DNA-bound
platinum (Pt-DNA), which corresponds to the amount of
DNA-bound CDDP, was nearly equal in the A2780 and
2780 cells, as shown in our previous report (7), however,
removal of Pt-DNA from DNA in the 2780CF cells began at
6 h after CDDP treatment, whereas Pt-DNA in the A2780
cells did not decrease at all until at least 12 h after CDDP
treatment (5). Furthermore, 41.9% of the platinum was
removed from DNA in the 2780 cells by 24 h after CDDP
treatment (10.0 pg/ml for 2 h), compared to 17.2% from
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DNA in the A2780 cells (5). The 2780CP cells also had
noticeably higher GSH levels than the A2780 cells (Figure
1). Thus, as compared with A2780 cells, the resistance
mechanism of 2780CF cells was characterized by increased
repair ability of CDDP-induced DNA damage and by an
increase in cellular GSH.

Several DNA repair systems in cells protect the genome by
repairing DNA adducts, crosslinks and double- or single-
strand breaks (23). Most of these systems are more or less
specific for certain types of damage. The nucleotide excision
repair system is believed to be the main and most important
DNA repair mechanism of DNA damage caused by CDDP
(24, 25). In addition, recombinational repair, translesion
synthesis and mismatch repair pathways are involved in DNA
repair of CDDP-induced damage (23, 24). However, the
enhanced repair ability of CDDP-DNA adducts in a CDDP-
resistant tumor cell line, in any repair system, would not
increase the sensitivity to BLM, but would promote resistance
because BLM promotes cell killing by binding to DNA and
causing single- and double-stranded breaks. Mei et al. (26)
actually demonstrated that deficiency of human 8-oxoguanine
DNA glycosylase (hOGG1), an important base excision repair
enzyme, increased BLM sensitivity in a human lung cancer
cell line. Thus, it seems that enhanced ability to repair CDDP-
induced DNA damage is not associated with the increased
antitumor activity of BLM in 2780 cells.

The chemical mechanisms of DNA strand breaks caused
by BLM have previously been analyzed in detail. BLM acts
by binding to DNA, especially adjacent to guanine residues,
causing single-strand and some double-strand breaks. Strand
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cleavage correlates with the inhibition of cancer cell
proliferation. BLM is a powerful chelator of transition metal
jons, such as Cu?*, Co*, Zn, Fe?*, Fe3* and Ni%*, by the
donation of electrons from nitrogen atoms and from carbonyl
groups to the metal ion, however, only iron ions seem likely
to mediate BLM-induced DNA damage in vivo (27) and O, is
also needed. The ability of BLM to attack the DNA of tumor
cells (and some normal cells) in vivo presumably means that
it is able to chelate iron, e.g. from the intracellular low
molecular mass iron pool (28). The action of BLM on DNA
is considered to be as follows. Fe(II) combines with BLM,
and then this species rapidly forms a ternary Fe(II)-O,-BLM
complex by binding to free oxygen (O,). Activated BLM,
BLM-Fe(III)-OOH™, produced by reduction of this complex,
causes DNA degradation and DNA damage (29). When not
ferrous but ferric iron coordinates with BLM, BLM cannot
cause DNA-strand breaks because free oxygen is not
activated by ferric iron. An Fe(II)-BLM complex capable of
degrading DNA in the presence of O, can be generated by
adding Fe(II) salts to BLM or by the reducing an Fe(III)-
BLM complex with such biological reducing agents as
ascorbate, GSH or a system generating superoxide radicals
(27). Since the GSH levels in the 2780<F cells were
significantly higher than in the A2780 cells, we speculated
that one of the biochemical mechanisms of the increased
antitumor activity of BLM in the 2780°F cells was related to
the elevated levels of GSH. It was most likely that many more
Fe(III)-BLM complexes could be reduced to Fe(II)-BLM
complexes by the high level of cellular GSH, and the
activated BLM subsequently generated would also increase,
thereby enhancing DNA-strand breaks and cytotoxicity in the
2780CF cells. Depletion of the cellular GSH using BSO,
however, did not decrease the cytotoxicity of BLM in the
2780CF cells (Figure 2), which was far from returning to the
sensitivity levels in A2780 parental cells. Thus, the elevation
of cellular GSH alone did not contribute to the increased
antitumor activity of BLM in the 2780°F cells and suggested
that another mechanism may be involved. Tsuruo et al. (30)
also showed that three cell lines resistant to adriamycin,
melphalan and cisplatin were approximately twice as sensitive
to BLM as the parent ovarian cancer cell line, and reported
that the higher concentration of GSH in these resistant tumor
cell lines might be related to the high susceptibility of these
resistant cells to BLM. They did not, however, observe a
relationship between the concentration of GSH in the cells
and the sensitivity of the cells to BLM and did not
demonstrate experimental cellular GSH depletion, so the role
of GSH in collateral sensitivity to BLM was not elucidated.
BLM has been shown to induce G,/M accumulation and to
be selectively toxic to cells in the G,- and M-phases of the cell
cycle (31-34). In contrast, Islaih M et al. (35) reported that
cells exposed to BLM had little or no G,/M arrest at 24 h. In
the present study, the A2780 cells had little accumulation in the

G,/M phase by BLM treatment, however, in CDDP-resistant
2780CP cells exposed to BLM, the population of cells in the
G,/M phase increased and DNA synthesis was significantly
inhibited. Recently, another agent, EF24 (a synthetic curcumin
analog), which has an anticancer effect on a variety of cancer
cells, but not BLM, was found to effectively inhibit the growth
of CDDP-resistant human ovarian cancer (36). It was reported
in detail that the inhibitory effect of EF24 on cell proliferation
was associated with G,/M-phase cell cycle arrest and
increased G,/M checkpoint protein levels. Further studies are
necessary to demonstrate how low levels of DNA synthesis
and the accumulation of cells in the G,/M-phase are caused
in 2780CF cells.

The enhanced cytotoxicity of BLM in 2780°F cells is
associated with the inhibition of DNA synthesis and G,/M
accumulation and does not depend on increased cellular
GSH levels.

References

1 Tsuruo T: Mechanism of multidrug resistance and implications
for therapy. Jpn J Cancer Res 79: 285-296, 1988.

2 Mattern J: Drug resistance in cancer: a multifactorial problem.
Anticancer Res 23: 1769-1772, 2003.

3 Szabd D, Keyzer H, Kaiser HE and Molnér J: Reversal of
multidrug resistance of tumor cells. Anticancer Res 20: 4261-
4274, 2000.

4 Pérez-Tomads R: Multidrug resistance: retrospect and prospects in
anti-cancer drug treatment. Curr Med Chem /3: 1859-1876, 2006.

5 Tanaka T, Masuda H, Naito M and Tamai H: Pretreatment with
5-Fluorouracil enhances cytotoxicity and retention of DNA-
bound platinum in a cisplatin-resistant human ovarian cancer cell
line. Anticancer Res 21: 2464-2470, 2001.

6 Masuda H, Tanaka T, Kido A and Kusaba I: Potentiation of
cisplatin against sensitive and resistant human ovarian cancer
cell lines by amphotericin B. Cancer J 4: 119-124, 1991.

7 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-diamminedichloroplatinum(II). Cancer Res
50: 1863-1866, 1990.

8 Moritaka T, Kiura K, Ueoka H, Tabata M, Segawa Y, Shibayama
T, Takigawa N, Ohnoshi T and Harada M: Cisplatin-resistant
human small cell lung cancer cell line shows collateral
sensitivity to vinca alkaloids. Anticancer Res /8: 927-933, 1998.

9 Perego P, Romanelli S, Carenini N, Magnani I, Leone R, Bonetti
A, Paolicchi A and Zunino F: Ovarian cancer cisplatin-resistant
cell lines: multiple changes including collateral sensitivity to
taxol. Ann Oncol 9: 423-430, 1998.

10 Dorr RT and Von Hoff DD: Bleomysin sulfate. In: Cancer
Chemotherapy Handbook. Dorr RT and Von Hoff DD (eds.).
Norwalk, Appleton & Lange pp. 227-236, 1994.

11 Ozols RF, O’Dwyer PJ, Hamilton TC and Young RC: The role
of glutathione in drug resistance. Cancer Treat Rev /7: 45-50,
1990.

12 Scanlon KJ, Kashani-Sabet M and Miyachi H: Differential gene
expression in human cancer cells resistant to cisplatin. Cancer
Invest 7: 581-587, 1989.

2667



ANTICANCER RESEARCH 28: 2663-2668 (2008)

13 Meijer C, Mulder NH, Timmer-Bosscha H, Sluiter WJ, Meersma
GJ and de Vries EG: Relationship of cellular glutathione to the
cytotoxicity and resistance of seven platinum compounds.
Cancer Res 52: 6885-6889, 1992.

14 Pendyala L, Creaven PJ, Perez R, Zdanowicz JR and Raghavan
D: Intracellular glutathione and cytotoxicity of platinum
complexes. Cancer Chemother Pharmacol 36: 271-278, 1995.

15 Godwin AK, Meister A, O’Dwyer PJ, Hung CS, Hamilton TC
and Anderson ME: High resistance to cisplatin in human ovarian
cancer cell lines is associated with marked increase of
glutathione synthesis. Proc Natl Acad Sci USA 89: 3070-3074,
1992.

16 Behrens BC, Hamilton TC, Masuda H, Grotzinger KR, Whang-
Peng J, Louie KG, Knutsen T, McKoy WM, Young RC and Ozols
RF: Characterization of a cis-diamminedichloro-platinum(II)-
resistant human ovarian cancer cell line and its use in evaluation
of platinum analogues. Cancer Res 47: 414-418, 1987.

17 Oldenburg J, Begg AC, von Vugt MJ, Ruevekamp M, Schornagel
JH, Pinedo HM and Los G: Characterization of resistance
mechanisms to cis-diamminedichloroplatinum (II) in three
sublines of the CC531 colon adenocarcinoma cell line in vitro.
Cancer Res 54: 487-493, 1994.

18 Matsumoto S, Tanaka T, Kurokawa H, Matsuno K, Hayashida H
and Takahashi T: Effect of copper and role of the copper
transporters ATP7A and CTRI1 in intracellular accumulation of
cisplatin. Anticancer Res 27: 2209-2216, 2007.

19 Johnson SW, Swiggard PA, Handel LM, Brennan JM, Godwin
AK, Ozols RF and Hamilton TC: Relationship between
platinum-DNA adduct formation and removal and cisplatin
cytotoxicity in cisplatin-sensitive and -resistant human ovarian
cancer cells. Cancer Res 54: 5911-5916, 1994.

20 Lai GM, Ozols RF, Smyth JF, Young RC and Hamilton TC:
Enhanced DNA repair and resistance to cisplatin in human
ovarian cancer. Biochem Pharmacol 37: 4597-4600, 1998.

21 Masuda H, Ozols RF, Lai GM, Fojo A, Rothenberg M and
Hamilton TC: Increased DNA repair as a mechanism of acquired
resistance to cis-diamminedichloroplatinum(II) in human
ovarian cancer cell lines. Cancer Res 48: 5713-5716, 1988.

22 Kondo Y, Kuo SM, Watkins SC and Lazo JS: Metallothionein
localization and cisplatin resistance in human-hormone
independent prostatic tumor cell lines. Cancer Res 55: 474-477,
1995.

23 Crul M, Schellens JHM, Beijnen JH and Maliepaard M:
Cisplatin resistance and DNA repair. Cancer Treat Rev 23: 341-
366, 1997.

24 Kartalou M and Essigmann JM: Mechanisms of resistance to
cisplatin. Mutat Res 478: 23-43, 2001.

25 Chu G: Cellular responses to cisplatin. J Biol Chem 269: 787-
790, 1994.

2668

26 Mei W, Zunzhen Z and Wangjun C: Suppression of a DNA base
excision repair gene, hOGGI, increases bleomycin sensitivity of
human lung cancer cell line. Toxicol Appl Pharmacol 228: 395-
402, 2008.

27 Halliwell B and Gutteridge JMC: Cancer chemotherapy. /n: Free
Radicals in Biology and Medicine. London, Oxford University
Press pp. 710-721, 2004.

28 Gutteridge JMC: Bleomycin and metal interactions. /n: Metal
Compounds in Cancer Therapy. Gricker SP (ed.). London,
Chapman and Hall, pp. 198-211, 1994.

29 Stubbe J and Kozarich JW: Mechanisms of bleomycin-induced
DNA degradation. Chem Rev 87: 1107-1136, 1987.

30 Tsuruo T, Hamilton TC, Louie KG, Behrens BC, Young RC and
Ozols RF: Collateral susceptibility of adriamycin-, melphalan-
and cisplatin-resistant human ovarian tumor cells to bleomycin.
Jpn J Cancer Res 77: 941-945, 1986.

31 Holgersson A, Heiden T, Castro J, Edgren MR, Lewensohn R
and Meijer AE: Different G,/M accumulation in M059J and
MOS59K cells after exposure to DNA double-strand break-
inducing agents. Int J Radiat Oncol Biol Phys 67: 915-921,
2005.

32 Arai M, Koizumi Y, Sato H, Kawabe T, Suganuma M, Kobayashi
H, Tomoda H and Omura S: Boromycin abrogates bleomycin-
induced G, checkpoint. J Antibiot 57: 662-668, 2004.

33 Arai M, Sato H, Kobayashi H, Suganuma M, Kawabe T, Tomoda
H and Omura S: Selective inhibition of bleomycin-induced G,
cell cycle checkpoint by simanomicin alpha. Biochem Biophys
Res Commun 3/7: 817-822, 2004.

34 Sikic BI: Biochemical and cellular determinants of bleomycin
cytotoxicity. Cancer Surv 5: 81-91, 1986.

35 Islaih M, Halstead BW, Kadura IA, Li B, Reid-Hubbard JL,
Flick L, Altizer JL, Thom Deahl J, Monteith DK, Newton RK
and Watson DE: Relationships between genomic, cell cycle, and
mutagenic responses of TK6 cells exposed to DNA damaging
chemicals. Mutat Res 578: 100-116, 2005.

36 Selvendiran K, Tong L, Vishwanath S, Bratasz A, Trigg NJ,
Kutala VK, Hideg K and Kuppusamy P: EF24 induces G,/M
arrest and apoptosis in cisplatin-resistant human ovarian cancer
cells by increasing PTEN expression. J Biol Chem 282: 28609-
28618, 2007.

Received April 2, 2008
Revised June 18, 2008
Accepted July 1, 2008



