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Cells by Treating with Cisplatin at 41.5Â°Cduring G! or Late S Phase1
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ABSTRACT

Variation in sensitivity to cisplatin during the cell cycle was studied in
synchronous Chinese hamster ovary cells treated during G, or late S for
l h at 41.5Â°Cwith cisplatin (0.25-1.25 ug/ml, 0.8-4.2 x 10~* M). The cells

were assayed for cell killing and chromosomal aberrations. Either they
were plated for colony survival, or colcemid was added from 12 to 40 h
after plating followed by fixation 4 h later for analysis of chromosomal
aberrations after the cells completed 1 or 2 cycles u.c.. first or second
mitosis). When the cells were treated either in (., or late S, the cells
entering metaphase exhibited primarily chromatid-type deletions and ex

changes. However, aberrations were observed primarily in the first mitosis
when cells were treated in t,, compared with aberrations being observed
in both the first and second mitoses when cells were treated in late S. For
a given amount of cytotoxicity or cytological damage, the cisplatin con
centration at 41.5 C could be reduced 4-6-fold compared with treatment
at 37Â°C.For low cisplatin concentrations of less than 0.5-0.7 fig/ml (sur

vival, 0.31, heat killing predominated, and cells treated in S phase were
more sensitive than those treated in (.,- However, for cisplatin concentra
tions greater than 0.5-0.7 ug/ml, cisplatin cytotoxicity predominated, and

for both cell killing and chromosomal aberrations, the cells treated in (.,
were â€”¿�1.5times more sensitive than those treated in late S. Furthermore,

the positive correlation between survival and aberration frequency was
similar for cells treated at 37Â°Cor 41.5 < in either G, or late S. These
results suggest that cisplatin administered at 37Â°Cor 41.5 ( causes cell

lethality primarily by the induction of chromosomal aberrations.

INTRODUCTION

Hyperthermia has been shown to enhance the cytotoxicity of cis
platin both in vitro (1-7) and in vivo (5, 8, 9). Furthermore, cisplatin
treatment at 37Â°Ccauses more cytotoxicity when administered during

G, than when administered during S phase (10-14). This increase in

cytotoxicity during G, versus S was found to correlate with an in
crease in chromosomal aberrations when cells were treated at 37Â°Cin

G, versus S (15). In this study, we investigated the possibility that
increased cytotoxicity caused by treating cells at the mild hyperther-
mic temperature of 41.5Â°Cwould be the same for treatment during G,

and S and would be observed for both cell killing and chromosomal
aberrations.

MATERIALS AND METHODS

Culturing Conditions and Treatment with Cisplatin. Chinese hamster
ovary (CHO10B6) cell cultures maintained in McCoy's 5A medium (Gibco,

Grand Island. NY) supplemented with 10% fetal calf serum were grown at
37Â°C(pH 7.4| in roller bottles, and the mitotic cells were collected by mitotic

shake-off (mitotic index of 95-97%) (16). Mitotic cells plated at a density of
5 X IO5 cells/T-25 flask were allowed to progress into G, or S (90 min or 9 h

after plating, respectively). By 90 min. the cells had divided and attached to the
surface of the flasks. Cells were treated with various doses (0-1.25 ug/ml:
0-4.2 X IO"6 M)of cisplatin (molecular weight, 300; Sigma, St. Louis, MO) at

41.5Â°Cfor l h in a temperature-controlled water bath (YSI model 72; Yellow
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Springs Instruments. Yellow Springs. OH). Then the cells were washed and
either trypsinized and plated for survival or incubated at 37Â°Cuntil they
progressed into mitosis at 37Â°C.Cells in replicate flasks were pulse labeled
with ['Hlthymidine (4 uCi/ml; 25 Ci/imt; l mCi = 37 MBq) for 15 min

immediately before cisplatin and heat treatment to obtain the percentage of
cells in S phase at the time of treatment (94-96%); these same samples were

plated for survival and analyzed for chromosomal aberrations (described be
low). Replicate samples without cisplatin or heat treatment represent control

samples.
Analysis of Chromosomal Aberrations. Colcemid (0.06 ng/ml) was

added to accumulate cells in metaphase. Colcemid was added to the first flask
12 h after plating mitotic cells, and the cells were fixed at 16 h; Colcemid was
added to replicate flasks at 4-h intervals, i.e., at 16. 20, 24. 28, 32, 36, and 40

h through two cell cycles. After 4 h of colcemid treatment, cells were
trypsini/.ed and processed for analysis of mitotic indices and chromosomal
aberrations (15, 17); for each fixation time, 50 metaphases were scored for
chromatid and chromosome breaks and exchanges. Average values for a given
treatment were obtained by weighting values from replicate samples (fixed at
different times) by their mitotic indices. Only near-diploid (2n) cells (21-23

chromosomes) were analyzed for aberrations; about 90% of the metaphase
cells were near-diploid. Tabulations in a format like that shown for cells treated
with cisplatin at 37Â°C(15) are available for individual samples; these tabula

tions give for each dose and fixation time the number of normal cells, the
mitotic index, the percentage of polyploid cells, the numbers of different types
of chromosome and chromatid deletions and exchanges, and the aberration
frequency.

Survival Determination. Cell survival was determined by trypsinizing the
cells immediately after treatment with cisplatin and heat and plating them in
T-25 flasks with irradiated feeder cells (18). Macroscopic colonies were
counted after incubation for 8-12 days at 37Â°C.The plating efficiency for all

of the experiments was 74-80%.

RESULTS

Traversal of Cells through the Cell Cycle after Treatment with
Cisplatin in G, or Late S. Cells treated for 1.0 h at 41.5Â°Cexhibited

a delay of about 5 h in reaching the first and second mitoses, i.e.,
division delay (Figs. 1 and 2). When the cells were heated in the
presence of cisplatin, the delay increased as the concentration of
cisplatin increased. Because of the large amount of asynchrony that
developed after treating with cisplatin at 41.5Â°C, the second cycle

could not be distinguished clearly from the first cycle. Therefore, we
cannot say with certainty that when cells were treated in late S, the
delay into the second mitosis [S(2)j was greater than the delay into the
first mitosis [S(])]. Cells treated in late S were followed into the
second mitosis because treatment at 37Â°Cwith cisplatin during late S

results in many more chromatid aberrations in the second mitosis than
in the first mitosis (15). In contrast, treatment at 37Â°Cduring G,

results in chromatid aberrations that appear almost exclusively in the
first mitosis (15).

Chromosomal Aberrations Observed as the Cells Entered
Metaphase after They Were Treated in G, or Late S with Cis
platin. When cells were arrested in metaphase with colcemid at dif
ferent times after they had been treated with cisplatin in G, or late S,
the frequency of chromosomal aberrations in the metaphase cells
increased as they were fixed at later times in the first mitosis. (Fig. 3).
Therefore, the individual aberration frequencies, observed as the
metaphase cells were fixed at different times as the cells entered the
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Fig. I. Mitotic indices versus lime (if fixation show the progression of cells through
two cell cycles. Cells treated with various concentrations of cisplatin (0-1.25 ug/ml; 0-4.2
X IO** M) for l h at 4l.5Â°C were allowed to progress into mitosis. At 12 h after plating

inih iiu cells, colcemid was added to accumulate cells in metaphase for 4 h before the cells
were fixed at 16 h. Then, colcemid was added at 4-h intervals to replicate flasks, and the

cells were fixed 4 h later. These samples were scored for mitotic indices and chromosomal
aberrations. A. representative data as cells progressed into the first mitosis ( 1) or second
mitosis (2) after they had been treated inG| (â€¢,0: â€¢¿�.0.5; A. 1.0 ug/ml). O, data for cells
heated only; â€¢¿�0-37Â°C for cells that were not heated, fl. progression of cells treated in

late S (9-10 h after plating of milotic cells).

induced more chromosomal aberrations when cells were treated in G,
than when they were treated in late S. Note that the points (X) for S( 1)
and S(2) combined are not simply the arithmetic mean between S(l)
and S(2), because the fraction of the treated population entering the
first mitosis is greater that the fraction entering the second mitosis
(Fig. 1; mitotic indices not shown). As observed at 37Â°C(15), the ratio

of breaks to exchanges generally decreased as the frequency of ex
changes increased because the frequency of exchanges was propor-
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Fig. 2. Cell cycle delay (division delay) was estimated from cumulative mitotic indices

(adding mitotic indices values over 3-4 4-h intervals). The delay is the time difference
between untreated cells (0-37Â°C) and treated cells at 30% cumulative mitotic index. â€¢¿�

0, first mitosis (I); D, second mitosis (2). Linear regression analyses gave values with
SEMs for the intercepts and slopes, respectively, of: 5.0 Â±0.5 and 5.0 Â±0.6 for GI ( I );
5.0 Â±1.0 and 4.8 Â±1.2 for S(l); and 5.3 Â±0.6 and 7.6 Â±0.8 for S(2). Only S<2) was
significantly different (P = 0.05) from the others.

first metaphase, were weighted by the mitotic indices and added to
obtain the mean aberration frequency for each treatment. These mean
values are plotted in Fig. 4. As cells entered the first mitosis after
heating only for 1.0 h at 41.5Â°C,the cells treated in late S [S(l)j had

a higher frequency of chromosomal aberrations than cells heated in G,
[G,( 1)]; in fact, the aberration frequency for the cells heated in G, was
not much higher than that for the controls. However, as cells entered
the first mitosis after treatment at 41.5Â°Cwith cisplatin at concentra

tions greater than 0.5 |ag/ml, the cells treated inG, [G,(l)] had a much
higher frequency of chromosomal aberrations than cells treated in late
S [S(l)j. In addition, when the cells had been treated in late S with
concentrations greater than 0.5 ug/ml, the aberration frequency was
higher in cells entering the second mitosis [S(2>] than in cells entering
the first mitosis |S(1)]. This contrasts with the very low frequency of
aberrations observed in the second mitosis when cells were treated in
G, (G|(2)|. These results suggest that the induction of chromosomal
aberrations by cisplatin occurred as the cells traversed through S
phase.

The results for treatment at 4I.5Â°C agree qualitatively with the
results for treatment at 37Â°Cif the concentration of cisplatin at41.5Â°C

is reduced 4-6-fold (data not shown). The main difference between
treatments at 37Â°Cand 41.5Â°Cis the induction of aberrations from

heat alone when cells were heated in late S. In fact, if the curves in
Fig. 4 are normalized to zero to subtract the effect from heat alone, the
G,(l) curve is much higher than the curve (Fig. 4, X) for S(l) and
S(2) combined. Therefore, both at 37Â°C(15) and at 41.5Â°C,cisplatin
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Fig. 3. Aberrations per cell versua (im

increased as the cells sustained an increase
were treated is indicated, and the numbers
scored in the first mitosis (I) (â€¢,â€¢¿�.A) <
trations (ug/ml) of cisplatin used are indica
for individual points were about Â±0.2 I

of fixation show that chromosomal damage
n cell cycle delay. The phase in which the cells
in parentheses indicate whether the cells were
r second mitosis (2) (O, O, A). The concen-

ed next to each line and/or symbol. The SEMs
1-3 aberrations/cell, about Â±0.3 for 4-5

aberrations/cell, and about Â±0.4for 6-8 aberrations/cell.
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tional to a higher power of the cisplatin dose than the frequency of
breaks (data not shown). Also, as observed at 37Â°C(15), the frequency

of breaks relative to the frequency of exchanges for cells scored in the
first mitosis was higher for cells treated in late S than for those treated
in G! (data not shown).

Data in Table 1 indicate that primarily chromatid-type aberrations

were induced in cells scored in the first or second mitosis after they
were treated in G, or late S. Because chromatid-type aberrations in the
first mitosis should be converted into chromosome-type in the second

mitosis (19), the failure to observe a large number of cells with
chromosome-type aberrations when cells were scored in the second
mitosis suggests that many of the cells having chromatid-type aber

rations in the first mitosis failed to enter the second mitosis. Although
most of the aberrations scored in the second mitosis [G,(2)] after cells
were treated in G, were of the chromosome type, the frequency of
aberrations was only one-tenth of that observed in cells entering the

first mitosis [G,(l)] (Figs. 3 and 4).
Cytological Damage Compared with Cell Killing. Results in Fig.

5A indicate that cells treated in late S at 41.5Â°Cwith low concentra

tions of cisplatin (<0.7 pg/ml) were more sensitive than cells treated
in G,. However, cells treated in G, at higher concentrations of 1.0 or
1.5 Mg/ml were more sensitive than cells treated in late S. This dif
ference between the high and low concentrations is due to selective
killing of S-phase cells by heat alone (17). When the curves are

normalized (Fig. 5ÃŸ)to eliminate the difference in heat killing be
tween G i and late S, the data show that the G, cells were more
sensitive at 41.5Â°Cto all concentrations of cisplatin than the late S
cells. In fact, the results at 41.5Â°Cwere qualitatively similar to those
observed at 37Â°C(Fig. 5ÃŸ.dotted cun*es) if the concentration of
cisplatin at 41.5Â°Cis reduced by ~4-fold.

8

Table I Percentage of aberrations due tn chromosome type
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Fig. 4. Aberrations per cell versus cisplatin concentration for cells treated for l h at
4I.5Â°C in GI or late S and analyzed in the first (1) or second (2) mitosis after treatment.

The X points are the values for S( 1) and S(2) combined. The experimental protocol and
times of fixation were as described in Fig. I. Each point represents the mean aberration
frequency obtained from 3â€”4samples (5-7 samples for S( 1) and S(2) combined; X ), with

the individual frequencies weighted by the mitotic indices; one exchange was counted as
two aberrations. For each sample. 50 metaphases were analyzed for breaks and exchanges;
95% of the exchanges were of the chromatid type. Linear regression analyses gave values
with SEMs for the intercepts and slopes, respectively, of: 0.15 Â±0.17 and 4.8 Â±0.2 for
G,(l); 1.3 Â±0.2 and 1.6 Â±0.2 for S(l); -0.16 Â±0.28 and 4.4 Â±0.4 for S(2); and 0.85
Â±0.12 and 2.5 Â±0.2 for S(I) and S(2) combined (X). These results show that the largest
number of aberrations were induced by cisplatin after the cells traversed through an entire
S phase, i.e.. C\( 1) and S(2); after normalizing for the aberration frequency for heat alone,
the curves for Gl(l) and S(2) are significantly different (P = 0.01) from the curves for

Sill and G,(2).

SampleG|(l)0.5-1.25

Mg/mlG

,(2)0.5-1.0
Mg/mlS(l)0.25-1.

25Mg/mlS(2)0.25-1.

25 Mg/mlDeletions9.0837.415.5Exchanges2.963Â°2.53.3

" Noie in Fig. 3 that the aberration frequency was only 0.4 and about one-tenth ofthat

forG|(l).

The comparison between surviving fraction and frequency of chro
mosomal aberrations is shown in Fig. 6. The values not normalized for
heat killing show that for low aberration frequencies, where the main
effect is due to heat alone, the correlation between aberrations per cell
and survival is better between S(l) and G,(l) than between S(2) and
G|(l). However, for high aberration frequencies (>2 for about 0.5
ug/ml; Fig. 4), where the main effect is due to cisplatin cytotoxicity,
the correlation between S(2) and G,(l) is quite good. In general, the
correlation between surviving fraction and aberrations per cell is
similar for cells treated in G, or late S at either 41.5Â°Cor 37Â°C(Fig.

6, curves without data points, taken from Ref. 15). In particular, the X
points for the aberration frequencies for S(l) and S(2) combined
correlate well with the other points plotted for G,(l) for 41.5Â°Cand
for G,(l) and S(2) for 37Â°C.This positive correlation between cell

killing and cytological damage suggests that cisplatin administered at
37Â°Cor 41.5Â°Cto cells in G, or late S causes cell lethality primarily

by the induction of chromosomal aberrations that result from lethal
intrastrand and/or interstrand cross-links in the DNA.

DISCUSSION

The variation between G, and late S in sensitivity to cell killing and
induction of chromosomal aberrations when cells are treated with
cisplatin at 41.5Â°Cis essentially the same as that observed for treating
at 37Â°Cif the selective heat killing during S phase is subtracted (Figs.
4-6). Cisplatin is more cytotoxic when administered during G, than
during late S; however, administration at 41.5Â°Ccompared with 37Â°C
causes an â€”¿�4-foldreduction in the concentration of cisplatin required
for an isoeffect (Fig. 5). In addition, heating late S-phase cells for 1.0
h at 41.5Â°Cwithout cisplatin reduces the survival to â€”¿�50%and
induces ~1 chromosomal aberration/cell. In contrast, heating G, cells
for 1.0 h at 41.5Â°Chas little effect on survival (80%) and induces an

aberration frequency of only 0.22 (0.07 for controls). Because of this
selective heat killing of S-phase cells compared with G, cells, late S
cells are killed more readily than G, cells for treatments at 41.5Â°C
with cisplatin concentrations less than â€”¿�0.7ug/ml that kill less than
â€”¿�70%of the cells. Then, as the cisplatin concentration is increased
above â€”¿�0.7ug/ml, the cell cycle response for cisplatin cytotoxicity

predominates, and the G, cells are killed more readily than late S cells.
Note that if the data for cell killing are normalized for the heat effect
alone (Fig. 55), cells in G, are more sensitive than those in late S to
treatment at 41.5Â°Cwith all concentrations of cisplatin. i.e., essen
tially the same as that observed at 37Â°Cif the cisplatin concentration
at 37Â°Cis increased â€”¿�4-fold.This increase in cisplatin cytotoxicity at
41.5Â°Chas clinical implications, and the use of heat to selectively kill
the S-phase cells exposed to very low concentrations of cisplatin also
may have clinical significance.

The reason that cells treated with cisplatin during G, are more
sensitive that those treated during late S has been discussed previously
(15). Briefly, the hypothesis was presented (11, 15) that this increase
in sensitivity when cells are treated in G, is due to damage in the DNA
as replication of the genome occurs on a template containing cisplatin
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Fig. 5. Surviving fraction versus cisplatin con
centration for cells treated during GI or late S at
41.5Â°Cfor 1 h. In A, survival has not been normal

ized for killing from heat alone. In B, survival has
been normalized for heat killing: the upper abscissa
tinti tÃ¬tishetlcwnr.v without titira point* are for cells
treated for I hat 37Â°C(15).
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Fig. 6. Surviving fraction vcr.v/Ã.vaberrations per cell for cells treated for l h at 4l.5Â°C

with cisplatin in Gt or late S and scored for aberrations in the first ( I ) or second mitosis
(21. X, average values for S( 1) and S(2) combined when 5-7 indiv dual aberration

aged. Data were
ons induced by

on per cell if an
exchange is counted as one aberration. For comparative purposes, doiltd ntl dashed lines
without tliiltt point* (plotted in Ref. 15) are shown for cells treated in GÂ¡or late S at 37Â°C

for I h and then scored in the first mitosis [G,( 11] or the second mitosis |S(2)].

frequencies for each point were weighted by their mitotic indices and ave
taken from Figs. 4 and 5 without any normalization for killing or aberra
heat alone. A surviving fraction of 0.37 corresponds to about one aberrai

interstrand or intrastrand cross-links that were formed before the

initiation of DNA synthesis. By the time cells treated in late S begin
a whole round of DNA replication, many of the cross-links should

have been removed (12, 20, 21); therefore, as observed (Ref. 15; Fig.
5; Fig. 4, Gi(l) versus X points), there should be less chromosomal
damage and correspondingly less cytotoxicity when cells are treated in
late S compared with G,. The same phenomenon probably occurs at
37Â°Cand 4I.5Â°C, and the reduction in the cisplatin dose required for

an isoeffect is probably attributed to heat causing an increase in
cisplatin cross-links in the DNA (22). An increase in cross-links at
41.5Â°Ccould occur because of (a) an increase in the transport of

cisplatin into the cell and/or a decrease in efflux from the cell (23, 24)

and/or (b) an increase in reactivity at 41.5Â°Cof cisplatin with the

DNA. Since the ability of cells to remove or repair cisplatin cross
links in the DNA appears to be important in cisplatin cytotoxicity
(25-29), heat which inhibits repair of radiation-induced DNA strand

breaks (30, 31) may also reduce the ability of the cells to remove or
repair cisplatin cross-links. Further studies are needed to address these

questions.

ACKNOWLEDGMENTS

Appreciation is expressed to Dr. R. S. L. Wong and L. Thompson for
assistance in conducting the research and preparing the manuscript.

REFERENCES
1. Vidair. C. A., and Dewey. W. C. Division-associated and division- independent

hyperthermic cell death: comparison with other cytotoxic agents. Int. J. Hyperthermia.
7: 51-60. 1991.

2. Barlogie. B.. Corry. P. M.. and Drewinko. B. In vitro thenrax-hemotherapy of human
colon cancer cells with fis- dichlorodiammineplatinum(ll) and mitomycin C. Cancer
Res., 40: 1165-1168, 1980.

3. Fisher. G.. and Hahn. G. M. Enhancement of ci.v-platinuin(ll) diamminedichloridc
cytotoxicity by hyperthermia. Nail. Cancer Inst. Monogr., 61: 255-257, 1982.

4. Corry, P. M.. Jabboury. K.. Armour. E. P.. and Kong. J. S. Human cancer treatment
with ultrasound. IEEE Trans. Sonics Ultrasound. SU-.ÃŒ1:444-456. 1984.

5. Herman. T. S.. Teicher. B. A., and Collins. L. S. Effect of hypoxia and acidosi* on the
cytotoxicity of four platinum complexes at normal and hyperthermic temperatures.
Cancer Res., 48: 2342-2347, 1988.

6. Cohen. J. D.. and Robins. H. I. Hyperthermic enhancement of ri.v- diammine-l.l-
cyclobutanedicarboxylate platinum (II) cytoloxicity in human leukemia cells m vitro.
Cancer Res.. 47: 4335-4337. 1987.

7. Roi/in-Towle. L., Hall. E. J.. and Capuano. L. Interaction of hyperthermia and
cytotoxic agents. Nati. Cancer Inst. Monogr., 61: 149-151, 1982.

8. Marmor, J. B. Interactions of hyperthermia and chemotherapy in animals. Cancer
Res., 39: 2269-2276.1979.

9. Urano. M., Khan. J.. and Kenton. L. A. The effect of ci.v-diamminc- dichloroplalinum-
(II) treatment at elevated temperatures on murine fibrosarcoma. FSa-ll. Int. J. Hy
perthermia. 6: 563-570, 1990.

10. Drewinko. B.. Brown. B. B.. and Gottlieb. J. A. The effect of c/.v-diammine-dichlo-
roplatinum(II) on cultured human lymphoma cells and Â¡Istherapeutic implications.
Cancer Res., .Â«: 3091-3095, 1973.

11. Fraval, H. N. A., and Roberts. J. J. G, phase Chinese hamster V79- 379A cells are
inherently more sensitive than mid S phase or asynchronously treated cells. Bux'hem.

Pharmacol.. 2K: 1575-1580. 1979.
12. Fraval, H. N. A., and Roberts, J. J. Excision repair of r/.v-diamminedichloroplatinum-

(ID-induced damage to DNA of Chinese hamster cells. Cancer Res.. 39: 1793-1797.

1979.
13. Ordina. D. J.. Sigdestad. C. P.. and Peters, L. J. Cylotoxic effect in vivo of selected

chemotherapeutic agents on synchronized murine fibrosarcoma cells. Br. J. Cancer.
42: 677-683. 1980.

14. Meyn, R. E.. Meistrich. M. L-. and White. R. A. Cycle-dependent anticancer drug

cytotoxicity in mammalian cells synchronized by centrifugal elutriation. J. Nati.
Cancer Inst., M: I215-I2I9, 1980.

15. Krishnaswamy. G.. and Dewey. W. C. Cisplatin induced cell killing and chromosomal

1242

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/6/1239/2453034/cr0530061239.pdf by guest on 19 M

ay 2023



CELL KILLING AND CHROMOSOMAL ABKRRATIONS

aberrations in CHO cells: treated during GI or S phase. MutÃ¢t.Res. DNA Repair.
293: 161-172, 1993.

16. Borrelli, M. J., Mackey, M. A., and Dewey, W. C. A method for free/.ing synchronous
mitotic and G, cells. Exp. Cell Res., 37: 1-6, 1986.

17. Dewey, W. C., Westra. A.. Miller, H. H., and Nagasawa. H. H. Heat- induced lethality
and chromosomal damage in synchronized Chinese hamster cells treated with 5-bro-
modeoxyuridine. Ini. J. RadiÃ¢t.Biol., 20: 505-520, 1979.

18. Highfield, D. P., Holahan, E. V., Holahan, P. K., and Dewey. W. C. Hyperthermic
survivul of Chinese hamster ovary cells as a function of cellular population density at
the time of plating. RadiÃ¢t.Res., 97: 139-153. 1984.

19. Bender, M. A., Griggs, H. G., and Bedford, J. S. Mechanisms of chromosomal
aberration production III. Chemicals and ionizing radiation. MutÃ¢t.Res., 23: 197-

212, 1974.
20. Jones, J. C, Zhen, W., Reed, E., Parkar. R. J.. Sanear, A., and Bohr. V. A. Gene-

specific formation and repair of cisplatin intrastrand adducts and inlerstrand cross
links in Chinese hamster ovary cells. J. Biol. Chem., 266: 7101-7107, 1991.

21. Roberts, J. J.. and Friedlos, F. Differential toxicity of cis- and mi/i.v-diamminedichlo-

roplatinum(II) toward mammalian cells: lack of influence of any difference in the loss
of their DNA-bound adducts. Cancer Res., 47: 31-36. 1987.

22. Meyn. R. E., Corry, P. M., Fletcher, S. E., and Demetriades. M. Thermal enhancement
of DNA damage in mammalian cells treated with d.s-diamminedichloroplatinum(ll>.
Cancer Res., 40: 1136-1139, 1980.

23. Eichholt?.-Wirth. H.. and Mietei. B. Heat sensitization to cisplatin in two cell lines with
different drug sensitivities. Int. J. Hyperthermia. 6: 47-55, 1990.

24. Wallner, K. E., DeGregorio, M. W., and Li, G. C. Hyperthemic potentiation of
c/.v-diamminedichloroplatinumdl) cytotoxicity in Chinese hamster ovary cells resis
tant to the drug. Cancer Res.. 4d: 6242-6245. 1986.

25. Masuda. H.. Ozols, R. F., Fojo, G. M., Rothenherg, M., and Hamilton. T. C. Increased
DNA repair as a mechanism of acquired resistance to ri.v-diamminedichloroplalinum
(II) in human ovarian cancer eel! lines. Cancer Res.. 4R: 5713-5716, 1988.

26. Meyn, R. E., Jenkins, S. F., and Thompson, L. H. Defective removal of DNA
cross-links in a repair-deficient mutant of Chinese hamster cells. Cancer Res., 42:
3106-3110. 1982.

27. Plooy, A. C. M., Van Dijk. M.. Berends. F., and Lohman, P. H. M. 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 crv-diamminedichlo-
roplatinum(ll). Cancer Res., 45: 4178-4184, 1985.

28. Fraval. H. N. A., Rawlings, C. J.. and Roberts, J. J. Increased sensitivity of UV-
repair-deficient human cells to DNA bound platinum products which unlike tnymidine

dimers are not recognized by an endonuclease extracted from MUrocacus linens.
MutÃ¢t.Res., 51: 121-132, 1978.

29. Chu, G., and Berg, P. DNA crossslinked by cisplatin: a new probe for the repair defect
in xeroderma pigmentosum. Mol. Biol. Med., 4: 227-290, 1988.

30. Dewey, W. C. The search for critical cellular targets damaged dy heat. Radial. Res..
120: 191-204, 1989.

31. Roti Roti. J. L., and Laszlo, A. The effects of hyperthermia on cellular macromole-
cules. In: M. Urano and E. Douple (eds.). Hyperthermia and Oncology, Vol. 1, pp.
13-56. Zeist, the Netherlands: VSP BV. 1988.

1243

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/6/1239/2453034/cr0530061239.pdf by guest on 19 M

ay 2023




