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ABSTRACT

l-/3-D-Arabinofuranosylcytosine (ara-C) and hydroxyurea (HU) were
investigated as potential DNA repair inhibitors with m-diammine-1,1-
cyclobutane dicarboxylatoplatinum(II) (CBDCA). HU plus ara-C, known
inhibitors of DNA excision-repair, had previously been found to produce
cytotoxic synergy and delayed removal of DNA interstrand cross-links
with aVdiamminedichloroplatinum(H) (DDP). Since CBDCA and DDP
share a common active intermediate, it should be possible to reproduce
this interaction with CBDCA. However, the stable dicarboxylate chetate
ring structure of CBDCA results in kinetics that differ significantly from
those of DDP, due to slower hydrolysis to the active species. DNA
adducts form more slowly, with interstrand cross-links peaking approxi
mately 12-h later and disappearing more gradually than in the case of
DDP. It was therefore expected that a longer antimetabolite exposure
might be required for repair inhibition with CBDCA. The 12-h exposure
to HU plus ara-C previously found effective with DDP produced no
cytotoxic synergy with a 2-h CBDCA exposure. Lengthening the anti-
metabolite treatment to 24 h resulted in approximately 1 log of synergistic
toxicity, while a 24-h simultaneous exposure to HU, ara-C, and CBDCA
resulted in 2 logs. Cells exposed to all three drugs showed a 2- to 3-fold
greater level of interstrand cross-links after 36- to 48-1) of incubation
following drug removal, compared to CBDCA alone. Taken together,
these findings suggest that HU plus ara-C modulates the repair of
platinum-DNA adducts and establishes an effective in vitro schedule at
clinically achievable concentrations for the use of those antimetabolites
with CBDCA.

INTRODUCTION

A major mechanism for tumor resistance to platinum com
pounds may be efficient repair of drug-induced DNA damage.
Inhibition of the appropriate repair processes might therefore
increase the sensitivity of a resistant cell to such agents. En
hanced DNA repair capacity has in fact been identified as a
mechanism for acquired resistance to DDP3 in an ovarian

carcinoma cell line. Resistance in that cell line could be reversed
by inhibition of DNA synthesis with aphidicolin, a specific
inhibitor of DNA polymerase Â«(1).

There is extensive evidence indicating that the removal of
DDP-induced DNA adducts is at least partially accomplished
by an excision-repair system similar to that which repairs UV
dimers. That conclusion is based on observations in xeroderma
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pigmentosum and other UV repair-deficient cell lines (2-5),
work with uvr endonucleases (6-10), and our own prior work
suggesting that UV dimers and DDP adducts compete for a
common repair system (11). We have previously shown that
HU and ara-C, presumably acting as inhibitors of excision-
repair, modulate cytotoxicity and DNA adduct removal when
used with DDP (12).

The major cytotoxic mechanism of the cytidylic acid analogue
ara-C appears to be incorporation into DNA, resulting in an
inadequate primer terminus for further chain elongation (13,
14). ara-C has been shown to be capable of inhibiting the repair
of UV-induced DNA lesions in mammalian cells during the
resynthesis-ligation step (15-17). HU specifically inhibits ri-
bonucleotide reducÃase,which is responsible for the conversion
of ribonucleotides to deoxyribonucleotides. The drug depletes
DNA precursor pools, shutting down DNA synthesis. Cytotoxic
synergy between HU and ara-C themselves has been reported,
presumably on the basis of increased ara-C incorporation into
DNA (18). The extent and persistence of incorporated ara-C
residues have in turn been correlated with the degree of DNA
synthesis inhibition (19). When used together, these two agents
inhibit excision-repair in mammalian cells (20-22). In prior
work we had found that a 12-h exposure to combined HU and
ara-C following a 1-h DDP exposure resulted in synergistic
cytotoxicity and delayed removal of DNA ISC in HT-29, an
inherently platinum-resistant human colon carcinoma cell line

(12).
CBDCA has recently come into widespread clinical use.

CBDCA most probably acts by the same mechanism as DDP,
since both drugs form the same bifunctional intermediate after
a series of ligand displacement reactions (23, 24). Mechanisms
of resistance may therefore be similar, and potentiation of
cytotoxicity by HU and ara-C should be possible. We proceeded
to determine whether this was indeed so, cognizant of the fact
that the kinetics of CBDCA-induced DNA adduct formation
and removal differ significantly from those of DDP. Micetich
et al. (25) have found that CBDCA-induced ISC peak approx
imately 12-h later and persist longer after drug removal than is
the case following DDP exposure. The stable dicarboxylate
chelate ring structure of CBDCA, resulting in a slower rate of
hydrolysis to the active form, was believed to account for the
slower formation of DNA ISC, and prolonged formation of
adducts was thought to account for the slow rate of ISC disap
pearance (24, 25). It was therefore anticipated that a longer
period of repair inhibition might be required with CBDCA to
duplicate the interaction previously seen with DDP. We have
found that this is indeed the case. No cytotoxic synergy was
seen with a 12-h HU plus ara-C exposure following CBDCA
treatment. Cytotoxic synergy and a significant delay in ISC
removal were achieved when the period of HU plus ara-C
exposure was lengthened to 24 h. A regimen can be developed
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for clinical trials based on the most effective in vitro schedule
identified.

MATERIALS AND METHODS

Drug Treatment. ara-C (formula weight, 243.2) and HU (formula
weight, 76.05) were purchased from Sigma Chemical Co. (St. Louis,
MO). Stock solutions of ara-C and HU were prepared by dissolving the

drugs in saline and sterile filtering immediately prior to use. CBDCA
(formula weight, 371) was a gift from Bristol-Myers (Evansville, IN).

Stock solutions of CBDCA were prepared by vigorously stirring the
drug in full culture medium at 37Â°Cfor 30 min immediately prior to

use. Drug exposures were terminated by medium replacement.
Human Tumor Cell Culture. HT-29, a carcinoembryonic antigen-

producing human colon carcinoma cell line, has been maintained in
our laboratory for a number of years (26). The cell line was cultured in
minimal Eagle's medium supplemented with 10% bovine calf serum,

glutamine, sodium pyruvate, biotin, vitamin B12, nonessential amino
acids, and gentamicin.

For survival assays 0.15, 0.3, 1, 3, or 10 x IO3cells were seeded into
T-25 flasks and incubated for 8-12 h to allow complete attachment of
cells. Each flask was then individually treated with the desired drug.
The drug was then removed by aspiration and replaced with fresh
medium. All drug exposures were in full medium. Colonies were al
lowed to grow for 10-14 days and were fixed for counting by the
following procedure: the medium was aspirated; the cultures were
washed with Hanks' balanced salt solution; and the cells were fixed

with methanol and stained with a solution of mÃ©thylÃ¨neblue in phos
phate buffer. Colonies were scored over a light box and, when necessary,
inspected microscopically for the presence of 50 or more cells.

L1210 Cell Culture. L1210 mouse leukemia cells were maintained in
suspension culture at cell densities of 0.3-1.5 x IO6cells/ml in RPMI

1630 tissue culture medium supplemented with 15% bovine calf serum
(heat inactivated at 50Â°Cfor 30 min), glutamine, penicillin, and strep

tomycin. Cells were passaged daily to maintain the cells in log growth
phase.

Alkaline Elution Assays for DNA Interstrand Cross-Linking. Alkaline
elution was performed as described by Kohn et al. (27). For alkaline
elution studies, the DNA of the cell lines was labeled by growing the
cells for 24 h in 0.02 ^Ci/ml ['"Cjthymidine (specific activity, 52 mCi/

mmol; New England Nuclear, Boston, MA). This medium was replaced
by nonradioactive medium for an additional 24-h before drug treatment.
HT-29 cells were drug treated while attached, at a cell density of 3-4
x 10s cells/25-cm2 flask. L1210 mouse leukemia cells, used as internal

standards in all alkaline elution analyses, were labeled by growing the
cells overnight in RPMI 1630, supplemented with 15% heat-inactivated
fetal bovine serum, and 0.05 Â¿iCi['HJthymidine (specific activity, 10

Ci/mmol; New England Nuclear).
Drug-treated cells were washed and suspended in ice-cold fully sup

plemented medium and subjected to 3 Gy -y-irradiation (Gammacell

1000; Atomic Energy of Canada, Ltd., Ottawa, Ontario, Canada). Cells
(3 x 10s, 50% 14C-labeled cells, 50% 3H-labeled L1210 cells that had

received 3 Gy 7-irradiation) were deposited on a O-S-^m pore size
polycarbonate filter (Nucleopore, Pleasanton, CA) and lysed with 5 ml
of a solution containing 0.1% sodium dodecyl sulfate, 0.1 M glycine,
and 0.015 M disodium EDTA, pH 10.0. Two ml of a solution of
proteinase K dissolved in lysis solution (0.5 mg/ml; EM Biochemicals,
Cincinnati, OH) was added to the upper chamber of a Swinnex filter
holder, and 40 ml of a solution of tetrapropylammonium hydroxide
containing 0.1% sodium dodecyl sulfate and 0.02 M EDTA, pH 12.1,
were overlayered and pumped through the filter at a rate of 0.035 ml/
min. Five fractions were collected at 3-h intervals. The [MC]DNA and
the [3H]DNA radioactivity remaining on the filter and in the eluted

fractions was determined by counting in a Beckman LS 5800 liquid
scintillation counter, and the retention of label on the filter as a function
of time of elution was calculated. DNA interstrand cross-link frequency,
expressed as a cross-link index was calculated as
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Fig. I. Surviving fraction (HT-29), by colony survival assay, for a 2-h CBDCA
exposure followed by a 24-h HU plus ara-C exposure. H, 10~3 M HU only; A,
10~6M ara-C only: H/A, IO'3 M HU plus 10~6M ara-C. â€¢,CBDCA only, 250 to

1000 MM;â€¢HU plus ara-C followed by CBDCA; A, HU plus ara-C followed by
CBDCA, after correction for the toxicity due to HU plus ara-C. Points, means of
at least three independent experiments; bars, SD.

where r and r0 are the fractions of 14C-labeled DNA of treated and
control cells remaining on the filter when 25% of 3H-labeIed DNA is

retained on the filter.

RESULTS

Cytotoxicity Assays. Colony survival experiments were per
formed on HT-29 cells after a 12-h exposure to combined 10"'
M HU and 10~6M ara-C following a 2-h CBDCA (250 to 1000

Â¿tM)exposure. This schedule reproduced the conditions under
which we had previously observed synergistic cytotoxicity with
DDP (12). CBDCA alone produced at most a 50% reduction
in survival in this inherently platinum-resistant cell line. HU
alone was nontoxic, ara-C alone reduced survival to approxi
mately 80%, and the combination of HU and ara-C reduced
survival to about 50%. When corrected for the cytotoxicity
attributable to HU plus ara-C, the survival curve for cells
exposed to all three drugs indicated almost entirely additive
toxicity over CBDCA alone. In contrast to our prior findings
with DDP, this schedule resulted in little or no cytotoxic
synergy with CBDCA.

Fig. 1 shows the effect of lengthening HU plus ara-C expo
sure to 24 h after a 2-h CBDCA exposure. The concentrations
of HU and ara-C were not changed to compensate for the
longer exposure. HU alone reduced survival to approximately
70%, ara-C alone to approximately 50%, and HU plus ara-C
to 10%. The survival curve obtained after exposure to all three
drugs (Fig. 1, â€¢)was corrected for the toxicity attributable to
HU plus ara-C, generating a corrected survival (Fig. 1, A). Any
separation between this corrected curve and the CBDCA-only
curve (Fig. 1, â€¢)was interpreted as representing more than
additive, or synergistic, cytotoxicity. As shown by the corrected
survival curve, there was a synergistic component, amounting
to slightly more than 1 log at the higher CBDCA doses, to the
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Fig. 2. Surviving fraction (HT-29). by colony survival assay, for simultaneous
24-h exposure to HU plus ara-C plus CBDCA. H, 10~' M HU only: A, IO"6 M
ara-C only; H/A. IO"3 M HLI plus IO'6 M ara-C. â€¢,CBDCA only, 25 to 100 MM;
M. HU plus ara-C plus CBDCA; A. HU plus ara-C plus CBDCA, after correction
for the toxicity due to HU plus ara-C. Points, means of at least three independent
experiments; bars, SD.

cytotoxicity of combined HU, ara-C, and CBDCA with this

schedule.
Because of the slower hydrolysis of CBDCA to the active

intermediate, a prolonged exposure to CBDCA was investi
gated. Fig. 2 shows the effect of lengthening the CBDCA
expoure from 2 h to 24 h. Reduction of CBDCA concentration
by a factor of 10, on an approximate concentration x time
basis, resulted in comparable single-agent cytotoxicity. Cells
were exposed to all three drugs simultaneously. The synergistic
component amounted to almost 2 logs of cell kill with this
schedule. It was therefore considered to be the optimum regi
men and was used in subsequent experiments quantitating DNA
ISC formation and removal.

DNA ISC Assays. Quantitation of DNA ISC was performed
by alkaline elution. Cells were incubated following drug re
moval, and assays were performed at 12-h intervals. Figs. 3a
and 3Â¿>show a single representative experiment. Fig. 3, top
panels, shows the DNA elution rate for cells exposed to 25, 50,
and 100 /Â¿MCBDCA alone, relative to untreated control cells
(3Gy).

Progressive disappearance of ISC over time is evident, with
DNA elution rates essentially the same as for control cells by
36 to 48 h following drug removal. Fig. 3, bottom panels, shows
the DNA elution rates for cells that had been exposed to HU
plus ara-C and CBDCA, relative to control cells exposed only
to HU and ara-C (HU/ara-C, 3Gy). A separate control was
necessary because of the accumulation of DNA strand breaks
caused by a 24-h HU plus ara-C exposure. Accumulation of
strand breaks was apparent from comparison of DNA elution
rates for unirradiated, untreated cells and unirradiated, HU
plus ara-C-treated cells (data not shown). The presence of DNA
strand breaks is also apparent in the steeper slope of the HU/
ara-C 3Gy control line, compared to the untreated 3Gy control
line. As can be seen in Fig. 3b, there was significant persistence
of DNA ISC at the late 36- and 48-h time points in cells
exposed to all three drugs, compared with cells exposed only
to CBDCA. There were no indications of cell death at these

late time points, in that cells appeared intact on microscopic
examination and in that there was no evidence of DNA frag
mentation in the alkaline elution assays.

Fig. 4 shows the mean cross-link index over time, determined
from four independent experiments, for CBDCA only (open
bars) and CBDCA plus HU plus ara-C (hatched bars), at 50 /UM
CBDCA (top) and 100 MMCBDCA (bottom). Peak cross-linking
was approximately 30% greater with CBDCA plus HU plus
ara-C than with CBDCA alone. DNA interstrand cross-linking
was 2-fold greater at 36-h and at least 3-fold greater at 48-h
following exposure to the three-drug combination than to
CBDCA alone. These data are presented in Table 1. Differences
in CI between cells exposed to CBDCA alone or CBDCA plus
HU plus ara-C were assessed for statistical significance by
means of paired / tests. At the early 0-h and 12-h time points,
differences were not significant, while all differences at later
time points were significant (P < 0.05), findings consistent with
the hypothesis of repair inhibition.

DISCUSSION

These studies show that HU and ara-C produce a synergistic
increase in tumor cell kill when combined with CBDCA in an
appropriate schedule. The persistence of CBDCA-induced
DNA ISC was increased with these drugs, suggesting that the
mechanism of interaction involves alteration of DNA adduci
metabolism. It was possible to reproduce with CBDCA the
effects previously seen with DDP, but a modification in sched
ule corresponding to the different kinetics of CBDCA was
required to do so. These observations lend further support to
the hypothesis that inhibition of DNA repair synthesis can
potentiate platinum cytotoxicity.

DDP forms DNA intrastrand and DNA-protein cross-links
as well as DNA interstrand cross-links; since the active inter
mediate species is common to CBDCA and DDP, it can rea
sonably be assumed that the same is true for CBDCA. DNA
intrastrand cross-links constitute the majority DDP adduci,
with perhaps only about 1% of platinations forming interstrand
cross-links (28-30), although the degree of interstrand cross-
linking has been clearly shown to correlate quantitatively with
cytotoxicity (31, 32). The techniques used in this study do not
permit assessment of intrastrand cross-linking, and it cannot
be concluded that increased ISC is the mechanism for the
cytotoxic synergy observed. The increased levels of ISC can,
however, be viewed as indicative of an altered cellular response
to platinum-DNA adducts in the presence of HU and ara-C.
Monofunctional DNA adducts are formed initially, followed by
the gradual development of bifunctional adducts (25, 31). The
higher level of ISC and the persistence of ISC at late time
points are consistent with delay or inhibition of DNA-adduct
repair. However, it cannot be concluded that established bi
functional adducts are specifically affected, as repair inhibition
could well occur at the early monofunctional adduci stage,
resulting in larger numbers of later bifunctional adducts. Fur
thermore, other mechanisms for drug interaction may exist,
because both DDP and ara-C can cause chain termination (33,

34).
Isobolographic techniques have been applied to the assess

ment of synergistic drug interaction; however, none of those
methods is capable of analyzing the interaction of more than
two drugs. In previous work we had found a mild degree of
cytotoxic synergy between ara-C and DDP and none between
HU and DDP. Exposure to the combined antimetabolites was
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Fig. 3. a, DNA elution rates, by alkaline
elution assays, al 12-h intervals following drug
removal (HT-29). A single representative ex
periment. Top, DNA elution rates after 0, 12,
and 24 h of incubation following a 24-h expo
sure to CBDCA at 25 (A), 50 (â€¢),or 100 (Â»)
ÃiM.3Gy, â€¢,untreated control. Bottom, DNA
elution rates, at the same time points, following a simultaneous 24-h exposure to 10~3 M
HU plus IO"6M ara-C, and CBDCA at 25 (A).

50 (â€¢),or 100 (Â»)MM.HU/ARA 3Gy, Â»,HLJ
plus ara-C control, b, continuation of experi
ment shown in a. Top, DNA elution rates after
36 and 48 h of incubation following a 24-h
exposure to CBDCA at 25 (A), 50 (â€¢),or 100
iiM (*). 3Gy, â€¢,untreated control. Bottom,
DNA elution rates, at the same time points,
following a simultaneous 24-h exposure to
10~3M HU plus 10~6M ara-C, and CBDCA at

25 (A), 50 (â€¢),or 100 ^M (Â»).HU/ARA 3Gy,
â€¢,HU plus ara-C control.
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required to produce significant more-than-additive cell kill (12);
two-drug combinations were therefore not studied with
CBDCA. In the current study, a series of separate experiments
designed for mathematical analysis according to the method
described by Chou and Talalay (35) were performed (data not
shown). The combination of HU and ara-C was considered as

a single drug for purposes of analysis. Combination indices
greater than 1, denoting additive rather than synergistic cyto-
toxicity, were obtained for the 12-h antimetabolite schedule at
all fractions of cell kill. Both 24-h schedules resulted in a
combination index considerably less than 1 at cell kill fractions
greater than 0.85, indicating synergistic cytotoxicity. While the
results of those analyses are in agreement with the data pre
sented, the validity of considering a combination of two drugs

acting by different mechanisms as one drug in such a model is
questionable.

The drug concentrations chosen for this study fall within the
range of clinically achievable serum concentrations in humans
(36-42). The 24-h simultaneous exposure schedule is a partic

ularly attractive model for a clinical regimen, since prolonged
infusions of CBDCA are both feasible and effective (43). Mye-
losuppression is the dose-limiting toxicity for each of these

drugs individually, and that is also likely to be true for the
combination. Such a regimen would therefore lend itself well
to the treatment of acute leukemias, in which marrow aplasia
is a therapeutic objective. Moreover, prolonged infusion of
CBDCA alone has shown a moderate degree of activity in
refractory acute nonlymphocytic leukemia, and both HU and

1987

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/8/1984/2446655/cr0510081984.pdf by guest on 19 M

ay 2023



CARBOPLATIN. HYDROXYUREA. AND ara-C SYNERGY

0.12XLU

O.O9Z

O.O6i05

Â°-03non1J1"4*T15O

i^lCBDCA*

#T1J

.X. O.2O

(J O.O5

o.oo

TOOLMceocA

[ZZI c

12 24 36

HOURS AFTER DRUG REMOVAL

dÃ¬ HAC

Fig. 4. DNA inlerstrand cross-link index versus incubation lime after drug
removal. Top, 24-h exposure to CBDCA alone (C. D); 24-h simultaneous exposure
to IO"1 M HU plus IO'6 M ara-C and 50 //M CBDCA (HAC. H). Bottom. 24-h
exposure to CBDCA alone (C. D): 24-h simultaneous exposure to 10"' M HL'
plus I0~6 M ara-C and 100 JIM CBDCA (HAC. H). Points, means of four
independent experiments: error bars. SD; *, P < 0.05 by paired I test.

Table I DNA inters/ranJ cross-link frequency over time
Cross-link index at 0. 12, 24. .16. and 48 h of incubation following drug

removal in HT-29. C. CBDCA only; HAC. H U + ara-C + CBDCA.

Cross-link index (Â±SD)

50 MM CBDCA 100 ,,M CBDCA

Time (h) HAC HAC

01224Â°36Â°48Â°0.063Â±0.064
Â±0.026
Â±0.021
Â±0.003

Â±0.0220.0150.0090.0070.0060.0570.0870.0420.0440.036Â±0.014Â±

0.022Â±0.014Â±0.015Â±0.0170.1260.1370.0670.0480.0680.0590.0290.0140.020

0.0070.1230.1700.1140.0840.067Â±

0.049+Â±-+-+0.0670.0440.0250.026

" P < 0.05 by paired / test analysis.

ara-C are well-established drugs for that disease. Alternatively,
such a regimen could be used with autologous bone marrow
transplant or with growth factor support for the treatment of
solid tumors.
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