RAPID COMMUNICATION

Jpn. J. Cancer Res.

88, 1033-1037, November 1997

In vitro Enhancement of Antitumor Activity of a Water-soluble Duocarmycin
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Duocarmycing, including KW-2189, hind in the minor groove of double-stranded DNA at A-T-rich
sequences, followed by covalent bonding with N-3 of adenine in preferred sequences. We examined the
effect of DN A-repair modulators, such as caffeine and aphidicolin, on the cytotoxicity of duocarmy-
cing towards human lung cancer cells, as determined by dye formation assay. Caffeine (0.5 or 1 mM),
but not aphidicolin, enhanced the growth-inhibitory activity of KW-2189, DU-86, and duocarmycin
SA. Caffeine inhibited repair of DNA strand breaks induced by KW-2189, as assayed by the alkaline
elution technique, This suggests that duocarmycin-induced DN A strand breaks, which are potentially
lethal to cells, are repaired throngh a caffeine-sensitive pathway.
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KW-2189 is a novel water-soluble derivative of duo-
carmycin B2, originally isolated from Streptomyces sub-
species at Kyowa Hakko Kogyo Co., Ltd. {Tokyo). The
duocarmycins, which consist of duocarmycins A, B1, B2,
Cl, C2 and SA, and their derivatives, have similar struc-
tures and share a pharmacophore, the cyclopropylpyrrolo-
indole (CPI) moiety, in common with CC-10635, which
was isolated from Streptomyces zelensis at Upjohn Co.
(Kalamazoo, MI) (Fig. 1)." Poor water-solubility and
poor stability have made the duocarmycins difficult to
use. Thus, various duocarmycin derivatives with superior
solubility and stability have been synthesized at Kyowa
Hakko Kogyo Co. Among them, methyl(18)-1-bromo-
methyl -7 - methyl - 5 - [ (4 - methylpiperazinyl) - carbonyl-
0xy]-3-[5,6,7-trimethoxy-2-indolyl)-carbonyl]-1,2-dihy-
dro-dH-pyrrolo[3,2-¢]indole- 8 -carboxylate hydrobro-
mide {(KW-2189) was selected for clinical trials. KW-
2189 has been shown to be more active than so-called
“key agents,” such as cyclophosphamide, mitomycin C,
adriamycin and cisplatin, against various human cancer
cell lines inoculated into mice.”? We are interested in the
biochemical basis of the growth-inhibitory activity of
K'W-2189, since it is a promising drug for clinical appli-
cation. We have reported that carboxyl esterase increased
the DNA-binding activity of KW-2189 and that KW-
2189 produced cellular DNA strand breaks after a lag
period of approximately 3 h, an effect which was also
augmented by carboxyl esterase.>" As suggested by the
structural similarity between CC-1065 and duocarmy-
cins, the chemical properties of these two agents have
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been proven to be similar. Duocarmycins, CC-1065 and
their analogs bind through the N-3 position of adenine in
the DNA minor groove in a sequence-specific manner to
form a CPI-DNA adduct.” Drug-adducted DNA in-
duced by KW-2189 was refractory to digestion by re-
striction endonucleases” and DNase I (Ogasawara, un-
published data), in agreement with cbservations on the
CC-1065-DNA adduct.

DNA repair is an important process that determines
the sensitivity of a cell to uliraviolet irradiation and
chemical damage,>” therefore it is of interest to deter-
mine whether the CPI-DNA adduct can be repaired by
nucleotide excision repair (NER), the mechanism by
which conventional drug-DNA adducts are repaired.®®
In addition, since it is generally recognized that most
bulky DNA lesions inhibit DNA replication, it seems
valuable to examine whether DNA repair machinery can
be inhibited by certain types of DNA lesions. The aim of
our current study was to investigate the relationship
between the repair ability and the cytotoxicity of duocar-
mycins. We examined the kinetics of repair of DNA
cleavage induced by KW-2189 by the alkaline elution
method.

KW-2189, DU-86,Y an activated form of KW-2189
and duocarmycin SA were supplied by Kyowa Hakko
Kogyo Co. Carboxylic-ester hydrolase (carboxyl es-
terase) was obtained from Bochringer Mannheim
Yamanouchi, Tokyo, and diluted in double-distilled
water just before use. [Methyl-*C]thymidine (52 mCi/
mmol) was obtained from Amersham, Buckinghamshire,
England, proteinase K from E. Merck AG, Darmstadt,
Germany, tetrapropylammonium hydroxide from East-
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Fig. 1. Structure of KW-2189 and related cyclopropylpyrroloindoles.

man Kodak Co., Rochester, NY. EcoR 1 was obtained
from Toyobo Co., Osaka. Other chemicals were pur-
chased from Sigma Chemical Co. (8t. Louis, MO), un-
less otherwise stated. Human non-small cell lung cancer
cell lines, PC-9 and PC-14 were grown in RPMI 1640
medium supplemented with 10% heat-inactivated fetal
bovine serum (Cytosystem, Australia) plus penicillin
(100 U/ml} and streptomycin (100 gg/ml) in a humidi-
fied 5% CO, atmosphere at 37°C. MTT assay was per-
formed as described previously.* > Cells were seeded into
96-well microplates and incubated with a drug for 96 h
in the presence or absence of a DNA repair inhibitor,
caffeine or aphidicolin. Alkaline elution was performed
as described previously.' Cells were prelabelled with
[methyl-"*C]thymidine (0.075 mCi/ml) for 24 h. The
labeled cells (5X10°/dish) were treated with 200 nM
KW.-2189 for 4 h. Then the cells were washed twice with
warmed culture medium and incubated in the presence
or absence of caffeine (1 mM). After the indicated repair
period, cells were diluted in cold phosphate-buffered
saline (PBS) without Mg?" and Ca®", gently deposited
onto a polycarbonate filter (2.0 #m pore size, 25 mm
diameter, Costar Corp., CA) and rinsed with cold PBS.
The cells were lysed with 5 ml of lysis solution containing
2% SDS, 25 mM disodium EDTA, 50 mM Tris, 50 mM
glycine, and proteinase K (0.5 mg/mi), pH 10.0 for 1 h.
This lysis solution was allowed to flow through the filter
under gravity, and then the filter was rinsed 3 times with
3 ml of 20 mM disodium EDTA, pH 10.0. DNA was
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eluted with 30 ml of tetrapropylammonium hydroxide-
tetrahydroxy-EDTA, pH 12.1 at a constant flow rate of
0.05 ml/min. To analyze the frequency of DNA strand
breaks, seven fractions of the eluate were collected di-
rectly into scintillation vials at 1.5 h intervals.

In order to ascertain that DNA strand breaks induced
by KW-2189 were lethal to cells, we examined the effect
of a repair inhibitor on the cytotoxic activity of duocar-
mycins such as KW-2189, DU-86 and duocarmycin SA.
Caifeine was selected as a repair inhibitor because it
inhibits poly(ADP ribose) synthesis without affecting
unscheduled DNA synthesis induced by UV-irradia-
tion.'” As shown in Fig. 2, caffeine enhanced the growth-
inhibitory activity of the three duocarmycins against PC-
9 and PC-14 cells in a dose-dependent manner. No sig-
nificant effect was observed with another repair modula-
tor, aphidicolin (data not shown).

It is generally recognized that caffeine enhances the
cell-killing effect of X-ray irradiation by inhibiting repair
of DNA strand breaks. To investigate the role of caffeine
in the enhanced growth-inhibitory activity of duocarmy-
cins, the repair kinetics of DNA strand breaks induced
by KW-2189 were examined by alkaline elution assay.
KW-218% induced DNA strand breaks in PC-9 cells after
a 4 h exposure, while 1 mM caffeine did not induce any
strand breaks following a 12 h exposure (Fig. 3A). After
a 4 h exposure of the cells to KW-2189, cells were washed
and incubated for repair in the KW-2189-free medium in
the absence or presence of 1 mM caffeine (Fig. 3, B and
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Fig. 2. Effect of caffeine on the cytotoxic activity of duocarmycins in human lung cancer eells. PC-14 cells and PC-9 cells were
treated with KW-2189 (A), DU-86 (B), or duccarmycin SA (C) for 96 h in the presence of 0 (®}, 0.5 (&) or | (M) mM
caffeine. Cell survival was measured by MTT assay 96 h after the start of drug treatment. Values are the average of three
experiments.
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Fig. 3. A, Effect of KW-2189 and caffeine on cellular DNA strand breaks. PC-14 cells were prelabelled with {methyl-'*C]-
thymidine (0.075 mCi/ml) for 24 h. Cells were treated with 200 nd K'W-2189 (@) or 1 mM caffeine (&) for 4 h and 12 h,
respectively. Untreated PC-14 cells were used as a control (O). DNA strand breaks were examined by alkaline elution assay
just after treatment. Values are the mean of three experiments. B, C, Effect of caffeine on the repair of DNA strand breaks
induced by KW-2189. PC-14 cells were prelabelled with [methyl-*C]thymidine (0.075 mCi/ml} for 24 h. Cells were treated
with 200 nM KW-2189 for 4 h and washed with warmed medium. Cells were incubated for a further 0 (®), 2 (O0), 4 (W), 8
(&) or 12 h (4) without (B) or with (C) 1 mM caffeine. Untreated PC-14 cells with K'W-2189 were used as a conirol (O).
Recovered DNA from strand breaks was measured by alkaline elution assay.

3B). Previous reports indicated that repairs of DNA
strand breaks induced by X-ray irradiation or DNA-
cleavage inducible chemicals are usually completed

C). In the absence of calfeine, DNA repair was observed
from 2 h after drug removal and DNA strand breaks
were not detected after 12 h of drug-free incubation (Fig.
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within 1 or 2 h. The data presented here suggest that
DNA strand breaks induced by duocarmycins may be
resistant to repair mechanisms. In the presence of caf-
feine, DNA repair was markedly inhibited until 8 h of
KW-2189-free incubation (Fig., 3C). It is probable that
DNA strand breaks induced by KW-2189 were poten-
tially lethal to cells and that caffeine enhanced the growth-
inhibitory activity of duocarmycins by inhibiting the
repair of the DNA strand breaks,

We had previously found that cells treated with KW-
2189 showed DNA strand breaks after a lag period of
approximately 3 h. Over a 4 h exposure, only 20 nM KW-
2189 is sufficient to produce DNA strand breaks.” In
accordance with this, Jacobson et al. reported that CC-
1065 produced prolonged depletion of the NAD pool in
human fibroblasts and xeroderma pigmentosum cells
after a lag period of 4 h.'"® Caffeine enhanced the induc-
tion of DNA strand breaks by KW-2189. These results
suggest that CPI-DNA adducts are not repaired by NER
and that the adducts induced DNA strand breaks which
required poly(ADP ribose) synthesis for their repair.
These results suggested that one of the molecular targets
of KW-2189 is involved in NER.

How DNA adducts generate DNA strand breaks is not
clear. It might be explained in terms of the general
concept that cellular protective responses to genotoxic
agents sometimes produce deleterious effects on the cells,
such as induction of DNA strand breaks as intermediates
of DNA repair. Although we did not investigate whether
the DNA strand breaks induced by KW-2189 were re-
pair-associated or not, the inhibitory effect of DNA
adducts on NER presumably can cause repair-associated
DNA cleavage. Although CC-1065 has been reported not
to induce any DNA strand breaks over a 2 h exposure, it
is not known whether exposure of the cells to CC-1065
for more than 4 h, the lag period for CC-1065 to produce
NAD depletion, could induce DNA strand breaks.
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We examined the effect of two repair inhibitors, aphid-
icolin and caffeine, on the cytotoxic activity of duocar-
mycins. Our data indicated that caffeine, but not aphidi-
colin, used at concentrations that did not damage DNA,
enhanced the growth-inhibitory activity of duccarmycins
by inhibiting the repair of drug-induced DNA cleavage.
These results suggested that DNA cleavage induced by
KW-2189 is potentiaily lethal to the cells, and is repaired
via a caffeine-sensitive pathway. Sims et al. reported that
caffeine inhibited the poly(ADP ribose) polymerase ac-
tivity,’" but had no effect on unscheduled DNA synthesis
induced by UV-irradiation of the cells. It might be that
inhibition by caffeine of the repair of DNA strand breaks
induced by duocarmycins is due to an inhibitory effect of
caffeine on poly(ADP ribose) synthesis. The inhibition of
DNA repair by caffeine was more marked at earlier time
points than at later time points, suggesting that caffeine
inhibited the activities of readily available repair factors
such as poly(ADP ribose) polymerase, and that an unde-
termined damage-inducible repair factor(s) may be
affected by caffeine, resulting in decreased cell survival.

In conclusicn, our data imply that lethal DNA strand
breaks are repaired by a caffeine-sensitive pathway. It is
next necessary to identify the repair factor(s) involved.
It has already been reported that caffeine enhances the
effect of DNA-damaging agents such as cisplatin.>'9
These results, including ours, suggest that mechanisms of
DNA repair are a possible target for anti-cancer chemo-
therapy, and clinical application of caffeine in combina-
tion with DNA-damaging agents may be effective to
enhance their antitumor activity.
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