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ABSTRACT

The coadministration of thymidine (dThd) with either l,3-bis(2-chlo-
roethyl)-l-nitrosourea (BCNU) or 3'-|3-(2-chloroethyl)-3-nitrosoureido|-
3'-deoxythymidine (3'-CTNU) to L1210-bearing mice significantly en

hanced the antitumor activity of both nitrosoureas (T-S. Lin and W. H.
Prusoff, Cancer Res., 47:394-397, 1987, and T-S. Lin, P. H. Fischer, J.
C. Marsh, and VV.H. Prusoff, Cancer Res., 42: 1624-1629, 1982). As a
possible mechanism for this observed enhancement, we have investigated
the role of dThd as an inhibitor of poly(ADP-ribose) polymerase
(ADPRP), an enzyme which is activated in response to DNA damage.
Exposure of L1210 cells in culture to 50 MMBCNU resulted in a >10-
fold increase in ADPRP activity within 3-4 h. The polymerase activity
increased with increasing BCNU concentration after a 4-h exposure,
reaching apparent saturation at 50 MMBCNU. However, this activation
was abolished by 2 HIMdThd. Median inhibition of the ADPRP activity
elicited by 30 and 75 MMBCNU occurred at 38 and 135 MMdThd,
respectively. When BCNU was replaced by 3'-CTNU, no activation of
ADPRP was observed, even at or above concentrations of 3'-CTNU
previously shown to cause DNA damage. 3'-Amino-3'-deoxythymidine,
the principal hydrolysis product of 3'-CTNU, was found to be an inhibitor

of BCNU-stimulated ADPRP activity with potency similar to dThd.
Furthermore, intact 3'-CTNU was found to inhibit BCNU-stimulated
ADPRP activity. Although 3'-CTNU should be capable of activating

ADPRP by causing DNA damage, our results suggest that no net
activation is observed due to inhibition by the various thymidine species
present. Thus, inhibition of ADPRP by dThd following DNA damage by
BCNU is consistent with the potentiation of antitumor activity previously
reported. However, the observed potentiation of 3'-CTNU activity by

dThd does not appear to result from such a mechanism.

INTRODUCTION

Among the cellular responses to DNA damage caused by
ionizing radiation or alkylating agents is an alteration in pyrim-
idine nucleotide pools, in particular, a sharp decrease in intra-
cellular NAD+ content (1, 2). This decrease has been shown by

various workers to be mediated by the activity of the nuclear
enzyme ADPRP' (EC 2.4.2.30) (1,3). This chromatin-bound
enzyme catalyzes the cleavage of NAD+, with concomitant

attachment of chains of ADP-ribose to such acceptor proteins
as histones (4), DNA polymerase Â«and /i, topoisomerase II (5),
and ADPRP itself (6). The polymerase has a specific require
ment for DNA-containing strand breaks (4) and has been shown
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to be activated in response to DNA damage caused by agents
such as /V-methyl-/V-nitrosourea (7), /V-methyl-jV'-nitro-A'-ni-

trosoguanidine (8), bleomycin (7), streptozotocin (9), and y-
radiation (1).

Inhibition of ADPRP by such structurally diverse compounds
as 3-AB, certain nicotinic acid analogues, and thymidine is
associated with a decrease in DNA repair activity (reviewed in
Ref. 10), and thus the hypothesis has been raised that inhibition
of poly-ADP-ribosylation may result in enhanced cytotoxicity
of certain DNA-damaging agents and that this may be exploited
for chemotherapeutic purposes. Gray et al. (11) have shown
that thymidine and 5-methylnicotinamide retard DNA strand
rejoining after methylnitrosourea damage. A potentiation of
the antitumor activity of methylnitrosourea by nicotinamide in
mice bearing LI210 leukemia was observed by Smulson et al.
(12). Berger et al. (13) have shown a synergistic antileukemic
effect of 6-aminonicotinamide and BCNU on LI210 cells both
i/i vitro and in vivo.

Previously, we reported that the coadministration of dThd
with 3'-CTNU, a chloroethylnitrosourea analogue of dThd, to

mice bearing the L1210 or P-388 leukemias resulted in an
enhancement of the antitumor activity of the nitrosourea (14).
In addition, the coadministration of dThd with BCNU to mice
bearing the L1210 leukemia or B16/F10 melanoma resulted in
a significant increase in the number of >60 day survivors (15).
We also reported that dThd enhanced the cellular uptake of
['H]BCNU and the alkylation of DNA by both ['H]BCNU and
['H]3'-CTNU but that removal of the radioactive lesion pro

ceeded unhindered in the presence of dThd (16).
That dThd has been shown to be a potent inhibitor of ADPRP

(17) and to retard DNA repair after methylnitrosourea treat
ment (11) suggested dThd-mediated inhibition of ADPRP ac
tivity as a possible mechanism for the enhancement of BCNU
and 3'-CTNU antitumor activity as described above. The pres

ent report describes the activation of ADPRP in LI210 cells
by BCNU and its inhibition by dThd. We also found that 3'-

CTNU does not activate ADPRP even though it has been shown
to cause DNA damage and present evidence that inhibition by
AdThd, a hydrolysis product of 3'-CTNU, or intact 3'-CTNU

itself may be responsible for the apparent lack of activation. A
preliminary account of this research has been presented (18).

MATERIALS AND METHODS

Chemicals. BCNU was obtained from Bristol Laboratories (Syracuse,
NY). 3'-CTNU was synthesized by the method of Lin et al. (19), and

AdThd was synthesized by the method of Lin and Prusoff (20). [Ade-
nine-2,8-'H]NAD+ (29 Ci/mmol) was purchased from 1CN Radiochem-
icals (Irvine, CA). Nonradiolabeled NAD+, 3-AB. and dThd were prod

ucts of Sigma Chemical Co. (St. Louis, MO). All other chemicals were
of reagent grade unless otherwise specified.

Cells. Murine leukemia LI210 cells were grown as previously de
scribed (16). Asynchronous exponentially growing cells were used in
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Fig. 1. Activation of .-\DPRP by BCM'. LI2IO cells were incubated in the

presence (â€¢)or absence (O) of 50 /JMBCNU. and ADPRP activity was determined
at the indicated time points as described in "Materials and Methods." The activity
is expressed as pmol |'H]ADP-ribose incorporated/10' cells. Point, mean (bar. Â±

SD) of at least 6 determinations.
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Fig. 2. Concentration dependence of the activation of ADPRP by BCNU.
LI 210 cells were incubated with the indicated concentration of BCNU alone (â€¢)
or in combination with 2 mM dThd (O) for 4 h. and the ADPRP activity was
determined as described in "Materials and Methods." Point, mean (bar. Â±SD)of

at least 6 determinations.

all experiments, with a doubling time of approximately 12 h. Cell
counts were made with a model ZB1 Coulter Counter/model 256
Channelyzer (Coulter Electronics, Hiaieah, FL).

Drug Incubations and Pcrmeabilization of Cells. Stock solutions of
BCNU and .V-CTNU were prepared in absolute ethanol (at concentra
tions such that the final ethanol content when combined with cells did
not exceed 0.5':r) and used immediately. dThd and AdThd solutions
were prepared in phosphate-buffered saline. LI 210 cells (3 x IO5cells/

ml) in growth media were incubated with the appropriate nitrosourea
compound Â±dThd or AdThd at 37Â°Cfor the times indicated. The cells

were washed once in ice cold phosphate-buffered saline to remove the
drug and resuspended at 2 x IO6cells/ml in a hypotonie permeabiliza-
tion buffer containing 10 mM Tris-HCl pH 7.8, 1 m.M EDTA. 4 mM
MgCli, 30 mM fi mercaptoethanol (P-buffer, Ref. 13), plus the

concentration of dThd or AdThd used in the drug treatment step. The
cells were rendered permeable to exogenous nucleotides by a cold shock
(incubation in an ice-water bath for 15 min) in P-buffer. Permeabiliza-
tion by this treatment was verified by trypan blue inclusion. The cells
were then collected by centrifugation (1000 x g, 12 min) and resus
pended in P-buffer at 2 x IO7cells/ml for assay.

Assay of ADPRP Activity. ADPRP activity was assayed in permea-
bilized L1210 cells by the method of Berger et al. (13). The permeabi-
lized cell suspension (1 x 10hcells; 50 ^1) was incubated at 30Â°Cfor 30

min with 25 n\ of an assay mix containing (final concentrations) 33
mM Tris-HCl, pH 7.8,-42.5 mM MgCl2-20 mM /J-mercaptoethanol-0.66
mM EDTA-0.33 mM ['HJNAD* and the indicated inhibitors (dThd.
AdThd, 3-AB). The assays were terminated by the addition of 1 ml ice
cold 20^c trichloroacetic ac\a-2ci Na4PiO7. Assays were filtered onto
Whatman GF/C discs, washed 5 times with ice cold I0ci trichloroacetic
acid-2^c NajP;O- and twice with ice cold 95cc ethanol. and the radio
activity on the dried filters was determined in 5 ml Optifluor-O (Packard
Instrument Co.. Downers Grove. IL) by liquid scintillation
spectroscopy.

RESULTS

BCNU Activation of ADPRP. Fig. 1 shows a time course of
the activity of ADPRP in LI 210 cells exposed to 50 MMBCNU
during an 8-h period. From 1 to 3 h of incubation the activity
of ADPRP increases from 10 to approximately 90 pmol ADP-
ribose incorporated/IO5 cells. In contrast, the non-drug-treated
control cells consistently incorporated 10 pmol ADP-ribose/
IO5cells during the 8-h time course. From this experiment, a
4-h incubation of cells with drug was chosen to result in

maximal stimulation of activity in subsequent experiments.
To establish a dose-response relationship, LI210 cells were

exposed to various concentrations of BCNU (0-100 MM)for 4
h, and the activity of ADPRP was determined. As shown Fig.
2, activation of ADPRP is proportional to the concentration of
BCNU up to a maximal activity of 105 pmol ADP-ribose
incorporated/IO5 cells at 50 MMBCNU. No further activation

of ADPRP was observed at higher concentrations of BCNU in
this system. The concentration of BCNU giving half-maximal
activation of ADPRP was 30 MM.

Effect of dThd on ADPRP Activity. Fig. 2 also shows the
effect of 2 mM dThd on the activation of ADPRP elicited by
BCNU. dThd suppressed control (no BCNU) levels of ADPRP
activity by about 50% and abolished the activation of ADPRP
by even high concentrations of BCNU. Similar results were
obtained by exposing LI210 cells to various concentrations of
BCNU in the presence of 0.2 mM 3-AB (data not shown).

A more detailed examination of the effect of dThd on
ADPRP activity is shown in Fig. 3. LI210 cells were exposed
to either 30 MM(Fig. 3/1) or 75 MMBCNU (Fig. 3Ã„)for 4 h in

>
â€”
W
<

0.1 -

2.0

log [dThd]

Fig. 3. Effect of dThd on BCNU-stimulated ADPRP activity. L12IO cells were
incubated with either (A ) 30 or (B) 75 MMBCNU plus the indicated concentration
of dThd for 4 h. and the ADPRP activity was determined as described in
"Materials and Methods." Activity is expressed relative to that in the absence of

dThd. Point, mean (bar. Â±SD)of at least 6 determinations.
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Fig. 4. Effect of .V-CTNU on ADPRP activity. L1210 cells were incubated
with the indicated concentration of .V-CTNU for 4 (A) or 24 h (A), and ADPRP
activity was determined as described in "Materials and Methods." For purposes

of comparison the BCNU curve from Fig. 2 is reproduced here (â€¢).Point, mean
(bar. Â±SD)of at least 6 determinations.

the presence of various concentrations of dThd, and the polym-

erase activity was determined. These data are expressed as
ADPRP activity relative to that observed with 30 or 75 MM
BCNU alone. The concentration of dThd resulting in an
ADPRP IC50was 38 and 135 MMfor the enzyme activity elicited
by 30 and 75 MMBCNU, respectively. Thus, there is a direct
relationship between BCNU concentration, resulting in activa
tion of ADPRP, and the concentration of dThd required to
inhibit that activity.

Effect of 3'-CTNU on ADPRP Activity. The next experiments

concerned the response of ADPRP in LI 210 cells treated with
3'-CTNU. This dThd-nitrosourea compound, a potent inhibitor

of L1210 replication (IC50 1.5 versus 4.0 MMfor BCNU), has
been shown to cause DNA damage characteristic of the chlo-
roethylnitrosoureas: single-strand breaks and DNA-protein
cross-links (21). LI210 cells were exposed to varying concen
trations of 3'-CTNU (0-1 HIM)for 4 or 24 h and the ADPRP

activity was determined as above (Fig. 4). No stimulation of
ADPRP activity by 3'-CTNU treatment was noted, even at or

above concentrations of the compound previously shown to
cause DNA strand breaks (750 MM;Ref. 21).

In aqueous solution, 3'-CTNU undergoes hydrolysis to a

chloroethyl carbonium ion (the active alkylating species) and a
thymidine moiety bearing an isocyanate at the 3' position (21).
This active carbamoylating species may then react with nucleo-
philes such as proteins or undergo further hydrolysis to yield
AdThd. Thus, we determined whether AdThd, like dThd, was
an inhibitor of ADPRP. In an experiment similar to that shown
in Fig. 3, the effect of various concentrations of AdThd on the
ADPRP activity elicited by 30 and 75 MMBCNU treatment was
determined. As shown in Fig. 5, AdThd inhibits the BCNU-
stimulated ADPRP activity with a potency comparable to that
of dThd (IC5048 and 126 MMAdThd for 30 and 75 MMBCNU,
respectively).

To further explore the lack of activation of ADPRP by 3'-

CTNU and the possible role of AdThd, we performed the
experiment described in Table 1. L1210 cells were incubated
with 75 MM BCNU for 4 h, at which time the culture was
brought to 100 MM3'-CTNU or AdThd and incubation contin

ued for another hour. The level of ADPRP activity in these
cells was then determined. Whereas BCNU treatment stimu-

i.o 2.O 3.O

log [AdThd] (HM>

Fig. 5. Effect of AdThd on BCNU-stimulated ADPRP activity. L1210 cells
were incubated with (A) 30 or (B) 75 MMBCNU plus the indicated concentration
of AdThd for 4 h, and the ADPRP activity was determined as described in
"Methods and Methods." Point, mean (bar, Â±SD)of at least 6 determinations.

lated ADPRP activity (as shown also in Figs. 2 and 3), the
addition of 100 MM3'-CTNU or AdThd resulted in approxi

mately equal inhibition of this activity.

DISCUSSION

Inhibitors of the enzyme poly(ADP-ribose) polymerase have
been shown to synergistically enhance the antitumor activity of
various DNA-damaging agents (10-13). This enhancement has
been attributed to decreased DNA repair activity (10), and
indeed various workers have shown a persistence of DNA
damage in the presence of inhibitors of ADPRP. Thymidine
has been shown to be a potent inhibitor of ADPRP (11). Lin et
al. (14) demonstrated an augmentation of antitumor activity in
mice when dThd was coadministered with 3'-CTNU, a chlo-

roethylnitrosourea analogue of dThd. Subsequently, Lin and
Prusoff (15) showed that the coadministration of dThd with
BCNU to mice bearing the L1210 or B16/F10 neoplasm also
markedly increased the anticancer activity of BCNU. Thus, we
became interested in whether dThd-mediated inhibition of
ADPRP is a possible mechanism for the enhancement of BCNU
and 3'-CTNU antitumor activity.

Treatment of L1210 cells with BCNU resulted in a time- and
a dose-dependent increase in the activity of ADPRP, which
reached a maximum at 3-4 h of incubation and 50 MMBCNU,
respectively (Figs. 1 and 2). Erickson et al. (22) previously
showed a progressive accumulation of DNA single-strand
breaks upon exposure of LI210 cells to BCNU, and our data
are compatible with a relationship between the extent of DNA
damage by BCNU and activation of ADPRP.

As shown in Figs. 2 and 3, dThd is a potent inhibitor of the
BCNU-mediated activation of ADPRP. Similar inhibition was

Table 1 Effect of sequential BCNU Â±i'-CTNU or AdThd on ADPRP activity
LI210 cells were exposed to 75 MMBCNU for 4 h as described in "Materials

and Methods," at 4 h 3'-CTNU or AdThd were added to a final concentration of

100 MM.and incubation was continued for an additional hour. The cells were then
harvested, washed, and assayed for ADPRP activity as described in "Materials
and Methods."

Treatment control

BCNU
BCNU + 3'-CTNU

BCNU + AdThd

100
47.7 Â±6.3Â°

47.2 Â±4.9
' Mean Â±SD of 3 determinations.
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seen with 3-AB (data not shown), a selective inhibitor of
ADPRP (10). Thus, dThd-mediated inhibition of ADPRP fol
lowing DNA damage by BCNU is consistent with the potentia-
tion of antitumor activity previously reported (15), presumably
by interfering with DNA repair. Although we have previously
shown that dThd does not influence the rate or extent of
dealkylative repair following BCNU exposure (16), these ex
periments did not address the physical state of DNA (i.e.,
persistent strand breaks, cross-links, etc.). Such studies are
currently in progress.

Unlike BCNU, however, we found no activation of ADPRP
in response to 3'-CTNU exposure (Fig. 4), even at or above

concentrations previously shown to cause DNA strand breaks
and cross-links (21). This suggests that either 3'-CTNU causes

an insufficient amount of DNA damage to result in activation
of the enzyme or activation does occur but is inhibited, the net
result being the production of control levels of en/.yme activity.
In aqueous solution, 3'-CTNU breaks down to yield a chloroe-

thyl carbonium ion, which is responsible for DNA alkylation,
plus thymidine-isocyanate which may react with protein or
undergo further hydrolysis to yield AdThd (21). Although 3'-

CTNU reacts with DNA to yield qualitatively the same spec
trum of alkyl lesions as BCNU,4 we have previously shown that
3'-CTNU is approximately 3-fold less potent an alkylator of

DNA in LI 210 cells when compared to an equimolar amount
of BCNU (16). The differences in the ability of BCNU and 3'-

CTNU to induce DNA strand breaks is currently under
investigation.

The data presented here clearly show that AdThd, a hydro-
lytic product of 3'-CTNU, is a potent inhibitor of ADPRP
(Fig. 5). Thus, 3'-CTNU may activate ADPRP through DNA

damage but prevent the expression of its activity by one or more
of the following mechanisms: (a) 3'-CTNU per se may be

responsible for the inhibition of ADPRP, or (/>)the thymidine-
isocyanate formed by hydrolysis of 3'-CTNU may covalently

inactivate ADPRP by carbamoylation, or (c) AdThd. generated
from thymidine-isocyanate, may be the inhibitory species. Pre
liminary data showed no evidence for irreversible inhibition of
purified ADPRP from L1210 cells upon incubation of the
enzyme with 100 MM3'-CTNU for 3 h5; hence, covalent inac-

tivation does not appear to be involved.
Brubaker and Prusoff (23) reported a value of 3.76 x 10~5/s

for the pseudo-first order rate constant for the breakdown of
3'-CTNU and that the disappearance of 3'-CTNU is paralleled
by the appearance of AdThd (23). If one assumes that 3'-CTNU

breaks down to yield only AdThd (a simplification, since the
breakdown has not been characterized in serum-containing
media or in cells), then 100 MM3'-CTNU after l h would yield
87.4 MM 3'-CTNU and 12.6 pM AdThd. If it were the sole

inhibitory species present, this concentration of AdThd would
result in only about 15% inhibition of the ADPRP activity
elicited by 75 MMBCNU (Fig. 5). However, Table 1 shows that
3'-CTNU as well as AdThd produced equivalent inhibition
under these conditions. This suggests that intact 3'-CTNU is

itself an inhibitor of ADPRP, with a potency similar to AdThd,
and that it is the total concentration of thymidine analogue
present which determines the degree of inhibition. This sugges
tion is further supported by preliminary evidence with purified
ADPRP which shows both compounds to be inhibitory with
similar A'Â¡values.5 Thus, it seems likely that, while 3'-CTNU

could cause activation of ADPRP through DNA damage, such

' E. M. August, unpublished observations.
*T. G. Wood, unpublished observations.

activation is not experimentally evident due to concurrent in
hibition of ADPRP by the various thymidine species present.

The importance of inhibition of poly-ADP-ribosylation to
DNA repair and the enhancement of antitumor activity of
DNA-damaging agents is, as yet, unclear. As previously dis
cussed, there are numerous reports of decreased DNA repair
activity, persistent DNA damage, and enhanced cytotoxicity
associated with the use of ADPRP inhibitors. However, Cleaver
et al. (24) have shown that 3-AB, at high concentrations,
appears to increase strand break frequencies in cells damaged
by methyl methanesulfonate. Cooper et al. (25) showed that
dThd does not result in an increase in the cytotoxicity of BCNU
toward L1210 cells in culture. Ibric et al. (26) speculated that
such discrepancies may be attributed to differences in cell type
and methods of analysis or may reflect pleiotropic effects pro
duced by higher concentrations of DNA-damaging agents and
ADPRP inhibitors. Thymidine, although a potent inhibitor of
ADPRP, is not a selective one, having predominant effects on
cellular nucleoside metabolism. The possible relationship be
tween inhibition of poly-ADP-ribosylation by dThd and DNA
repair in the LI210 system is currently under study.
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