


The details of this assay are described in ‘‘Materials and
Methods” and in the legend to Chart 4. The in vitro system
required (not shown) the presence of the 4 deoxynucleoside
5'-triphosphate substrates of DNA polymerase in order to
demonstrate a size distribution change toward the heavy
region of the gradient in ['*C]JTdR-labeled, MNU-treated
nuclei.

Possible Involvement of Poly(ADP-Ribose) in Eukaryotic
DNA Repair. The data in Chart 4 (B and C) demonstrate that
poly(ADP) ribosylation of nuclear histones significantly en-
hances the in vitro repair of SSB in DNA induced in intact
cells by MNU. Compared to control DNA, an approximate 2-
fold increase (shaded areas) in the average size distribution
of DNA in NAD-treated nuclei was noted. In contrast, nuclei
incubated in the absence of NAD (Chart 4C) but with the
substrates for DNA polymerase and polynucleotide ligase
(ATP) showed little or no change in sedimentation toward
the heavy end of the gradient. It should be noted that we
could detect no sizable repair of DNA due to ADP ribosyla-
tion in non-MNU-treated nuclei, so that it is possible that
considerable damage to DNA is a prerequisite for demon-
stration of this effect of NAD in HeLa nuclei. Alternatively,
alkylated sites themselves may be required for involvement
of poly(ADP-ribose) polymerase in repair.

It was important to demonstrate that the apparent en-
hanced repair of MNU damage to DNA shown above was not
merely a result of NAD per se, but rather to the formation of
poly(ADP-ribose) on nuclear proteins. Accordingly, nicotin-
amide, a potent inhibitor of poly(ADP-ribose) polymerase
(10, 15), was incubated in vitro with NAD- and MNU-treated
nuclei (Chart 4A). Contrary to expectations, the inhibition of
poly(ADP-ribose) polymerase by nicotinamide did not
merely suppress the enhancement of repair, but stimulated
further extensive degradation of nuclear DNA in the nuclei
(Chart 4A), as evidenced by an 80% loss of acid-insoluble
counts recovered on the gradient. One interpretation of
these data is that poly(ADP-ribose) polymerase is a neces-
sary prerequisite for certain repair mechanisms in eukar-
yotic cells and that inhibition of the system leads to exten-
sive exonucleolytic degradation of DNA, especially where
extensive SSB or other changes in DNA due to MNU already
exist. These observations with nicotinamide directly stimu-
lated the studies described below with animals bearing
L1210 tumor cells in an attempt to show potentiation of
MNU anticancer activity with inhibitors of poly(ADP-ribose)
polymerase.

Potentiation of Antitumor Activity in the Intact Animal by
Inhibition of Poly(ADP-Ribose) Polymerase. One potential
application of the studies described above would be the
selective inhibition of ADP ribosylation of histones to en-
hance the antitumor activity of MNU. This would be accom-
plished by virtue of lowering the capacity of the tumor cell
to repair SSB in DNA induced by the drug. Accordingly, we
have tested this hypothesis directly, by performing in vivo
antitumor studies in C57BL x DBA/2 F, mice bearing i.p.-
injected L1210 leukemia cells (10°%) 2 days before treatment.
The tumor-bearing animals were subjected to a regimen of
either a single dose of MNU (35 to 75 mg/kg, i.p.) or the
same dose schedule combined with 2 injections of nicotina-
mide (500 mg/kg), an inhibitor of poly(ADP-ribose) polymer-
ase, at 12-hr intervals. The data (Table 3) show that the
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Table 3

In vivo effects of poly(ADP-ribose) polymerase inhibitor on
antitumor activity of MNU

Compounds tested?
MNU Nicotinamide Mean survival time

(mg/kg) (500 mg/kg) (days)
- 8.8

+ 8.0

35 - 114
35 + 12.8
50 - 12.9
50 + 131
75 - 13.5
75 + 15.1

2 Groups of 8 C57BL x DBA/2 F, mice were given i.p. injections
of various compounds 2 days after L1210 tumor injection.

mean survival time of untreated animals (8.8 days) was
extended by treatment with MNU and that for each dose of
MNU there was an enhancement of survival time when
treatment was combined with nicotinamide. No significance
is attached to small differences in these data; however, the
general trend of the results is totally consistent with a simi-
lar type of experiment (13) performed under somewhat simi-
lar conditions. These observations suggest that the in vivo
inhibition of ADP ribosylation of nuclear proteins may have
resulted in the enhanced toxicity of MNU for the leukemia
cells.

DISCUSSION

Taken as a whole, the data presented above are highly
suggestive of a pivotal role for NAD in the modification of
nuclear proteins concerned with the maintenance of a bal-
ance between damage to DNA as occasioned by certain
antitumor agents and the normal repair of such damage in
vivo. The question arises, of course, as to why the genera-
tion of SSB in DNA or, alternatively, alkylated sites should
act as a signal for increased levels of poly(ADP-ribose)
polymerase activity as suggested by the above experiments
and also those utilizing DNase | by Miller (3). It seems
reasonable to assume, in the 1st place, that such insults to
DNA as would be expected to result from the action of
alkylating agents such as MNU would, in fact, trigger the
mobilization and coordinate activity of a variety of enzymes
concerned with the repair of such damage, and it is also not
unreasonable to expect that poly(ADP-ribose) polymerase
might be 1 of these enzymes. We have recently found,* for
example, that in solution, ADP-ribosylated histones have a
lesser affinity for DNA than unmodified histones. Accord-
ingly, increased levels of histone ADP ribosylation in chro-
matin in response to (and presumably in the vicinity of) SSB
might be expected to result in localized regions of relaxa-
tion of the chromatin architecture, thus facilitating the ac-
tion of the repair enzymes themselves. Evidence that NAD
may play a crucial role in the repair of MNU damage to DNA
has been presented above (Chart 4).

We have also demonstrated above that the inhibition of
the action of poly(ADP-ribose) polymerase after, or con-
comitant with, treatment with MNU results in: (@) in vitro, an
increased degradation of the DNA isolated from the treated
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nuclei (Chart 4A), and (b) an increase in the survival time of
animals bearing tumors. Because certain stages in the HeLa
cell cycle have previously been shown to be especially
sensitive to ADP ribosylation (16), these stages might, in the
future, be exploited during nitrosourea chemotherapy in
vivo.

Our past work has also shown that NAD concentrations
are reduced in L1210 leukemia cells after exposure to MNU
or streptozotocin and that nicotinamide, a potent inhibitor
of poly(ADP-ribose) polymerase, does not decrease the an-
titumor activity of these agents, despite the fact that it does
tend to restore normal intracellular levels of NAD. Previous
studies with L1210 cells have, as well, demonstrated an
increase in the survival time of host animals treated with
both MNU and nicotinamide (13).

It should be mentioned that the mechanism of streptozo-
tocin-induced islet cell toxicity (12) is mediated through a
mechanism different from that of L1210 cell toxicity, and
nicotinamide does not potentiate the action of this agent on
pancreatic tumors. Instead, nicotinamide leads to the pres-
ervation of the biochemical stability and morphological in-
tegrity of the islet cell, presumably by maintaining pyridine
nucleotide cofactors at optimum levels during the adminis-
tration of the drug. Combined treatment with streptozotocin
and nicotinamide results, in this case, in the formation of
insulin-dependent islet tumors (6).

By demonstrating a potentially important involvement of
NAD in the repair of methylation damage to DNA, it is hoped
that the present studies also serve to further elucidate the
many complexities of tumor biogenesis.
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