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ABSTRACT

3-Aminobenzamide (3AB) has been used widely to inhibit the nuclear
enzyme poly(ADP-ribose) polymerase (EC 2.4.2.30) and study the in
volvement of poly(ADP-ribose) synthesis in DNA repair and other cel
lular functions. 3AB (3 HIM)potentiates the Cytotoxicity of 6-mercapto-
purine (IMP) and azathioprine in CHO-K1 cells with dose enhancement
factors at 10% survival of 30-fold. In synchronized cells, 3AB is required
during (., and early S phase to obtain potentiation of MP Cytotoxicity.
There is a small but significant depletion of cellular NAD in MP-treated
cells. As demonstrated by flow cytometric analysis, 20-40 MMIMPcauses
an accumulation of cells in early S phase of the cell cycle. 3AB (3 HIMi
has no effect on cell cycle distribution; however, in the presence of MP,
a similar accumulation is seen by 2-5 MMMP. 3AB and MPperse have
no effect on phosphoribosylpyrophosphate levels, but coincubation causes
a 30-fold increase in phosphoribosylpyrophosphate levels, reaching a
maximum by 1.5 UM MP and declining to basal levels by 10 MMMP.
There was a good correlation between the 3AB dose-dependent increase
in cell killing and rise in phosphoribosylpyrophosphate levels.

INTRODUCTION

As inhibitors of PADPRP,' the position 3-substituted ben-

zamides (1) have been used extensively to probe for cellular
functions which are regulated by poly(ADP-ribose) modifica
tion of chromatin proteins. In common with many other drugs,
which are analogues of cellular metabolites, it is possible that
these nicotinamide analogues have pleiotropic metabolic ef
fects, particularly since NAD is an essential cofactor in inter
mediary metabolism. In view of the large number of cellular
processes [e.g., DNA repair (2, 3), cellular differentiation (4,
5), gene expression (6, 7)] which are hypothesized to be modu
lated by poly(ADP-ribose) synthesis, based on the observed
effects of the so-called specific PADPRP inhibitors, surpris
ingly little research has been accorded to their specificity of
action.

Cleaver et al. (8), Milani and Cleaver (9), and Hunting et al.
(10) have shown that the most commonly used PADPRP inhib
itor, 3AB, inhibits incorporation of radiolabel from glycine,
formate, glucose, and methionine into DNA and purine nucleo-
tides. They therefore speculated that 3AB may affect de novo
purine biosynthesis, but because of the large number of steps
involved in the uptake and conversion of these precursors, the
actual metabolic target(s) affected by 3AB is impossible to
identify. Furthermore, in the cell lines tested, nucleotide tri-
phosphate pool sizes were unaffected (10, 11); therefore 3AB
is not altering rate-determining steps.

The best documented role for poly(ADP-ribose) synthesis
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and the effect of its inhibition by 3AB is in DNA repair. In
general, 3AB enhances the Cytotoxicity of a variety of DNA-
damaging agents, increases the number of DNA strand breaks
observed, and increases DNA repair synthesis (e.g., Refs. 2 and
3). However, the mechanism of 3AB action remains a conten
tious issue. 3AB inhibition of poly(ADP-ribose) synthesis could
result in a modulation of the activity of enzymes involved in
DNA repair, alteration of chromatin structure or increase the
number of incision events occurring. It is also possible that the
prevention of NAD depletion and the resultant conservation of
nucleotide pools by 3AB following DNA damage may modulate
the repair and survival response (12). Furthermore, the possi
bility that other, as yet unidentified, metabolic effects of 3AB
may be involved has not been considered.

Using 3AB in its presumptive role of inhibitor of DNA repair,
we have investigated its effect on the Cytotoxicity of a range of
antimetabolites which affect DNA synthesis and cause DNA
damage by perturbing precursor pools for DNA synthesis and/
or by incorporation into DNA (13, 14). Of the antimetabolites
tested, only TG Cytotoxicity was enhanced 2-fold by 3AB.
However, the data led us to postulate that this effect may be
independent of an inhibition of both DNA repair and PADPRP
activity (13). Two models were proposed for the synergistic
effect of 3AB on TG Cytotoxicity: (a) 3AB inhibits nucleoside
transport, increasing levels of TG metabolites by preventing
efflux of 6-mercaptoguanosine; or (b) 3AB augments TG uptake
by increasing levels of PRPP, which is rate-limiting for hypo-
xanthine-guanine phosphoribosyltransferase, the enzyme which
converts TG to 6-thio-GMP.

The purine analogues, TG, MP, and its imidazole derivative
AZ are prodrugs the cytotoxic actions of which depend on their
metabolic conversion to purine nucleotide analogues. These
fraudulent nucleotides have two general mechanisms which can
account for their cytotoxic effects: (a) inhibition of de novo
purine biosynthesis, and (b) incorporation into nucleic acids
(for an overview, see Ref. 15). The relative contribution of these
effects varies in different cell lines. In CHO-K1 cells, the
cytotoxic mode of action of TG and MP differs; TG Cytotoxicity
is ascribed to its incorporation into DNA, whereas M P cyto-
toxicity correlates more closely with an inhibition of de novo
purine biosynthesis (16).

In this study, we found that 3AB also potentiates the cyto-
toxicity of MP and AZ, and we demonstrate that the mechanism
involves a synergistic increase in PRPP levels by 3AB in MP-
treated cells, thus supporting our original hypothesis (13). An
analysis of the possible interactive effects of 3AB and MP
metabolites on the regulation of purine de novo and salvage
pathways is presented in the discussion.

MATERIALS AND METHODS

Cell Culture. CHO-KI cells were maintained as monolayer cultures
as described previously (13).

Drugs. 3AB. MP. AZ, and PRPP and all specialized reagents for
NAD and PRPP assays and fluorescence-activated cell sorter analysis
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were obtained from Sigma Chemical Co., St. Louis, MO. [carboxyl-
'4C]Orotic acid (52 mCi/mmol) was obtained from New England Nu

clear, Boston, MA. Stock solutions of 3AB (30 mM) were dissolved in
medium without serum, filtered, and stored at 4Â°Cfor up to 2 weeks.

MP and AZ were dissolved in 0.01 N KOH. filtered, and stored as
aliquots at -20"C. Stock solutions of PRPP for standard assays were
dissolved in H2O and aliquots stored at -70Â°C. Each aliquot was used

only once. Under these conditions, PRPP remained stable for up to 2
months.

Drug Treatment and Survival Curves. These were carried out as
described previously (13). Drugs were administered to the cells at the
concentrations and time intervals specified in the figure legends. CHO-
Kl cell synchronization by serum starvation was performed as described
previously (1).

Flow Cytometric Analysis. Following drug treatment, monolayers
were washed with Hanks' balanced salt solution, trypsinized. and re-
suspended at IO6 cells/ml in a solution containing 10 mM Tris-HCI
(pH 8.0), 10 mM NaCl, 0.1% Nonidet P-40, 0.7 Mg/ml RNase A, and
50 jig/ml propidium iodide. Analysis was performed using a FACS 420
(Becton-Dickinson).

NAD Assays. These assays were performed as described previously
(17). The data shown are averaged from at least 3 independent experi
ments and standard errors were <Â±5%.

PRPP Assays. These were performed according to the method of
Ghitis and Waxman (18), using 2 x IO6cells/sample, except that cells
were scraped into 1 ml 10 mM Tris-HCI-1 mM EDTA (pH 7.4) and
lysed by sonication for 20 s (medium power, amplitude 1, Measuring
and Scientific Equipment sonicator). All experimental points were
performed in triplicate, and the results presented are averaged from 3
independent experiments. PRPP levels were expressed as pmol/106

cells by reference to a standard assay performed in parallel with each
experiment. Cell number was estimated by Coulter counter.
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RESULTS

3AB Potentiates MP and AZ Cytotoxicity. Fig. 1 shows the
clonogenic survival of CHO-K1 cells following a 16-h treatment
with increasing concentrations of MP and AZ. Coadministra-
tion of nontoxic concentrations of 3AB (3 mM) potentiated the
cytotoxicity of M P and AZ with dose enhancement factors at
10% survival of 30-fold. In the presence of 3AB, survival
reached a minimum of 1% at 1.5 ^M MP; thereafter, survival
increased to about 6% by 60 MM MP. In contrast, survival
decreased slowly in the presence of M P alone, plateauing at 6%
survival between 50 and 60 ^M MP. Similar results were ob
tained with azathioprine. The observation of increasing survival
at higher MP + 3AB doses is analogous to that of Matsumura
et al. (19) of M P alone and has been attributed to a cell cycle-
blocking effect at higher doses protecting against S-phase-
specific cytotoxicity.

Using synchronized cells, we investigated the timing of ex
posure to 3AB required to potentiate the cytotoxicity of contin
uous exposure to 25 //M MP through one cell cycle (Fig. 2). If
3AB is added later than the second half of d or removed before
the latter half of S phase, potentiation of cytotoxicity is rapidly
lost. We also observed that preincubation of cells with 3AB
prior to the administration of MP had no effect on MP cyto
toxicity.4

NAD Catabolism Is Not Part of the Cytotoxic Mechanism of
MP and AZ. PADPRP activation by DNA damage results in a
rapid depletion of cellular NAD (e.g., Ref. 2). To assess whether
the metabolic effects of MP included an activation of PADPRP
and consequent catabolism of NAD, the effect of MP on NAD
levels was assayed (Fig. 3). Over a 24-h exposure to MP, the
rise in NAD levels is significantly lower than in control (un-
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Fig. I. Survival of CHO-K1 cells following a 16-h exposure lo MP (top) or

AZ (bottom] in the absence (â€¢)or presence (O) of 3 m\i MB.

4 Unpublished results.
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Time of addition or removal of 3AB (h)

Fig. 2. Timing of enhancement of MP cytotoxicity by 3AB. Cells were syn
chronized in G, by serum starvation. Following serum readdition to initiate
synchronous growth, cells were treated with 25 MMMP for 26 h. 3AB (3 m\t)
was added at the same time as MP and removed at intervals thereafter (replacing
with medium containing 25 MMMP). Cells were then plated for survivors in the
absence of either drug (O). In the obverse experiment. 3AB was added at sequen
tially later times. In this case, cells were plated for survivors in the presence of
3AB (â€¢).

treated) cells. For example, following 24 h growth in the pres
ence of 50 UMMP (which reduces survival to about 7%), NAD
levels had increased to about 230% of starting levels, compared
to untreated cells, where NAD levels have increased to 265%.
However, it is probable that this small effect is attributable to
an inhibitory effect by MP on cell growth (see Fig. 4), rather
than an activation of PADPRP. Similar results were obtained
for AZ.4

Flow Cytometric Analysis of Cell Cycle Distribution. Fig. 4
shows the effect of a 16-h treatment with MP in the presence
and absence of 3AB on the cell cycle distribution of CHO-K1
cells. It can be seen that increasing doses of MP result in an
accumulation of cells in the early part of S phase. 3AB (3 ITIM)
alone had little or no effect on the cell cycle distribution; in
conjunction with MP, it caused a similar cell cycle blockade in
early S phase. However, this could be observed in the 2-10 MM
MP dose range, compared to 20-100 /IM for MP alone. These
data show a correlation between the enhanced cytotoxicity and
the production of a cell cycle blockade at lower M P doses in
the presence of 3AB. These observations on cell cycle distribu
tion are consistent with those of Maybaum et al. (16), who
showed that whereas CHO cells treated with TG caused cells
to block in G2, MP-treated cells accumulated in Gi-S.

Synergistic Effect of MP and 3AB on PRPP Levels. The
conversion of PRPP to phosphoribosylamine by amidophos-
phoribosyltransferase is the first step in de novo purine biosyn
thesis (20). Therefore, alterations in the flux of the de novo
pathway may be reflected by changes in PRPP levels. We
reasoned that 3AB may enhance MP cytotoxicity by a synergis-
tic inhibitory effect on the rates of de novo purine biosynthesis.
Therefore we examined the effects of 3AB and MP treatment

on PRPP levels. Fig. 5 shows the effect of increasing doses of
MP for 16 h on PRPP levels. MP alone (up to 50 /ÃM)3had no
effect on PRPP levels; neither did 3 ITIM3AB. However, coin-
cubation of 3 ITIM3AB with increasing doses of MP resulted in
a 30-fold increase in PRPP levels, reaching a maximum by 1.5

MMMP and declining to basal levels by 10 /Â¿MMP. There was
a close correlation between the dose of M P which produced the
greatest enhancement of cytotoxicity in the presence of 3AB
and that which produced a maximal increase in PRPP levels
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Fig. 3. Effect of MP on cellular NAD levels. MP was added at 0 h. and cells
were harvested at intervals thereafter for NAD assays. O, control (untreated); â€¢¿�,
5 MM;A, 10 MM;A, 20 ;IM; â€¢¿�30 MM;D, 50 MM.NAD levels are expressed as a %
of starting levels (0 h).
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Fig. 4. Flow cytometric analysis of cell cycle distribution. Exponentially
growing cells were treated with increasing doses of MP in the presence or absence
of 3AB (3 HIM)for 16 h. Cells were trypsinized, harvested, and subjected to flow
cytometric analysis of cell cycle distribution. Vertical lines, approximately the
position (from left to right) of G,-. S-. and Gi-M-phase cells, respectively.

1994

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/50/7/1992/2443254/cr0500071992.pdf by guest on 19 M

ay 2023



MP CYTOTOXICITV AND PRPP INCREASE IN 3AB-TREATED CHO CELLS

D
0.
cr
Q_
~0

E
o.

180 -i

160 -

140 -

120 -

80 -

40 -

20 -

8 10

6-MercaptopurÂ¡ne (uM)

Fig. 5. PRPP levels in drug-treated cells. Cells were treated with increasing
doses of MP in the absence (O) or presence (â€¢)of 3 IHM3AB for 16 h, harvested,
and assayed for PRPP levels.

(1.5 /UMMP; compare Figs. 1 and 5).
Similarly, using a fixed concentration of MP (1.5 ^M) and

altering the concentrations of 3AB, there was a very good
correlation between the dose-dependent increase in cell killing
and rise in PRPP levels (Fig. 6). For example, cell killing
increased to a maximum of about 98% by about 4 mivi3AB and
remained constant between 4 and 10 mivi 3AB. PRPP levels
peaked between 2 and 3 mivi 3AB and declined gradually
between 4 and 10 mivi 3AB.

DISCUSSION

From the present data, we can infer a mechanism for the
potentiation of M P cytotoxicity by 3AB that is independent of
an inhibition of both PADPRP activity and DNA repair. We
hypothesize that 3AB is inhibiting step(s) in de novo purine
synthesis. It has been shown that 3AB reduced formate incor
poration into purine nucleotides without reducing pool sizes
(10), indicating that the effect of 3AB is not rate limiting. The
MP metabolite, 6-thio-lMP, inhibits the first step of the de
novo pathway, the conversion of PRPP to phosphoribosy lamine
by amidophosphoribosyltransferase (21, 22). The interactive
effects of 3AB and MP could then result in sufficient depletion
of pathway intermediates such that overall rates of de novo
purine synthesis are reduced, leading to a synergistic increase
in PRPP levels. This rise in PRPP levels may also contribute
to the cytotoxic mechanism by augmenting MP salvage via
hypoxanthine-guanine phosphoribosyltransferase, for which
PRPP is a rate-limiting substrate. However, since high levels
of cytotoxicity are observed at both increased and basal levels
of PRPP, this effect does not suffice to explain the enhancement
of MP cytotoxicity by 3AB.

At present, we have no explanation for the observation that
PRPP levels increase at low concentrations of M P (0-1.5 /Â¿M)
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Fig. 6. 3AB dose response of PRPP levels and cytotoxicity in MP-treated
cells. Cells were treated with increasing doses of 3AB in the presence of 1.5 tÂ¿\\
MP for 16 h. harvested, and assayed for PRPP levels (â€¢)and increase in cell
killing by clonogcnic assay (â€¢).

in the presence of 3AB and decrease to basal levels at higher
concentrations (2-10 MM)of M P (see Fig. 5). However, endog
enous nucleotide pools and PRPP levels are highly regulated
(12, 20, 23). In addition, MP metabolites have pleiotropic
inhibitory effects on de novo purine synthesis (15, 24, 25).
Therefore, the precise mechanisms of 3AB and MP interaction
which lead to enhanced cytotoxicity and alterations in PRPP
levels cannot be inferred from present data.

We cannot formally exclude an inhibition of PADPRP or
DNA repair by 3AB in the cytotoxic mechanism described here.
However, the absence of a significant depletion in cellular NAD
levels in MP-treated cells compared to cells treated with equi-
toxic doses of monofunctional alkylating agents (e.g., Refs. 2
and 13) suggests there is very little DNA damage induced of
the type that activates PADPRP. Furthermore, the close cor
relation between changes in PRPP levels and the cytotoxic
response is consistent with the observation that 3AB mediates
its enhancement of MP cytotoxicity solely through its effect on
de novo purine synthesis.

Experiments are in progress to define precisely the metabolic
effect(s) of 3AB on de novo purine synthesis and to test whether
the marked enhancement of MP cytotoxicity in vitro results in
an improvement of the selectivity of this agent in vivo.
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