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ABSTRACT

3-Aminobenzamide, a specific inhibitor of poly(adenosine di-

phosphoribose) synthesis, has been shown to enhance the re
sponse of mammalian cells to ionizing radiation and alkylating
agents. Observations such as these usually have been taken to
be an indication of the involvement of poly(adenosine diphos-

phoribose) in the repair of DNA damage. It has been reported
that some inhibitors of adenosine diphosphoribosyl transferase
(ADPRT) affect cell viability, glucose metabolism, and DNA syn
thesis when present at low concentrations in the growth medium
for extended periods Â¡e.g.,lymphoid cells exposed to a few
millimolar for 24 h [Milam, K. M., and Cleaver, J. E. Science
(Wash. DC), 223: 589, 1984](. The latter report questioned
previous interpretations of radiation results based on the use of
ADPRT inhibitors which enhance cell killing.

We have studied the enhanced radiation lethality of Chinese
hamster cells using higher concentrations of these inhibitors, but
for shorter periods, in an effort to determine if metabolic pertur
bations are produced and if they are relatable to enhanced cell
killing. The compounds used were 2-aminobenzamide, 3-ami-
nobenzamide, 4-aminobenzamide, benzamide, and nicotinamide,

compounds which show a large variation in their potency as
inhibitors of ADPRT. It was found that none of the compounds
was toxic at the highest doses used (20 mw for 2 h) and that,
during a 2-h period, the potent inhibitor 3-aminobenzamide had

little or no effect on DNA synthesis. Two h is long enough to
yield a near-maximum radiosensitization with 3-aminobenza

mide. Although glucose metabolism was affected to varying
degrees (up to a 50% inhibition by 4-aminobenzamide in 2 h),

there was no correlation between effectiveness in inhibiting
ADPRT and effectiveness in inhibiting glucose metabolism. A
correlation was observed, however, between the inhibitory po
tential of ADPRT and the enhancement of radiation response.

When used for sufficiently short times, we conclude that the
effects at even high concentrations of a potent inhibitor of ADPRT
(e.g., 3-aminobenzamide) are consistent with an involvement of

poly(adenosine diphosphoribose) synthesis in the expression of
a radiation-induced end point like cell killing.

INTRODUCTION

Conversion of NAD+ to poly(ADP-ribose)4 by the chromatin-

bound enzyme ADPRT in higher eukaryotes is thought to be
involved in important cellular processes, e.g. differentiation (1)
and DNA repair (2). The exact role of poly(ADP-ribose) in repair

of DNA damage (primarily strand breaks) is not known. It appears
to cause conformational changes in chromatin (3), possibly to
make DNA more accessible to repair enzymes, and to increase
the activity of DNA ligase II (4, 5).

An important line of evidence connecting poly(ADP-ribose)

synthesis with DNA repair has come from studies in which
specific inhibitors of ADPRT (mainly 3-ABA) were shown to
enhance the cytotoxic effects of DNA-damaging agents, e.g.,

alkylating agents (6, 7) and ionizing radiation (8). However, this
connection was questioned in recent reports, in which ADPRT
inhibitors were shown also to affect other metabolic processes,
i.e., glucose metabolism and de novo DNA synthesis (9, 10). In
these latter studies, extended incubation times with the inhibitors
were used, particularly in the study by Milam and Cleaver (10),
in which lymphoid cells, cells which are quite sensitive to the
toxic effects of ADPRT inhibitors (e.g., see Refs. 11 and 12),
were treated for 24 h.

To demonstrate an enhanced radiation response, a 2-h period

of incubation with an inhibitor was found to be sufficient for a
near-maximal effect with Chinese hamster fibroblasta (8). In this

report, we inquire if metabolic perturbations accompany the
enhanced biological effects that are observed under conditions
of maximal radiosensitization. Our results show some relatively
small effects on the metabolism of glucose and on the synthesis
of DNA. However, our data also indicate that these perturbations
are not correlated with enhanced radiation responses, responses
which reflect potency in the inhibition of poly(ADP-ribose) syn

thesis.

MATERIALS AND METHODS

Cell Culture.The cellsthat were usedare a repair-competentlineof
Chinese hamster fibre-blasts,V79-B310H, and a radiation-sensitivere
pair-deficient line, V79-AL162/S-10 (13), hereafter designated S-10.
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Methods of cell culture and procedures used for measuring survival by
colony formation have been described {e.g., Ref. 14). For biochemical
assays, the cells were plated at 3 x Iff/BQ-mm Petri dish, and were
used the next day while they were in log-phase growth.

X- and UV Irradiation. A 50-kV X-ray machine was used at a dose

rate of 15 Gy/min and a beam current of 20 ma; beam filtration, 0.18
mm Al (half-value layer, 0.16 mm). Cells were exposed while attached in

plastic dishes with the overlying medium removed and, immediately after
exposure, growth medium was added back. Colonies were scored after
incubation for 8 to 10 days. For UV-C irradiation, cells were exposed

through a layer of PBS (14), with the dish covers removed. The UV
sources that were used are described elsewhere (15).

Chemicals. Inhibitors of ADPRT (Sigma Chemical Co., St. Louis, MO)
were dissolved in growth medium at the desired final concentration, and
were added to the plates either immediately after irradiation or as
specified. Two h later, the medium was removed, the cell monolayer was
rinsed with PBS, and fresh medium was added back for colony formation,
or the cells were used for various biochemical measurements. Radiola-
beled compounds o-[U-14C]glucose (250 mCi/mmol, [mef/7y/-3H]thymi-
dine (77 Ci/mmol), and [mefhy/-3H]methionine (87 Ci/mmol) were ob

tained from Amersham (Arlington Heights, IL).
DNA Synthesis. Incorporation of [3H]thymidine (3 //Ci/ml), [3H]methi-

onine (5 Â¿iCi/ml),or [14C]glucose (0.5 fiCi/ml) into DNA in the presence

or absence of ADPRT inhibitors was taken as a measure of DNA
synthesis. Incorporation of the label from the latter 2 molecules reflects
de novo pyrimidine and purine biosynthesis (9,10). Radioactive precur
sors were added into the growth medium of log-phase cultures containing
1 x 106 cells in 60-mm Petri dishes. Incorporation was terminated by

rinsing the cell monolayer 3 times with cold PBS, followed by the addition
of 3 ml of cold 5% PCA. After 30 min at -2 Â°C,the PCA was removed,

the plates were rinsed with cold ethanol, and 2 ml of 0.1 N NaOH were
added for 16 h at 37 Â°Cto hydrolyze RNA and to dissolve DNA and

proteins. The solution was then transferred to centrifuge tubes and 1 ml
of 17% PCA was added. After 30 min in ice, the tubes were spun at
5000 rpm for 10 min and the supernatant was carefully removed. The
pellet was rinsed once with 5% cold PCA, spun down again, the super
natant was removed, and the DNA was then solubilized by adding 0.5
ml 5% PCA and immersed in boiling water for 15 min. The resulting
solution was transferred to vials, leaving behind the protein pellet; 10 ml
of a water-miscible fluor was added, and the radioactivity was counted

in a liquid scintillation spectrometer. Recovery of DNA under these
conditions is 80 to 90%, that is, close to 10 /Â»g/sample.Since care was
taken to ensure that the cells were in log-phase growth during treatment,

it is likely that the percentage of cells replicating DNA (about 60 to 65%)
was constant.

Glucose Oxidation. Cells (5 x I05/ml) were suspended in growth

medium with various concentrations of ADPRT inhibitors and 0.5 /iCi
| '"C|glucose/ml. One ml of cell suspension was incubated in a test tube
by shaking in a water bath at 37 Â°C.The tubes were rubber stoppered
and the 14CO2released was trapped in a center well containing 0.2 ml

hydroxide of hyamine (Research Products International Corp., Mt. Pros
pect, IL), which was introduced by inserting a syringe needle through the
stopper. After a 2-h incubation, 0.4 ml of 17% PCA was injected into

each tube to stop the reaction and to measure the quantity of CO2
released. After an additional 15 min at 37 Â°Cto trap the CO2 in the

center well, the stoppers were removed, the outsides of the center wells
were wiped clean of moisture, and the wells were placed in counting
vials. The radioactivity was measured after adding 10 ml of a toluene-

based liquid scintillation fluor. All measurements were done in triplicate,
and experiments were usually repeated twice. Standard errors, which
did not exceed 10%, are generally omitted for clarity in the charts to
follow.

RESULTS

Cell Survival. To begin with, at 20 DIM for 2 h, none of the
inhibitors of ADPRT that were used had any toxic effect, as

measured by a decrease in colony formation. It took 8 h of
incubation for any toxicity to become apparent. Consistent with
the above, there was no release into the growth medium of the
cytoplasmic enzyme lactate dehydrogenase (data not shown).
Such release is often taken as an indication of severe membrane
damage and/or cell lysis.

Chart 1 shows the effect of several inhibitors on the response
to X-rays of repair-competent Chinese hamster cells. A potent
inhibitor, 3-ABA, enhanced radiation response in a concentration-
dependent manner when administered for 2 h after X-ray expo
sures. At 10 HIM, the magnitude of the effect was significantly
smaller than at 20 mu, but similar to the sensitizing effect of 20
mw NA. The latter compound is a weaker inhibitor of ADPRT
than is 3-ABA (16). (For the relative potency of the various
compounds used as ADPRT inhibitors see Refs. 16 and 17.) 2-
ABA and 4-ABA, analogues of 3-ABA that are very weak inhibi

tors, displayed little or no sensitizing effect.
Chart 2 shows the concentration dependence of the effect of

various inhibitors of ADPRT on the survival response of repair-
competent cells that were either exposed to X-rays, or exposed
to UV-B light following the uniform labeling of the cells with 5-
bromodeoxyuridine, or exposed to UV-C light. In each case, the

dose was adjusted to result in about the same level of survival
without the addition of an inhibitor. Cytotoxic treatments with X-
rays, or with 5-bromodeoxyuridine plus light, are well known to
result in copious numbers of single-strand breaks in DNA (e.g.,
see Refs. 18 and 19) and, for these DMA-damaging agents, there

is a good correlation of survival response with inhibition potency
of ADPRT. The main effect of UV-C light on DNA is the production

of pyrimidine dimers, and relatively few strand breaks result from
exposures in the biologically relevant dose range (15). For this

X-RAY DOSE, Gy

2468 IO I2 I4

V79-B3IOH

PE=96%
N=3.l

X+20mM inhibitor,2hr

X only

X+2-ABA

X+4-ABA

X+NA

Chart 1. Effect of a 2-h posttreatment with up to 20 Ã•TIMinhibitors of ADPRT
on the survival curve of repair-competent Chinese hamsters cells, V79-B310H. PE,
plating efficiency; N. average cellular multiplicity when the treatment protocol was
started. X, X-ray.
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0.4
V79-B3IOH

O AD 8 Gy-t-inhibitor
â€¢AB ( BrdUrd + UV-B)+ inhibitor

A UV-C +inhibitor

20 25

CONCENTRATION OF INHIBITOR (2hr),mM
Chart 2. Effect of various concentrations of inhibitors of ADPRT following

treatment of repair-competentChinese hamster cells with 3 different DNA-damag-
ing agents. â€¢,A, â€¢cells were labeled by incubation for 17 h with medium
containing 5-brornodeoxyuridine(BrdUrd) (2 x 10"6 M),and then exposed to 108
J/sq m of UV-B light. O, A, D, cells were X-trradiated with 8 Gy. A, cells were
exposed to 8 J/sq m of UV-Clight. Eachtreatment was followed by a 2-h incubation
with the various inhibitors, as indicated.

cytotoxic treatment, NA was without effect as shown in Chart 2
and indeed, 50 mw NA for 8 h after UV-C exposure was without

effect (data not shown).
The concentration dependence of the radiosensitizing effect

of the inhibitors on the radiation-sensitive line S-10 is shown in

Chart 3. Here too, a good correlation is evident between the
enhanced killing response and the potency of the inhibitor. (The
dashed lines are for comparison with the effects produced after
8 Gy in repair-competent cells, V79-B310H.)

Biochemical Measurements. Immediately after a 2-h expo

sure of cells to inhibitors of ADPRT the rate of DMA synthesis,
as measured by the incorporation of [3H]thymidine during a 30-

min pulse, remained unaffected, and was even somewhat in
creased in the case of 2-ABA (Chart 4). This latter effect might

reflect some depletion of the endogenous precursor pool. These
results are consistent with cytofluorimetric measurements (data
not shown), indicating essentially no changes in the fraction of
cells in the S phase after a 2-h exposure to 20 PIM 3-ABA or to

20 HIM NA.
Some inhibition of DNA synthesis was observed when [3H]-

methionine (Chart 5) or |14C]glucose (Chart 6) was used to

measure the incorporation and the inhibitors were present at the
same time. Incorporation of a label from these compounds
requires the synthesis de novo of purines and pyrimidines, and
is affected differently by the various inhibitors of ADPRT. Maxi
mum inhibition (~50%) was observed with 2-ABA for 2 h. Less

inhibition was exerted by 3-ABA and 4-ABA, and close to none

byNA.
Some effect on glucose oxidation due to the inhibitors is

apparent in Chart 7, especially at 20 mw. At this concentration,
inhibition varied from 16% for 2-ABA to 40% for 4-ABA, with 3-

ABA and NA having intermediary effects.

o

tr
co

V79-ALI62/S-IO

PE=92%,N=2.5
6 Gy +inhibitor, 2hr

0.01

0.005
0 5 IO I5 20 25

CONCENTRATION OF INHIBITOR,mM

Chart 3. Survival of repair-deficient Chinese hamster cells, V79-AL162/S-10, X-
irradiated with 6 Gy and posttreated for 2 h with inhibitors of ADPRT. The dashed
lines are included for comparison and are for V79-B310H cells that were similarly
treated after 8 Gy. Other details as for Chart 1.

inhibitor (2hr) + 3H-TdR (30min)

0 5 IO I5 20 25

CONCENTRATION OF INHIBITOR.mM
Chart 4. Effect of inhibitors of ADPRT on the incorporation of 3 nCi of |3H|-

thymidine/ml into DNA. Following a 2-h incubation with the various inhibitors, as
indicated, the cells were incubated for 30 min with [3H]thymidineand the incorpo
ration of 3Hinto DNA was then measuredas described in "Materialsand Methods.*
Control, untreated cells, incorporated ~21700 cpm.
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inhibitor* H-methionine, 2hr

125

0 5 10 15 20 25

CONCENTRATION OF INHIBITOR, mM
Charts. Effect of inhibitors of ADPRT on the incorporation of [meffty/-3H]-

methionine into DMA. Cells were incubated for 2 h simultaneously with the various
inhibitors, as indicated, and with 5 pCt [mef/7y/-3H]methionine/ml. Incorporation of
3H into DMA was ~24800 cpm for control, untreated cells.

0 5 10 15 20 25

CONCENTRATION OF INHIBITOR, mM
Chart 6. Effect of inhibitors of ADPRT on the incorporation of [1*C]glucose into

DNA. Cells were incubated for 2 h simultaneously with the various inhibitors, as
indicated, and with 0.5 Â¿iCi[14C]glucose/ml. Incorporation of UC into DNA was
~900 cpm in control cells.

DISCUSSION

An analysis of our results shows that although the inhibitors
of ADPRT that were used have some effects on glucose oxida
tion and the synthesis of DNA, these perturbations were minor
during a 2-h treatment. It is also evident that the effects that the
inhibitors have on the survival response due to DNA-damaging
agents (Charts 1 and 2) are directly correlated with their potency
to inhibit ADPRT. The results in Charts 4 to 7 show no such
correlation of the potency to inhibit ADPRT with the effects that
the inhibitors have on other metabolic processes. On the con
trary, the potent inhibitor of ADPRT, 3-ABA, was usually the

least effective in inhibiting the other metabolic pathways. The
observations that perturbations of other biochemical processes

0 5 IO I5 20 25

CONCENTRATION OF INHIBITOR.mM

Chart 7. Effect of ADPRT inhibitors on glucose oxidation. Cells were incubated
for 2 h with the various inhibitors, as indicated, and 0.5 >Â¡C\[14C]glucose/ml. The
release of "COZ was measured, as described in "Materials and Methods," and was

-1000 cpm in control cells.

are not closely correlated with perturbations of poly(ADP-ribose)

synthesis suggests that the other pathways are not closely
connected with the enhanced radiation responses induced by 3-

ABA, NA, and benzamide. Hence, as previously proposed (8,11,
20), we interpret such results to indicate that these compounds
cause enhanced killing, probably due to the inhibition of ADPRT
activity following treatment with cytotoxic, strand-breaking DNA-

damaging agents.
An interesting observation with regard to the repair-deficient

S-10 cells is that these cells respond to inhibitors of ADPRT at

low concentrations (2 to 5 mM) to a larger extent than does the
radiation-resistant line that was examined. At 20 mw 3-ABA, the

radiosensitization is about the same in both cell lines. The latter
equivalence could reflect the fact that S-10 cells are partially
deficient in their ability to generate ADPRT activity after X-
irradiation (20). In log-phase cells, for repair poly(ADP-ribose)

synthesis usually is not rate limiting and, as a result, a pro
nounced inhibition of this pathway must be achieved in order to
enhance cell killing (11). In a biological system where the normal
rate of poly(ADP-ribose) sysnthesis may be reduced and there

fore is more readily rendered rate limiting, e.g., in resting lym
phocytes because NAD+ levels are quite low (12), potentiation

of a radiation response could occur at lower concentrations of
an inhibitor than in repair-competent cells (11), as suggested by
the results with repair-deficient S-10 cells.

Our results are not directly at variance with those reported by
Cleaver (9) or by Milam and Cleaver (10). The observation of
adverse metabolic effects of inhibitors of ADPRT at concentra
tions as low as 1 to 2 HIM (10), a concentration range in which
no significant effect was observed under our conditions, probably
reflects the long treatment times that were used, 24 h. In addition,
the use of lymphoid cells may have been a contributing factor.
Since a 2-h treatment of V79 cells is sufficient to obtain a near-

maximum radiosensitization by inhibitors of ADPRT, our mea
surements of the metabolic perturbations effected by these
compounds in 2 h are the more relevant to the biological effects
that we have observed.

There are also practical considerations regarding the i e of
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inhibitors of ADPRT in cancer therapy. If, for some reason, the
synthesis of poly(ADP-ribose) is reduced in tumor cells compared

with normal cells, the radiation response of the former would be
expected to be enhanced to a larger extent than that of the latter
at low concentrations of inhibitors of ADPRT (other factors being
equal). This could result in an improved therapeutic differential
when such inhibitors are used. Indeed, such an improvement
has been reported when inhibitors are used in combination with
bleomycin (21), or with ionizing radiation (22), in respect to the
curability of tumors in mice.
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