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Abstract

Tiazofurin (2-8-D-ribofuranosylthiazole4-carboxamide) and
selenazofurin (2-%-D-ribofuranosylselenazole4-crboxmiude) are
synthetic 'C" nucleosides whose antineoplastic activity depends
on their conversion to tiazofurin-adenine dinucleotide and se-
lenazofurin-adenine dinucleotide which are analogs of NAD.
The present study was conducted to determine whether these
nucleoside analogs and their dinucleotide derivatives interfere
with NAD metabolism and in particular with the NAD-
dependent enzyme, poly(ADP-ribose) polymerase. Incubation
of L1210 cells with 10 gM tiazofurin or selenazofurin resulted
in inhibition of cell growth, reduction of cellular NADcontent,
and interference with NADsynthesis. Using 114Clnicotinamide
to study the uptake of nicotinamide and its conversion to NAD,
we showed that the analogs interfere with NAD synthesis,
apparently by blocking formation of nicotinamide mononucle-
otide. The analogs also serve as weak inhibitors of poly(ADP-
ribose) polymernse, which is an NAD-utilizing, chromatin-
bound enzyme, whose function is required for normal DNA
repair processes. Continuous incubation of L1210 cells in
tiazofurin or selenazofurin resulted in progressive and synergistic
potentiation of the cytotoxic effects of DNA-damaging agents,
such as 1,3-bis(2-chloroethyl)-1-nitrosourea or N-methyl-N'-
nitro-N-nitrosoguanidine. These studies provide a basis for
designing chemotherapy combinations in which tiazofurin or
selenazofurin are used to modulate NADand poly(ADP-ribose)
metabolism to synergistically potentiate the effects of DNA
strand-disrupting agents.

Introduction

Tiazofurin (Taz)' (2-f3-D-ribofuranosylthiazole-4-carboxamide)
and selenazofurin (Sel) (2-f3-D-ribofuranosylselenazole-4-car-
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1. Abbreviations used in this paper: 3-AB, 3-aminobenzamide; ADP-
ribose, adenosine diphospho-ribose; BCNU, 1,3-bis(2-chloroethyl)-1-
nitrosourea; DMS, dimethylsulfate; GMP, guanosine 5'-monophosphate;
IMP, inosine 5'-monophosphate; MNNG, N-methyl-N'-nitro-N-nitro-
soguanidine; NMN, nicotinamide mononucleotide; SAD, selenazofurin-
adenine dinucleotide; Sel, selenazofurin; TAD, tiazofurin-adenine di-
nucleotide; Taz, tiazofurin.

boxamide) are synthetic "C" nucleoside analogs with potent
antineoplastic activity in experimental murine and human
tumors (1-5). They are highly effective in treating a variety of
murine tumors including L1210 leukemia, P388 leukemia,
and the highly resistant Lewis lung carcinoma (1-4). They are
also effective in vitro against several human tumors including
the human colon adenocarcinoma line LoVo/L and the human
promyelocytic leukemia cell line HL-60 (6, 7). Sel also induces
maturation in HL-60 cells (7). Using human tumor-cloning
assays to examine cells from a variety of solid tumors, Taz
was found to have significant antitumor effects in -17% of
cases (8) and this agent is now undergoing phase I and II
clinical trials (9-1 1).

The antitumor effects of Taz and Sel are mediated, in part,
by their conversion to tiazofurin-adenine dinucleotide (TAD)
and selenazofurin-adenine dinucleotide (SAD), which are an-
alogs of NAD (4, 12). TAD and SAD are synthesized by
nicotinamide mononucleotide ATP*adenylyl transferase; they
inhibit the NAD-dependent enzyme, inosine 5'-monophosphate
(IMP) dehydrogenase, which converts IMP to guanosine 5'-
monophosphate (GMP). As a result of this inhibition, cells
become depleted of GMPand they accumulate the precursor
IMP (4, 12, 13). GMPdepletion appears to be part of their
cytotoxic mechanism since the effect of these compounds can
be overcome by supplying cells with guanosine nucleosides
(4). The importance of converting these analogs to their
dinucleotide derivatives is demonstrated by the fact that a line
of P388 cells found to be deficient in its ability to convert Taz
to TAD is resistant to the acute toxic effects of Taz (14).
Furthermore, sensitivity of murine tumors to the pharmacologic
effects of Taz correlates with their intracellular levels of
TAD (15).

Since Taz and Sel are metabolized to NAD analogs by
enzymes normally involved in NAD synthesis and since the
dinucleotide analogs interfere with NAD-dependent enzymes
such as IMP dehydrogenase, it seemed possible that the
nucleoside analogs and/or their metabolites might interfere
with some other aspects of NADmetabolism and in particular
with the NAD-dependent enzyme, poly(ADP-ribose) polymer-
ase. Because of the important requirement for NAD and
poly(ADP-ribose) metabolism in the DNArepair process (16-
18), we investigated the effects of Taz and Sel on various
aspects of this pathway to determine whether these compounds
could be used to modulate levels of NADor poly(ADP-ribose)
polymerase activity. Our results indicate that modulation of
NADand poly(ADP-ribose) synthesis by Taz or Sel may be a

useful approach to potentiate the activity of other cytotoxic
agents whose mechanism of action involves DNA strand
disruption.
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Methods

Taz, Sel, TAD, and SADwere synthesized as previously described (1-
5) and dissolved in saline for tissue culture experiments or in 50 mM
Tris-HC1 adjusted to pH 8.0 for enzymatic assays. N-methyl-N'-nitro-
N-nitrosoguanidine (MNNG) and 3-aminobenzamide (3-AB) were

purchased from Sigma Chemical Co., St. Louis, MO. MNNGwas
dissolved in dimethyl sulfoxide immediately before use. 1,3-bis(2-
chloroethyl)-l-nitrosourea (BCNU) was obtained from the Drug De-
velopment Branch of the National Cancer Institute and was dissolved
in 95% ethanol and diluted into phosphate-buffered saline (PBS) before
addition to tissue cultures.

L12 10 mouse leukemic cells were maintained in suspension culture
at 370C in a-modified Eagle's medium, with 25 mMHepes buffered
to pH 7.2, and supplemented with 50 MM2 mercaptoethanol, 7 mM
glutamine, 100 U/mI penicillin, 100 Mg/ml streptomycin, and 10%
heat-inactivated fetal calf serum. Cell numbers were determined mi-
croscopically with a hemocytometer and viability was determnined by
trypan blue exclusion.

Cellular NADI content was measured as previously described (19,
20). Briefly, cell samples were collected from suspension by centrifu-
gation at 3000 g, 40C for 3 min, and the media was removed by
aspiration. Cell pellets were rapidly resuspended in 400 M1 of 0.35 N
HC104 and incubated in an ice bath for 15 min. Acid extracts were

neutralized, and supernatants were collected and stored at -80'C.
Samples from multiple points of an experiment were stored frozen
and then all assays were performed simultaneously. NAD' was assayed
using enzymatic cycling with malic and alcohol dehydrogenase as

previously described (l0, 20). Duplicate samples were taken for each
point and then each sample was assayed in duplicate. All values are

presented as the means of assays performed in quadruplicate and are

representative of complete studies performed at least three times. We
calculate that any inhibitor carried over from the cell extract would
not exceed a concentration of 0.1 MMin the cycling assay, whereas
our preliminary studies showed that this cycling assay was not signifi-
cantly affected by the presence of Taz, Sel, TAD, or SADat the highest
concentrations tested which were 1 mMfor the nucleoside analogs
and 100 MMfor the dinucleotide analogs.

For studies to evaluate the effect of Taz or Sel on uptake of
nicotinamide and its incorporation into pyridine nucleotides, L1210
cells were incubated with these compounds for 48 h. Initially and after

24- or 48-h incubation in media containing the inhibitors, [carbonyl-
'4Cjnicotinamide (sp act, 56 mCi/mmol; Amersham Corp., Arlington
Heights, IL) was added at a final concentration of 1 MCi/ml and cells
were incubated for an additional 6 h. Cells were then collected by
centrifugation at 2,500 rpm, 5 min at 40C. The cells were washed with
5 ml ice-cold saline containing 10 mMnicotinamide, collected again
by centrifugation, and then treated with 100 Ml of 5% TCA. Acid-
treated cells were frozen and thawed three times. Supernatant samples
were taken to determine the total amount of radioactivity in the
extracts and then the components were separated and identified by
descending chromatography on Whatman No. 3 paper (Whatman
Laboratory Products, Inc., Clifton, NJ) using 2 MNH4Cl in 0.12 M
sodium citrate (pH 5.3):95% ethanol (1:3) as solvent. Chromatograms
were run with added standards of NAD, NADP, nicotinamide, nico-

tinamide mononucleotide (NMN), nicotinic acid, and 1-methyl nico-
tinamide. Spots were identified by UVabsorption; strips were cut into
1-cm sections and radioactivity determined in toluene-based scintillation
fluid (20, 21).

Alkaline elution studies were used to evaluate DNAstrand breaks
(22, 23). L1210 cells were prelabeled by growing in media with 0.02

MCi/ml [2'4C]thymidine (sp act, 57 mCi/mmol) -for 24 h. Cells were

resuspended in nonradioactive medium and incubated for an additional
24 h to allow all DNA fragments to be chased into high molecular
weight material. At intervals following experimental therapy, S X l0

cells were removed from the culture, diluted into an excess of cold
PBS, and collected onto polyvinyl chloride filters, 25 mmdiam, 2 Mm

pore size. The cells were lysed with 5 ml of 0.1 M glycine, 0.02 M

EDTA, and 2% sodium dodecyl sulfate (pH 10) and then washed with
5 ml 0.2 M EDTA (pH 10) and then 5 ml proteinase K (Curtin
Matheson Scientific, Cleveland, OH); 0.5 mg/ml in 0.2 MEDTA(pH
10) was added to the filter holder, following which the filters were
eluted in the dark with a 2%wt/vol solution of tetrapropyl ammonium
hydroxide (pH 12.1), 0.02 MEDTA via a peristaltic pump at a rate
of 0.04 ml/min. Fractions were collected directly into scintillation vials
at 90-min intervals for 15 h. Samples were' mixed with 3.3 vol of
Scintiverse (Fisher Scientific Co., Pittsburgh, PA) containing 0.7%
glacial acetic acid. Radioactivity remaining on the filters was determined
by treating the filters with 0.4 ml 1 N HCl at 70'C for 1 h followed
by 2.5 ml 0.4 N NaOHat room temperature for 30 min and then the
addition of 10 ml Scintiverse. Radioactivity remaining in the tubing
was recovered by five washes with 3 ml 0.4 N NaOHand counted in
Scintiverse as above. Data is plotted'as the radioactive DNAremaining
on the filters as a function of time of elution (22, 23). For irradiation
experiments, cells were collected by centrifugation, resuspende4 in
cold PBS at a concentration of 5 X 105/ml, and irradiated in an ice-
water bath using a GammaCell 5,000 (Atomic Energy Canada Ltd.,
Ontario, Canada) at an incident dose of 850 rads/min. Following
irradiation, cells were applied directly to filters, lysed, and eluted as
above.

The effect of inhibitors on poly(ADP-ribose) polymerase was eval-
uated with enzyme purified from lamb thymus (24). Reaction systems
contained 10 Mg calf thymus DNA, 10 jg histone HI, 1 mMdilhio-
threitol, 100 mMTris-HC1 pH '8, either 7 MM[32P]NAD (sp act, 2386
cpm/pmol) or 450 MiM ['4C]NAD (sp apt, 4.6 cpm/pmol), and 30 Ml
of enzyme solution in a total volume of 100 Ml. Reaction mixtures
were incubated fqr 15 min at 37C, stopped by addition of an excess
of 20% trichloracetic acid, and then; processed for determination of
radioactivity (25).

Results

Fig. I A shows the effects of Taz and Sel on the growth of
L12 10 cells in culture. 1 MMTaz had no suppressive effect on
the growth rate; in fact, as the cells reached high density, the
presence of 1 MMTaz was associated with a slight increase in
cell growth. In contrast, 10 gM Taz completely inhibited cell
growth. Sel is a more effective inhibitor of cell growth; 1 gM
Sel significantly reduced the growth rate and 10 AM Sel
completely inhibited it. These effects are undoubtedly mediated,
in part, by inhibition of IMP dehydrogenase resulting in
depletion of guanine nucleotides and consequent inhibition of
DNA, RNAsynthesis, and cell growth (12-14). Fig. 1 B shows
that incubation in Taz and Sel also affects the cellular content
of NAD'. During the 48-h growth period, the control cells
showed a reduction in NADcontent from 330 to 208 pmol/
106 cells. Wehave previously reported this type of decrease in
cellular NAD content when cultures of human lymphocytes
or mouse L cells grow to high density (18, 23). L1210 cells
grown in Taz or Sel showed a more pronounced decrease in
cellular NAP content. After 48 h, the final NADcontent in
L1210 cells incubated in 10 MMTaz or 10 MMSel was 50 and
30 pmol/ 106 cells, respectively, which constitutes a reduction
to 15 or 9% of the initial control level.

While the control L12 10 cells showed a decrease in NAD'
content per cell, the accompanying increase in cell numbers
actually resulted in a net increase of NAD' in the culture
system. This is shown in Fig. I Cwhere net values for NAD'
in the culture are determined as a product of the cell count
multiplied by the cellular content of NAD'. Thus during the
48-h culture period, the control, untreated L12 10 cells produced
a net increase in NAD' from 70 to 262 pmol/ml. In the
presence of 1 MuM Taz, the NADcontent of the culture also
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Figure 1. Effect of Taz and Sel on L12 10 cell growth and NAD'
levels. L 1210 cells were grown in control media (o) or in media
supplemented with 1 MMTaz (-), 10 MMTaz (A), 1 MtM Sel (i), or
10 AMSel (0). A shows cell counts. B shows NAD' content on a per

increased but only to half the level that it did in control cells.
This ability to continue NADsynthesis in the presence of I
,MM Taz correlated with the ability to maintain cell growth.
The presence of 10 uM Taz resulted in a decrease in both the
NADcontent per cell and the net NADcontent of the culture.
Similarly, NADcontent per cell and net NADcontent of the
culture also decreased when the cells were incubated with I
or 10 MM Sel. The amount of NAD' in the culture is
dependent on both the synthesis and turnover of this com-
pound. L 1210 cells synthesize NAD by the nicotinamide
salvage pathway in which nicotinamide is converted by the
enzyme nicotinamide' phosphoribosyl transferase to NMN,
which is then condensed with ATP by the enzyme
NMNATP.adenylyl transferase to form NAD (26, 27). In
the presence of restricted nicotinamide, cells avidly reuse their
nicotinamide to maintain a constant, net NAD content in
culture (20). In the present experiments, the overall decrease
of net NADcontent suggests that Taz or Sel may interfere
with NADsynthesis.

Studies of NAD synthesis. Fig. 2 shows the effect of
incubating cells in Taz or Sel on the components of the
nicotinamide salvage pathway. In these experiments, cells were
continuously incubated in the presence of 1 or 10 ,M Taz or
Sel. At the beginning of the experiment or after 24 or 48-h
preincubation with these agents, ['4C]nicotinamide was added
and its uptake and conversion to ['4C]NAD studied during a
subsequent 6-h incubation. In each panel, the initial time
point represents the value in control untreated cells. The first
panel shows that in the presence of I or 10 MMSel there was
an initial increase in the incorporation of ['4C]nicotinamide
into NAD. However, after 24 or 48 h of incubation in 10 AM
Sel, there was a progressive suppression in the amount of
('4C]nicotinamide converted to NAD. After 48 h in I MMSel,
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cell basis determined by enzymatic cycling techniques. C shows the
net NAD+content per milliliter cell suspension. It is determined by
the product of (cells/milliliter) X (NAD+/cells).

NADsynthesis from nicotinamide was also suppressed relative
to control. 10 ,uM Taz was similar to Sel in that it stimulated
the rate of NADformation from nicotinamide during the first
24 h. However, incubation in 10 ,M Taz for 48 h resulted in
a decrease in NADsynthesis from nicotinamide. 1 gM Taz
had a negligible effect during the first 24 h; however, after 48-
h preincubation, it produced a decrease in utilization of
nicotinamide foi NADsynthesis.

Fig. 2 B shows that the initial increase in NADsynthesis
in the Sel-treated cells was associated with an increase in
uptake of nipotinamide. After 24-h incubation with I MAMSel,
there was a progressive increase ip accumulation of intracellular
nicotinamide with a slight decrease after 48 h. Similarly,
incubation in 10 MAMTaz resulted in increased accumulation
of ['4C]nicotinamide, whereas I MAMTaz was associated with
an initial increase and then a decrease in nicotinamide accu-
mulation. At 10 MMSel, nicotinamide accumulation increased
during the first 6 h and then remained slightly elevated relative
to control.

The significance of this data is shown most clearly in Fig.
2 C which presents the ratio of the intracellular
['4C]nicotinamide relative to the amount incorporated into
[14C]NAD. A decrease in the ability to synthesize NADfrom
exogenous nicotinamide is associated with an increase in
accumulation of intracellular nicotinamide relative to NAD.
This increase in ratio of nicotinamide to NADindicates that
during continuous incubation in Taz or Sel, cells retain the
ability to transport nicotinamide but they develop a block in
the pathway for converting nicotinamide to NAD, resulting in
a decrease in newly synthesized NADand an accumulation of
intracellular nicotinamide. This is most clearly shown in the
case of 10 MMSel, which causes the greatest depression in
NADsynthesis, the highest levels of intracellular nicotinamide
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Figure 2. Effect of Taz and Sel on L12 10 cell uptake of
['4C]nicotinamide and its conversion to ['4C]NAD. L1210 cells in the
logarithmic phase of growth were diluted to 2 X 10 cells/ml and
incubated in complete media or in media supplemented with Sel or

Taz. At the beginning of the study and at 24 and 48 h, nicotinamide
uptake was evaluated by a 6-h pulse with ['4C]nicotinamide. Extracts
of cells from each point were analyzed by paper chromatography to
determine distribution of radioactivity into nicotinamide metabolites.

accumulation, and therefore, the highest ratio of nicotinamide
to NAD. Thus, prolonged exposure to Taz or Sel progressively
interferes with the cell's ability to utilize nicotinamide for the
synthesis of NADcontributing to the decreased cellular NAD
pools and increased accumulation of the precursor nicotin-
amide.

To further identify the location of the Taz- and Sel-induced
block in NAD synthesis, we examined the intermediates on

the pathway between nicotinamide and NAD. Table I shows
the distribution of these intermediates in control cells and in
cells pretreated with 10 MMTaz or 10 MMSel. The decreased
incorporation into NADis associated with a relatively constant
level of labeling of NADPas a percent of NAD, indicating
that there is a decrease in synthesis of all pyridine nucleotides
and not merely a shift from NAD to NADPpools. Under
these conditions of decreased pyridine nucleotide synthesis,
there is a relative increase in labeling of nicotinamide pools
with no significant increase in NMN. Thus the block appears

to be at the level of nicotinamide phosphoribosyl transferase,
the enzyme responsible for converting nicotinamide to NMN.
It is interesting to note that the cells do not shift much of the
intracellular nicotinamide into the alternate pathways of syn-

thesizing nicotinic acid or 1-methyl nicotinamide (20, 21, 28).
Effects of inhibitors on poly(ADP-ribose) polymerase. Since

Taz and Sel are metabolized into the NADanalogs, TADand
SAD, we examined each of these compounds for their effect
on poly(ADP-ribose) polymerase. Fig. 3 compares the effects
of these agents on the activity of purified poly(ADP-ribose)
polymerase in the presence of two different substrate concen-

Uptakes in control cells were performed at each time point and were
essentially the same as the point indicated in each figure at 0 time.
Treated cells were incubated in media supplemented with 1 AMSel
(n), 10 AMSel (i), 1 AMTaz (o), or 10 AMTaz (.). A shows
incorporation of ['4C]nicotinamide into NAD. B shows intracellular
['4C]nicotinamide and C shows the ratio of intracellular
['4C]nicotinamide to ['4C]NAD.

trations, above and below the enzymes Michaelis constant
(Kin) for NADwhich is - 150 IAM (24). In the presence of 450
,MM NAD, Taz and Sel were weak inhibitors producing only
10 and 20% inhibition at inhibitor concentrations of 5 mM. 5
mMTAD was significantly more effective, producing 70%
inhibition. SAD produced a similar inhibition curve at lower
concentrations but was not tested at 5 mMdue to problems

Table I. Effects of Taz and Sel on Intracellular Metabolites of
['4C]Nicotinamide in L1210 Cells

Metabolite Control 10 uM Taz 10 pM Sel

pmol/106 cells pmol/l06 cells pmol/lO' cells

Nicotinamide 15.4 39.2 20.4
NMN 1.9 1.9 0.5
NAD 231 196 72.6
NADP 11.3 10.6 3.5
Nicotinic Acid 1.6 3.2 1.1
I-Methylnicotinamide 1.1 2.9 0.9
Total 262.3 244.8 99.0

L 1210 cells were grown for 48 h in complete media (control) or in
the presence of 10 AMTaz or 10 AMSel. After 48 h, ['4C]nicotin-
amide was added and the cells were incubated for an additional 6 h.
Cells were then collected, washed, and acid extracts were prepared
and analyzed by paper chromatography as described in Methods.
Values in this table represent distribution of metabolites derived from
['4C]nicotinamide during the 6-h incubation period.
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Figure 3. Effects of Taz, Sel, and their
dinucleotide analogs on activity of puri-
fied poly(ADP-ribose) polymerase.
100% activity is the amount of radioac-
tive ADP-ribose incorporated into poly-
mer in 15 min at 370C using purified
lamb thymus poly(ADP-ribose) poly-
merase as described in Methods. Reac-
tions in A were conducted in the pres-
ence of 450 ,M NAD; reactions in B
were conducted in 7 AMNAD. Inhibi-
tors are Taz (o), Sel (A), TAD (A), SAD
(A), and 3-AB (o).

with solubility and limited material. By way of comparison,
3-AB, which is one of the most effective inhibitors of poly(ADP-
ribose) polymerase, produced 94% inhibition at 5 mM. Since
these agents are presumably competitive with NADand since
they also appear to cause reduced cellular NAD levels, we
evaluated their effects at concentrations of NADwhich were
below Km. Fig. 3 B shows that at 7 gM NAD, 5 mMTaz or
Sel produced 54 and 60% inhibition of enzyme activity. Even
at 0.5 mM, Sel produced 35% inhibition. Inhibition by the
dinucleotide analogs SAD and TAD were also greater at the
lower substrate concentration. In contrast to 3-AB, Taz, Sel,
and their dinucleotide derivatives were weak to moderate
inhibitors of poly(ADP-ribose) polymerase.

Poly(ADP-ribose) polymerase synthesis is required for nor-
mal DNArepair processes (16-18). Cells with restricted activity
of poly(ADP-ribose) polymerase due to low NADlevels or the
presence of enzyme inhibitors are deficient in their ability to
repair DNAstrand breaks (16-18). To determine whether the
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Figure 4. Alkaline elution studies were performed with cells contain-
ing ['4Clthymidine-labeled DNAas described in Methods. The curves

for control cells (o) were the same at the beginning and end of the
experiment. In A, cells were incubated with I uM Taz for 24 h (A) or

metabolic effects of Taz and/or Sel were associated with the
development of DNAstrand breaks, we incubated cells with
these analogs and analyzed DNA integrity by alkaline elution
after 6, 24, and 48 h of incubation. Fig. 4 shows that continuous
incubation of L1 210 cells with Taz and Sel for 24 and 48 h
resulted in dose-dependent increases in DNA strand breaks.
No significant DNA strand breaks occurred when cells were
incubated with these compounds for only 6 h. By comparing
the curves produced in the presence of the inhibitors to those
produced by graded doses of y-irradiation (Fig. 4 C), it is
apparent that incubation in 10 ,gM Taz or Sel produced strand
break curves that fell between those produced by 75 and 150
rad. The breaks which occur in the presence of Taz or Sel
may be spontaneous breaks which fail to be repaired because
of the presence of these agents. While the radiation-induced
breaks are usually rapidly repaired (29), those produced by
incubation of cells with Taz or Sel appear to be more persistent
and therefore potentially more toxic.

3 4 5 6 7 9 10 0 1 2 3 4 5 6 7 8 910

Elutlon Fraction Elution Fraction

48 h (A) or with 10 AMTaz for 24 h (o) or 48 h (v). In B, cells were

incubated with 1 AMSel for 24 h (A) or 48 h (A) or with 10 AMSel
for 24 h (o) or 48 h (v). In C, cells were treated with 75 R-600 R as
indicated in the figure.
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Poly(ADP-ribose) synthesis is required for the repair of
DNAdamage induced by agents such as MNNGor BCNU
(16-18). Since Taz and Sel can interfere with poly(ADP-
ribose) synthesis by lowering levels of the substrate NADand
by direct inhibition of the enzyme, it seemed possible that
these agents would potentiate the cytotoxic effects of MNNG
and BCNU. To evaluate this possibility, L1210 cells were
continuously treated with Taz and Sel for 48 h. At the beginning
of the experiment and again after 24 and 48 h, separate groups
of cells were treated with 5 Mg/ml MNNGor 100 MMBCNU.
For each group, cell viability was determined by trypan blue
analysis 6 h after treatment with the various combinations of
agents. Fig. 5 shows that as cells are incubated in Taz or Sel
they become progressively more susceptible to the cytocidal
effects of MNNGand BCNU. Fig. 5 A shows that the control
cells were 98% viable at the beginning and they retained their
high level of viability throughout the experiment. At the
beginning of the experiment, treatment of the control cells
with 5 pg/ml MNNGor 100 ,uM BCNUreduced their viability
to 81 and 88%, respectively. When cells were maintained in
control growth medium for 24 or 48 h and then treated with
MNNGor BCNU, the decrease in viability was approximately
the same as it was at the beginning of the experiment and the
viability in all cases remained >80%.

Preincubation of cells with Taz or Sel for 24or 48 h resulted
in a marked increase in their susceptibility to MNNGor
BCNU. Fig. 5 B shows that after 24 h in 10 MMTaz, viability
was 92%, and after 48 h, it was reduced to 64%. Addition of
MNNGafter 24-h preincubation with 10 MMTaz resulted in
a decrease in viability to 55%. Similarly, there were marked
decreases in viability when MNNGor BCNUwere added to
cells which had been preincubated with 10 MtM Taz for 48 h.
The decrease in viability that occurred when BCNUor MNNG
were added to cells that were preincubated in Taz was much
greater than that which occurred when the same agents were
added to control cells. This suggests a synergistic interaction
between preincubation with Taz and treatment with BCNU
or MNNG.
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Fig. 5 C shows that incubation in 10 MMSel had the
greatest, single agent effect in reducing cell viability, with 70%
viability after 24 h and 38% after 48 h. The cytocidal effects
of MNNGor BCNUwere potentiated by pretreatment with
Sel in a manner similar to the potentiation by Taz. Thus,
while MNNGor BCNUdid not significantly affect viability of
control cells, their cytotoxic effects were significantly potentiated
by 48-h preincubation with 10 MMTaz or Sel. At I MM, Taz
and Sel were not as effective as they were at 10 MM in
potentiating the effects of BCNUand MNNG.

Discussion

Taz and Sel are promising new antitumor agents (6-9). Un-
derstanding their mechanism of action and metabolic effects
should provide an important basis for developing strategies for
their optimal use in single agent and combination chemotherapy
protocols. The acute effects of these agents appear to be
mediated by their conversion to analogs of NAD which
subsequently interfere with IMP dehydrogenase, resulting in
the depletion of guanine nucleotides and the consequent
inhibition of DNA, RNA synthesis, and cell growth (4, 12-
14). Our studies indicate that on a chronic basis, treatment
with Taz or Sel also interferes with several aspects of pyridine
nucleotide and poly(ADP-ribose) metabolism. Thus Taz, Sel,
and their metabolites interfere with NADsynthesis and also
interfere with activity of poly(ADP-ribose) polymerase. Their
effects on NADsynthesis appear to be at the level of nicotin-
amide phosphoribosyl transferase. This enzyme is known to
be inhibited by NAD (30), and thus, it is possible that the
dinucleotide derivatives, TAD and SAD, function as NAD
analogs in this system and inhibit conversion of nicotinamide
to NMN. Our preliminary studies, using a new cycling assay
to measure nicotinamide phosphoribosyl transferase, indicate
that the enzyme is inhibited by TAD. Taz, Sel, and their
metabolites also presumably function as competitive inhibitors
of poly(ADP-ribose) polymerase since they are more effective
inhibitors at low concentrations of NAD. Our studies suggest

C

Figure 5. Effect of preincubation in Taz
or Sel on MNNGor BCNUtoxicity. In
each panel, the solid squares (v) and
continuous line shows the effect on via-
bility of incubating cells with no addi-
tion (A), with 10 MMTaz (B), or with
10 MMSel (C). The duration of incuba-
tion with each of these agents is indi-
cated by the stippled box at the bottom
of each panel. At 0, 24, or 48 h, 100

\ MBCNU(o) or 34 AMMNNG(A)
was added to separate samples removed
from the main culture and the effect on
viability determined after 6 h. The du-
ration of each exposure to BCNUor

_~Ijgm Se MNNGis indicated by the cross-
24 48 hatched boxes at the bottom of the fig-

ures.
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that modulation of NADand poly(ADP-ribose) synthesis with
Taz or Sel may be useful in potentiating the antitumor effects
of chemotherapeutic agents that function by disrupting DNA.

NADand poly(ADP-ribose) metabolism are required for
normal DNA repair processes (16-18). The polymerase is
present in cells in reserve quantities (17, 18, 31). The enzyme
is activated by DNAstrand breaks to cleave its substrate NAD
between the nicotinamide and ADPribose moieties. This same
enzyme is capable of forming a covalent linkage between
ADP-ribose and protein acceptor molecules (24, 32). Subse-
quent ADP-ribose residues are then added by O-glycosidic
linkages to form homopolymers which have been found to
occur in excess of 100 residues. Poly(ADP-ribosylation) in
response to DNAdamage has been shown to alter chromatin
structure and to affect the activity of several enzymes including
the polymerase itself, DNAligase, topoisomerase, and a Ca",
Mg"+-dependent endonuclease (32-35). Thus, poly(ADP-ri-
bosylation) may affect the DNA repair process by altering
chromatin structure and also by affecting the activities of the
enzymes involved in this process.

Treatment of cells with inhibitors of poly(ADP-ribose)
polymerase can be used to potentiate the cytotoxicity of DNA-
damaging agents. For example, 3-AB potentiates the toxic
effects of treating cells with the alkylating agent dimethyl
sulfate (DMS). Similar treatment with 3-amino benzoic acid
(a noninhibitory analog) has no effect on the toxicity of DMS
(16, 36). At the molecular level, the inhibition of poly(ADP-
ribose) synthesis has been shown to prevent the resealing of
DNAstrand breaks (16, 37).

Poly(ADP-ribose) polymerase has recently been shown to
be a potential target for cancer chemotherapy, especially in
protocols where enzyme inhibitors can be combined with
agents whose primary mechanism of action is mediated by
their ability to produce DNAstrand disruptions. For example,
the poly(ADP-ribose) polymerase inhibitor, 6-aminonicotin-
amide, has been shown to potentiate the antitumor effects of
BCNU against L1210 leukemia in vivo and in vitro (38).
Another poly(ADP-ribose) polymerase inhibitor, 3-AB, has
been shown to potentiate the antitumor effect of bleomycin in
mice bearing the Ehrlich ascites carcinoma (39). As compared
with 3-AB, Taz, Sel, and their intracellular metabolites were
found to be weak to moderate inhibitors of poly(ADP-ribose)
polymerase. However, their ability to interfere with NAD
synthesis produces a reduction in cellular NADpools, which
enhances their ability to act as competitive inhibitors of
poly(ADP-ribose) polymerase. This inhibition was associated
with the development and persistence of DNAstrand breaks
and also sensitized the cells to the cytotoxic effects of BCNU
or MNNG.These experiments show that continuous exposure
to Taz or Sel results in increasing sensitization to MNNGor
BCNU. This sensitization is probably further enhanced by the
effects of these compounds on guanine nucleotide pools due
to inhibition of IMP dehydrogenase (12-15). It is also probable
that these agents affect other metabolic processes by interfering
with pyridine nucleotide-dependent dehydrogenases. In addi-
tion, we have previously shown that the depletion of pyridine
nucleotide levels leads to an inability of cells to maintain ATP
pools and energy-dependent functions (40). Thus, continuous
exposure to Taz or Sel may be a useful approach to modulate
multiple biochemical pathways to make cells more sensitive
to cytotoxic chemotherapeutic agents. This type of exposure
should be possible in clinical situations since the feasibility of

giving Taz or Sel by continuous infusion has already been
demonstrated in clinical trials (9).

The studies outlined above provide a basis for developing
synergistic chemotherapy combinations using Taz and/or Sel
plus DNA strand-disrupting agents. The possibility needs to
be examined that even more effective regimens can be developed
by using DNA strand-disrupting agents in combination with
these nucleoside analogs to modulate NAD synthesis along
with nicotinamide analogs that inhibit poly(ADP-ribose) syn-
thesis to provide sequential blockades of this pathway.
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