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Abstract We have reported that noncytotoxic concen-
trations of 3'-azido-3'-deoxythymidine (AZT) increase
the cytotoxicity of ICI D1694, a folate-based
thymidylate synthase (TS) inhibitor, with increasing
AZT incorporation into DNA. We postulated that the
inhibition of TS by ICI D1694 would decrease 5'-
deoxythymidine triphosphate (dTTP) pools, which
compete with AZT triphosphate (AZT-TP) as a sub-
strate for DNA polymerase. Furthermore, the inhibi-
tion of TS would increase the activity of both
thymidine kinase (TK) and thymidylate kinase (TdK).
Each of these consequences of TS inhibition would
favor more incorporation of AZT into DNA. Thus, we
reasoned that other TS inhibitors should also result in
increased AZT incorporation into DNA and, perhaps,
in increased cytotoxicity. N 6-[4-(Morpholinosulfo-
nyl)benzyl] -N 6 -methyl-2,6-diaminobenz [cd] indole
glucuronate"(AG-331) differs from ICI D1694 in that it
is a de novo designed lipophilic TS inhibitor, it does not
require a specific carrier for cellular uptake, and it does
not undergo intracellular polyglutamation. This potent
TS inhibitor causes minimal cytotoxicity in MGH-U1
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human bladder cancer cells. A 24-h exposure to 5 p.M
AG-331 causes almost complete TS inhibition but only
35% cell kill. The combination of AZT and AG-331 in
MGH-U1 cells resulted in an enhanced antitumor ef-
fect relative to that of each agent alone; 50 p.M AZT,
noncytotoxic alone, increased the cell kill of induced by
AG-331 from 35% to 50%. Biochemical studies of this
combination revealed that simultaneous treatment
with 5 gM AG-331 plus 1.8 gM [ 3H]-AZT produced as
much as a 68% ± 7% increase in AZT incorporation
into DNA. This observation was associated with an
increase in DNA single-strand breaks, measured as
comet tail moment, of up to 6.6-fold. These studies
support our original premise that TS inhibition favors
increased incorporation of AZT into DNA and that the
combination causes more cell kill than either drug
alone in MGH-U1 cells.
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Introduction

The inhibition of thymidylate synthase (TS), the key
enzyme in the de novo synthesis of thymidylate
(dTMP), can lead to thymineless cell death [1, 2].
Thymidylate pools can be partially replenished
through the salvage of preformed thymidine (TdR) in
plasma. Hence, the salvage pathway for pyrimidine
nucleotide biosynthesis can decrease the therapeutic
utility of agents that act by inhibiting de novo syn-
thesis. However, previous studies have shown that
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tumor cells possess elevated amounts of thymidine
kinase (TK), the key enzyme in thymidylate salvage,
resulting in increased activity of this enzyme in tumor
versus normal cells [3]. In this regard, biochemical
exploitation of differences in TdR salvage in tumor cells
may be possible when TS inhibitors are combined with
thymidine analogues (Fig. 1).

We have previously reported that non cytotoxic con-
centrations of 3'-azido-3'-deoxythymidine (AZT),
a TdR analogue that passively diffuses into cells, in-
crease the cytotoxicity of ICI D1694, a folate-based TS
inhibitor, and is associated with increased AZT incor-
poration into DNA [4]. We had postulated that inhibi-
tion of TS by ICI D1694 would deplete dTMP levels
and lead subsequently to decreased dTTP pools. An-
other consequence of TS inhibition is the increase in
TK and thymidylate kinase (TdK) activity [5]. It fol-
lows that AZT phosphorylation would be increased,
producing elevated amounts of its active metabolite,
AZT triphosphate (AZT-TP) [4, 5]. Hence, increased
levels of AZT-TP would be competing with previously
depleted pools of 5'-deoxythymidine triphosphate
(dTTP) at DNA polymerase for incorporation into
cellular DNA.

In the present study we combined noncytotoxic con-
centrations of AZT with N 6-[4-(morpholinosul-
fonyl) benzyl]-N6-methyl-2, 6-diaminobenz [cd ] indole
glucuronate (AG-331), a lipophilic TS inhibitor [6].
AG-331 differs from the folate-based TS inhibitors in
that it does not require the folate transporter to enter
cells and it is not polyglutamated intracellularly [6, 7].
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Fig. 1. Cessation of dTMP formation due to inhibition of TS by
AG-331 in the de novo synthesis pathway, leading to increased
uptake of AZT and AZT-TP formation with increasing incorpora-
tion of AZT-TP into DNA

In this report we provide cytotoxic and biochemical
evidence to support our hypothesis that TS inhibition
can increase the effectiveness of AZT by increasing its
incorporation into cellular DNA.

Materials and methods

Chemicals

AG-331 was a gift from R. Jackson, Agouron Pharmaceuticals Inc.
(La Jolla, Calif.), and AZT was purchased from Sigma (St. Louis,
Mo). AZT was protected from light and drug dilutions were made in
phosphate-buffered saline (PBS). ['H]-AZT (14 Ci/mmol) was pur-
chased from Moravek Biochemicals (Brea, Calif.). Media, PBS, anti-
biotics, and trypsin were purchased from Gibco (Grand Island,
N.Y.). CytoScint liquid scintillation cocktail was purchased from
ICN Biomedicals (Costa Mesa, Calif.). Plasticware was purchased
from Falcon (Bedford, Mass). All other chemicals were of reagent
grade and were obtained from Sigma.

Cell culture

The human bladder-cancer cell line MGH-U1 was maintained as
a monolayer in alpha minimum essential medium (MEM) supple-
mented with 0.1% streptomycin, 0.1% penicillin, and 10% fetal calf
serum (Whittaker, Walkersville, Md., and P.A. Biologicals, Sidney,
Australia) at 37°C in a humidified atmosphere contining 5% CO 2

[8, 9] and was subcultured twice weekly until passage 20. Under
these conditions, the doubling time of the cells growing exponenti-
ally was approximately 24 h and the plating efficiency was > 80%.
Exponentially growing asynchronous cultures were used in all ex-
periments.

Cytotoxicity assay

The clonogenic survival of drug-treated cells was performed as
described previously [4, 8, 9]. Briefly, 1)< 106 cells were seeded in
a 75-cm2 flask in 10% dialyzed fetal calf serum (DFCS) and nucleo-
side-free MEM. After 24 h, the exponentially growing cells were
exposed to various drug concentrations and combinations for an
additional 24 h. Cells were then washed three times in calcium and
magnesium-free PBS, trypsinized, syringed to obtain a single-cell
suspension, counted, and plated in serial dilutions in replicates of six.
At 2 weeks after plating, colonies were stained with methylene blue
solution and then counted. Survival was expressed as a fraction
relative to untreated control values

Incorporation of [ 3H]-AZT into DNA

The incorporation of ['H]-AZT into DNA was determined in vitro
in MGH-U1 cells by a modification of the methods previously
described [10]. Briefly, to assess the effect of AG-331 on the incorpo-
ration of [ 3H]-AZT into nucleic acids, cells were seeded 5 x 10° in
a 24-well plate with 1 ml of nucleoside-free 10% DFCS MEM for
48 h. Subsequently, [ 3H]-AZT (1.8 µM, 25 jCi/well) was added
either alone or in combination with different concentrations of
AG-331. After 24 h, the cell number was determined and the cells
were washed once with PBS and pelleted. The cells were then
extracted twice with 100 µl of 0.2 N perchloric acid (PCA). The
insoluble material was incubated at 37°C for 20 min with 100 µl of
RNase solution [7.5 mg DNAse-free RNAse plus 50 ml of 50 µM
TRIS-ethylenediaminetetraacetic acid (EDTA), pH 7.4]. The



reaction was stopped by the addition of 200 µl of 0.2 N PCA and the
solution was centrifuged at 14,000 g for 10 min. The pellet was then
dissolved in 5 ml of CytoScint liquid scintillation cocktail and the
radioactivity was counted in a LS-330 Beckman Scintillation
Counter.

DNA damage

The alkaline comet assay was used to detect DNA single-strand
breaks, with some modifications to the methods described pre-
viously [11]. Following 24 h of drug exposure, cells were embedded
in 1% agarose gel, lysed in a 1 -M NaCl/0.03 M NaOH solution for
20 min, and subjected to electrophoresis (1 V/cm) for 10 min. After
staining with 2.5 µg propidium iodide/ml for 30 min, a characteristic
comet appeared with a tail consisting of DNA fragments. The
samples were examined using a 25X objective with an Olympus
epifluorescence microscope fitted with an intensified charge-coupled
device (CCD) camera interfaced to a SAMBA 4000 image-analysis
system (IPI, Chantilly, Va). The tail moment was defined [12] as the
product of the relative amount of DNA in the comet tail multiplied
by a measurement of the tail length. The tail moment represents the
DNA single-strand breaks caused by AZT and AG-331 either alone
or in combination.
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Results and discussion

The exact mechanism of action of AZT is not yet
understood; however, proposed mechanisms of action
for this agent have been cited: AZT could inhibit DNA
synthesis through an imbalance of deoxyribonucleotide
pools [13], or by incorporating itself into DNA in the
place of dTTP [14, 15], or due to an inability of the
cells to repair AZT-induced DNA damage [16]. Expo-
sure of MGH-U1 cells to AZT at concentrations
ranging from 5 to 500 µM for 24 h resulted in less than
10% cytotoxicity (Fig. 2). The negligible cytotoxicity
observed with AZT in MGH-Ul cells could be at-
tributed to inadequate incorporation of AZT into
DNA or to rapid excision repair in this particular cell
line. Biochemical analysis confirmed that there were
very low levels (0.0014 ± 0.0003 pmol/ 10 6 cells) of AZT
incorporated into DNA. This may have been due to
inhibition of TdK by AZT-MP [17], resulting in de-
creased AZT incorporation into DNA. Alternately, ex-
cision of AZT from DNA may be rapid, leading to few
DNA single-strand breaks. Our studies with
idoxuridine indicate that this TdR analogue is incorp-
orated to a greater degree than AZT in this cell line
and this is reflected in increased formation of DNA
single-strand breaks [18]. Further studies to address
the possibility of an increased rate of excision repair in
AZT-induced DNA lesions will be necessary to assess
the importance of DNA repair in the resistance to AZT.

AG-331 was also shown to cause minimal cytotoxic-
ity in MGH-U1 cells at concentrations of 1-10 gM for
24h exposures [19]. Interestingly, 5µM AG-331 pro-
duces almost complete TS inhibition [19] but less than
35% cytotoxicity (Fig. 2). Perhaps the lack of poly-
glutamation and AG-331's lipophilic nature allows this

Fig. 2 Clonogenic survival of MGH-U1 cells treated with AG-331,
AZT, and the combination of 5 µM AG-331 plus AZT. Each point
represents the mean value for at least three experiments ± SD

agent to move freely in and out of cells. Thus, even
though TS inhibition occurs, it may not be retained
intracellularly for sufficiently long periods to deplete
dTTP pools and cause inhibition of DNA elongation,
which would be manifested by decreases in clonogenic
survival.

When these agents are combined simultaneously, an
enhanced cytotoxic effect occurs. In MGH-U1 cells
exposed to the combination for 24 h, non-cytotoxic
concentrations of AZT produced greater than 50%
clonogenic inhibition with the addition of 5 µM AG-
331, which by itself produced less than 35% cytotoxic-
ity. With AG-331 inhibition of TS activity, intracellular
dTTP pools should decrease and both TK and TdK
activity would increase. Hence, an increased amount of
AZT-TP would be competing with previously depleted
dTTP pools for incorporation into cellular DNA. Un-
der these conditions, it is likely that more AZT-TP
would be incorporated into DNA, which could lead to
increased DNA damage and cytotoxicity.

Biochemical investigation of the incorporation of
[ 3 H]-AZT into DNA and DNA single-strand breaks in
the presence and absence of AG-331 supported our
hypothesis. AG-331 increased the incorporation of
[ 3H]-AZT into DNA. In fact, 5 µM AG-331 increased
the incorporation of 1.8 gM [ 3H] -AZT by 68% ± 7%
from 0.0014 ± 0.0003 pmol/10 6 cells in cells treated
with AZT alone to 0.0024 ± 0.0004 pmol/10 6 cells
when AZT and AG-331 were combined. In association
with this increased incorporation of AZT into DNA,
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Fig. 3 DNA single-strand breaks caused by AG-331, AZT, and the
combination of 5 µM AG-331 plus AZT as determined by comet tail.
Each point represents the mean tail-moment value for 30 images
from three separate experiments. Error bars represent the SD

increased numbers of DNA single-strand breaks were
observed with the combination as compared with each
agent alone. The combination of 5 µM AG-331, which
produced a comet tail moment of less than 1.0, en-
hanced the damage induced by 5, 50 and 500 µM AZT
by 1.7-, 3.7-, and 6.6-fold in comet tail moment, respec-
tively (Fig. 3).

We conclude from our studies that exploitation of
the TdR salvage pathway should be targeted for future
development of improved chemotherapeutic combina-
tions in the treatment of cancer.
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