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Abstract The mechanism of synergy between Y-azido- 
Y-deoxythymidine (AZT) and am• agents was 
investigated with emphasis on cell-cycle events. Expo- 
sure of exponentially growing WiDr human colon car- 
cinoma cells to AZT resulted in synchronization of cells 
in the S phase of the cell cycle. Following treatment 
with AZT at 50 or 200 pM, 62% • 3% or 82% • 4% 
of the cells were in the S phase as compared with 
36% • 2% in the control. Bromodeoxyuridine uptake 
studies revealed that the synchronized cells actively 
synthesized DNA. At concentrations of up to 200 pM, 
AZT produced a cytostatic rather than cytotoxic effect 
as indicated by viability and cell growth measurements. 
At 200 gM, AZT-induced synchronization was signifi- 
cant (P = <0.001) after 12 h of drug exposure, reached 
a maximum at 24 h, and reversed to baseline levels by 
72 h even in the continued presence of the drug. This 
indicates that AZT-induced cytostasis is a transient 
and reversible effect. The cell-cycle events seen with 
AZT in WiDr cells were also observed in eight of nine 
human tumor cell lines tested. Isobologram analysis of 
WiDr cells preexposed to AZT for 24 h and then ex- 
posed to either AZT-5-fluorouracil or AZT-methot- 
rexate for a further 72 h revealed synergy between AZT 
and the ant• agents, indicating that AZT-induced 
synchronization may have therapeutic benefits. 
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Introduction 

3'-Azido-3'-deoxythymidine (AZT, Retrovir) is active 
against human immunodeficiency virus [10,16] and is 
clinically used in patients with severe acquired im- 
munodeficiency syndrome (AIDS)-related complex and 
AIDS [4,7,19]. AZT has been shown to act synergisti- 
cally with the ant• agents 5-fluorouracil (5-FU) 
and methotrexate (MTX) against human tumor cells 
[2,3,24,25]. The mechanism of action was postulated to 
be inhibition of thymidine kinase, since AZT is phos- 
phorylated by this enzyme in cancer cells. As a result, 
AZT would be expected to block the synthesis of 
deoxythymidine triphosphate and should synergisti- 
cally interact with inhibitors of deoxypyrimidine bio- 
synthesis such as MTX and 5-FU, which are inhibitors 
of the thymidylate synthase cycle [-24]. 

On the basis of studies in cisplatin-resistant cell lines, 
an additional role for AZT as an inhibitor of DNA 
repair and replication has also been postulated. Several 
studies led to the conclusion that cisplatin-resistant 
cells have an enhanced capacity to remove potentially 
lethal cisplatin-DNA adducts and resynthes~ze DNA in 
repair gaps [1,6,22]. The cisplatin-resistant cells 
overexpressed five enzymes (dihydrofolate reductase, 
thymidine kinase, thymidylate synthase, and DNA 
polymerases :z and ~3) believed to be important for 
DNA replicative and repair synthesis [20]. These five 
enzymes are S-phase-specific enzymes and, moreover, 
DNA replicative and repair synthesis occurs in the 
S phase of the cell cycle. In earlier studies, inhibitors of 
DNA repair synthesis were shown to enhance the 
lethal effects of cisplatin [15,21]. The combination of 
AZT and cisplatin was 13 times more potent than an 
equivalent dose of cisplatin alone in cisplatin-resistant 
HCT-8 cells [20]. These observations led us to the 
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present  invest igat ion of  changes  in the cell-cycle events 
occur r ing  in h u m a n  t u m o r  cells exposed  to AZT.  

In  this s tudy,  we invest igated A Z T - i n d u c e d  cell-cycle 
pe r t u rba t i on  and  its re la t ionship  to cell g r o w t h  and  
viabil i ty in h u m a n  t u m o r  cells. O n  the basis of  these 
findings, we present  a cor re la t ion  between AZT- in -  
duced  cell-cycle pe r t u rba t i on  and  synergist ic  cy to toxic-  
ity of  comb ina t i ons  of  A Z T  and  5 - F U  or  A Z T  and  
M T X .  

filter. The list-mode data were collected for at least 20,000 particles 
using the Consort 30 program, and the DNA histogram data were 
analyzed using the MODFIT program (Verity Software). The deter- 
mination of the distribution of cells in the G1, S, and G2 + M phases 
of the cell-cycle was based on a cell-size-gated population using 
defined markers for these parameters. There were at least duplicates 
for each analysis point, and the data given are mean values for the 
cell-cycle points. 

BrdUrd incorporation as determined by flow cytometry 

Materials and Methods 

Chemicals and drugs 

AZT and calcium leucovorin were supplied by Burroughs Wellcome 
Co. MTX and 5-FU were obtained from Sigma Chemical Co. 
Cell-culture medium was supplied by Gibco Laboratories, and fetal 
bovine serum was obtained from Hazelton Research Products, Inc, 
All other chemicals and reagents used were of analytical grade. 

Cell culture 

Human colon-carcinoma cell lines (WiDr, SW480, and SW620), 
a human melanoma cell line (A-375), a human pancreatic carcinoma 
cell line (BxPC3), and a human breast carcinoma cell line (MCF-7) 
were obtained from the American Type Culture Collection (Rock- 
ville, Md.) The human leukemia cell line CCRF-CEM was provided by 
Dr. J. Bertino, Sloan Kettering Memorial Cancer Center (New York, 
NY.). The human colon carcinoma GC3C 1 and its subline lacking 
thymidine kinase activity (GCjTK~ were obtained from Dr.-L- 
Houghton, St. Jude Hospital, (Memphis, Tenn.) [131. The subline 
was selected with bromodeoxyuridine (Brdurd), was incapable grow- 
ing in HAT medium, and was deficient in the cytosolic form of 
thymidine kinase. The WiDr, SW480, MCF-7, GC3C 1, and 
GC~C1/TK- cells were cultured in folate-free RPMI 1640 medium 
supplemented with 10 nM calcium leucovorin and 10% charcoal- 
dialyzed fetal bovine serum. All the remaining ceil lines were cul- 
tured in RPMI 1640 medium supplemented with 10% fetal bovine 
serum. The ceils were grown at 37~ in a humidified atmosphere 
containing 5% CO 2. 

Growth inhibition (ICso values) was determined using the MTT 
assay as described by Mossman [17]. Isobologram analysis was 
carried out as described previously [51. 

DNA histogram and cell-cycle analysis 

Exponentially growing human tumor cells were exposed to various 
concentrations of AZT and were harvested at different times using 
trypsin-ethylenediaminetetracetic acid (EDTA). The cells were fixed 
in ice-cold 70% ethanol (1 ml) and stored at 4~ for a minimum of 
12 h but no longer than 1 week prior to further analysis. The cells 
were spun down at 1,0009 for 2 min and the supernatant was 
removed and discarded. The pellet containing cells (0.5-2-million) 
was stained for DNA with propidium iodide. In this procedure, the 
cell pellet was resuspended in 3.4-ram citrate buffer containing 
0.01 MNaC1, 50~tg propidium iodide/ml, 0.6% NP-40, 37~g 
RNAase/ml (75 Kunitz units/mg protein) at a pH of 7.6. Prior to 
analysis, the cells were passed through a 25-gauge needle and filtered 
through 40-gm mesh to remove any clumps. The cells were analyzed 
on a FACS STAR flow cytometer (Becton Dickinson FACS 
Systems) with excitation at 488 nm; the DNA fluorescence 
per cell was measured on a linear scale using a 630/22-nm bandpass 

The cells exposed to AZT were further exposed to 8 ~tM BrdUrd for 
1 h at 37~ The cells were spun at 1,0009 for 2 rain and the 
supernatant was discarded. The cells were fixed with 70% ice-cold 
ethanol and stored at 4~ for a maximum of 1 week before further 
analysis. The pellet was washed with phosphate-buffered saline 
(PBS), treated with RNAse, acid-denatured, and treated with a fluor- 
escein conjugate of anti-BrdUrd (Becton Dickinson Immuno 
Cytometry Systems) as described in the kit procedure. The DNA was 
then stained with 20 gg propidium iodide/ml; the dual labeled cells 
were processed on a Becton Dickinson FACS STAR flow cytometer 
using excitation at 488-nm and measurement of log fluorescein 
isothiocyanate (FITC) incorporation per cell with a 530/30-nm 
bandpass filter. Controls for background fluorescence were carried 
out by elimination of addition of the primary antibody. The DNA 
fluorescence per cell was measured as described above. The two- 
color analysis was performed using the Consort 30 program. 

Results 

The  results i l lustrated in Tables  1 and  2 conf i rm the 
findings ob ta ined  in o ther  l abora tor ies  indicat ing tha t  
A Z T  interacts  synergist ical ly with bo th  M T X  and  5- 
FU .  T r e a t m e n t  of  W i D r  cells for 24 h with A Z T  fol- 
lowed  by  fur ther  t r ea tmen t  for 72 h with the c o m b i n a -  
t ion  o f  A Z T  and  M T X  or  A Z T  and  5 - F U  resulted in 
a synergist ic inhibi t ion  of  cell g rowth .  A Z T  appl ied 
concur ren t ly  with or  after the drugs  exhibi ted addi t ive 
effects. M T X  and  5 - F U  are b o t h  cycle-specific anti-  
t u m o r  drugs  tha t  are active in the S phase  of  the cell 
cycle. Moreove r ,  a l t h o u g h  the ICso  of  A Z T  in W i D r  
cells is high (approx imate ly  100 gM),  this d rug  wou ld  
also be expected to be active dur ing  the S phase. Thus,  
to de te rmine  whe ther  the synergist ic effects of  A Z T  
were related to changes  in the cycling of  the cells, we 
examined  the effects of  A Z T  on  the cell cycle in W i D r  
cells. 

F igure  1 i l lustrates changes  in the cell-cycle dis tr ibu-  
t ion  as de te rmined  by D N A  staining with p r o p i d i u m  
iodide in W i D r  cells t rea ted  with A Z T  at concen t ra -  
t ions of  50 and  200 ~tM. T r e a t m e n t  of  the cells with 
A Z T  resulted in the a c c u m u l a t i o n  of  cells in the 
S phase. F o r  the first 24 h of  t r ea tmen t  with ei ther  
c o n c e n t r a t i o n  of  AZT,  there was a progress ive  a c c u mu -  
la t ion  of  cells in the S phase  with a c o r r e s p o n d i n g  
decrease in the p r o p o r t i o n  of  cells in G1. O v e r  the 
ensuing 48 h, there was cell division with an exit of  cells 
f rom G z  + M and  reent ry  into G t. T r e a t m e n t  of  W i D r  
cells with A Z T  resul ted in a significant increase 
(P <0.001)  in the percen tage  of  cells in the S phase  at 
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Table 1 Isobologram analysis of WiDr cells exposed to AZT and 
5-FU" 

Validity 

Drugs (btM) Observed Predicted 

AZT (100) 50.0 50 
AZT (90) + 5-FU (0.18) 49.3 50 
AZT (80) + 5-FU (0.36) 38.8 50 
AZT (70) + 5-FU (0.54) 33.0 50 
AZT (60) + 5-FU (0,72) 34.8 50 
AZT (50) + 5-FU (0,9) 36.6 50 
AZT (40) + 5-FU (1,08) 35.2 50 
AZT (30) + 5-FU (1.26) 38.1 50 
AZT (20) + 5-FU (1.44) 38.8 50 
AZT (10) + 5-FU (1.62) 44.5 50 

5-FU (1.8) 50.0 50 

A total of 2 x 103 cells were seeded in a 96-well microtiter plate, 
each well containing a volume of 150 pl. AZT was added 2 h later 
and 5-FU was added 24 h after AZT; the final volume was 300 b!l. 
Under the experimental conditions the IC5o for 5-FU was 1.8 pM 
and that for AZT, 100 gM. The cells were incubated and processed, 
and viability was determined as described in Materials and methods. 
The results are mean values for a minimum of six data points 

Table 2 Isobologram analysis of WiDr cells exposed to AZT and 
MTX" 

Validity 

Drugs (gM) Observed Predicted 

AZT (100) 50.0 50 
AZT (90) + MTX (0.0003) 45.5 50 
AZT (80) + MTX (0.0006) 43.2 50 
AZT (70) + MTX (0.0009) 40.8 50 
AZT (60) + MTX (0.0012) 39.7 50 
AZT (50) + MTX (0.0015) 34.8 50 
AZT (40) + MTX (0.0018) 38.0 50 
AZT (30) § MTX (0.0021) 40.6 50 
AZT (20) + MTX (0.0024) 42.9 50 
AZT (10) + MTX (0.0027) 46.1 50 

MTX (0.003) 50.0 50 

"Under the experimental conditions the ICso for MTX was 
0.003 pM and that for AZT, 100 pM. The cells were seeded and 
processed, and viability was determined as described in Table 2. 
AZT was added 24 h prior to MTX. The results are mean values for 
a minimum of six data points. 

12 h after drug exposure, which at 24 h reached a max- 
imum of 62% +_ 3% and 82% + 4% for AZT concen- 
trations of 50 and 200 pM, respectively (Table 3). The 
percentage of cells in the S phase returned to baseline 
levels by 72 h, even in the continued presence of the 
drug. In controls, 36% + 2% of the cells accumulated 
in the S phase at 24 h. 

Consistent with the cell-cycle effects, WiDr cells ex- 
posed to 50 pM AZT exhibited an increased division 
time during the first 24 h followed by growth resump- 
tion comparable with control values during the next 
48 h. In the case of 200 pM AZT, there was no growth 
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Fig. 1A-N DNA histograms of propidium iodide-stained WiDr 
cells. A controls at 12 h. B controls at 24 h. C H Cells treated with 
50 ?aM AZT for 12-72 h and I - N  cells treated with 200 btM AZT 
for 12-72 h as described in Materials and methods. The peak visible 
at channel number 50 is a 1 and that visible at channel number 
90 95 is Gz/M 
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Table 3 DNA historgrams of propidium iodide-stained WiDr cells 
exposed to AZT a 

% Cells in 

Drug G1 S G 2 + M 

Control, 12 h 46 36 18 
AZT, 50 gM, 12 h 37 55 8 
AZT, 200 gM, 12 h 34 61 5 

control, 24 h 47 36 17 
AZT, 50 ~tM, 24 h 30 62 8 
AZT, 200 gM 14 82 4 

Control, 36 h 40 40 20 
AZT, 50 gM, 36 h 26 53 21 
AZT, 200 gM, 36 h 17 61 22 

Control, 48 b 44 37 19 
AZT, 50 gM, 48 h 25 54 21 
AZT 200 gM, 48 h 20 62 18 

Control, 60 h 48 37 15 
AZT 50 gM, 60 h 35 48 17 
AZT 200 gM, 60 h 37 48 15 

Control, 72 h 48 36 16 
AZT 50 ~tM, 72 h 41 44 15 
AZT 200 ~tM, 72 h 40 43 17 

a The numbers were generated using MODFIT analysis 

in the first 24 h, which was consistent with an almost 
total block of the cells in the S phase (Fig. 1). Growth 
retardation occurred during the next 24 h, which was 
followed by a return to control growth rates within 
72h, even in the continued presence of the drug. 
Trypan blue dye exclusion showed a viability of 95 % at 
all time points (Table 4). The AZT-induced cell-cycle 
perturbations were time- and concentration-dependent 
over a concentration range of 3--200 ~tM. There was no 
cell-cycle perturbation effect during the first 5 h of AZT 
exposure. AZT-induced cell-cycle perturbations were 
maximal at 12-24 h after drug addition and then re- 
turned to baseline levels, even in the presence of the 
drug. The cell-cycle effects observed with AZT in WiDr 
cells were also observed in colon carcinomas SW480 
and SW620, MCF-7 breast carcinoma, BxPC3 pancre- 
atic carcinoma, A375 melanoma, and CCRF-CEM 
leukemia (Table 5). The results illustrated in Table 6 
indicate that phosphorylation of AZT is required for 
synchronization of cells. GC3TK-cells, which lack the 
enzyme thymidine kinase and, thus, the ability to phos- 

phorylate AZT to the monophosphate, do not exhibit 
synchronizatio n in the presence of AZT. In contrast, 
treatment of the parent line from which this clone was 
derived (GC3C1) with 200 gM AZT led to the accumu- 
lation of approximately 90% of the cells in the S phase 
at 24 h. 

BrdUrd uptake studies using a fluorescein conjugate 
of an antibody to BrdUrd (Table 7) showed that the 
cells blocked in the S phase by AZT actively syn- 
thesized DNA and that less than 3% of the AZT- 
treated cells were in the dormant SO stage. This further 
confirms that exposure of exponentially growing WiDr 
cells to AZT at concentrations of up to 200 p~M for 72 h 
is not cytotoxic. 

Di$�9 

In this report, we describe a novel mechanism by which 
AZT can produce a synergistic interaction with S- 
phase-specific anticancer agents. AZT caused a time and 
concentration-dependent synchronization of human 
tumor cells in the S phase of the cell cycle. This syn- 
chronization was dose-dependent, transient, reversible, 
and cytostatic in nature. AZT at 200 gM produced an 
almost total arrest of cells in the S phase of the cell 
cycle, whereas at lower concentrations, transit through 
the cell cycle was slowed significantly, though not com- 
pletely. Synchronization parallels and may be related 
to the decreases in deoxynucleotides observed follow- 
ing treatment of cells with AZT 1-8,9]. These studies 
[8,9] showed that treatment with 200 ~tM AZT result- 
ed in decreased levels of deoxythymidine triphosphate 
(dTTP) and deoxyguanosine triphosphate (dGTP), 
which returned to near normal levels by 24 h. When 
cells are treated with AZT, the transient decrease in 
dTTP occurs at the same time as an increase in the 
levels of AZT and its phosphorylated derivatives, in- 
cluding AZT triphosphate (AZTTP). Since AZT and 
thymidine compete for the same enzymes (i.e., thy- 
midine kinase, thymidylate kinase, and DNA poly- 
merase), decreased levels of dTTP would allow for the 
increased incorporation of AZTTP into DNA. As 
dTTP levels again increase, there would be increased 
incorporation of dTTP into DNA relative to AZTTP 
due to the more favorable kinetic parameters of 
thymidine and dTTP for the synthetic enzymes. This 

Table 4 Growth rates of WiDr 
cells proposed to AZT Doubling time (h) % Viability" 

Drug 0-24 24-48 48 72 0-72 24 h 48 h 72 h 

Control 19.6 21.6 23.6 21.7 100 100 98 
AZT, 50 ~tM 90.6 19.5 23.6 27.7 100 100 97 
AZT, 200 gM NG 41.4 22.0 48.0 98 100 98 

a Viability was assessed using trypan blue dye exclusion 
(NG, no growth) 



Table 5 Cell-cycle distribution in human tumor ceils exposed to 
AZT" 

% Cells in 

G1 S G2 + M 

CCRF-CEM: 
Control, 12 h 16 54 30 
AZT, 50 p-M, 12 h 30 55 15 
AZT, 200 ~M, I2 h 0 65 35 

Control, 24 h 40 45 15 
AZT, 50 p-M, 24 h 27 68 5 
AZT, 200 p-M, 24 h 0 89 11 
SW-480: 
Control, 12 h 40 46 14 
AZT, 50 gM, 12 h 25 70 5 
AZT, 200 P-M, 12 h 13 87 0 

Control, 24 h 39 48 13 
AZT, 50 gM, 24 h 34 52 14 
AZT, 200 P-M, 24 h 22 69 9 
SW-620: 

Control, 12 h 40 45 15 
AZT, 50 p-M, 12 h 27 68 5 
AZT, 200 P-M, 12 h 23 73 4 

Control, 24 h 38 45 17 
AZT, 50 ]zM, 24 h 20 65 15 
AZT, 200 ~M, 24 h ]2 88 0 
MCF-7: 

Control, 12 h 56 22 22 
AZT, 50 P-M, 12 h 46 47 7 
AZT, 200 P-M, 12 h 53 39 8 

Control, 24 h 52 28 20 
AZT, 50 pM, 24 hz 41 57 2 
AZT, 200 p-M, 24 h 49 49 2 
BxPC3: 

Control, 12 h 63 16 21 
AZT, 50 p.M, 12 h 52 38 10 
AZT, 200 p-M, 12 h 55 40 5 

Control, 24 h 44 34 22 
AZT, 50 gM, 12 h 16 78 6 
AZT, 200 gM, 12 h 7 93 0 
A375: 

Control, 12 h 15 55 30 
AZT, 50 p-M, 12 h 2 74 24 
AZT, 200 ~tM, 12 h 0 79 21 

Control, 24 h 17 54 29 
AZT, 50 p-M, 24 h 11 64 25 
AZT, 200 p-M, 24 h 0 94 6 

Cells exposed to AZT were fixed in ice-cold 70% ethanol and kept 
in a refrigerator for a minimum of 12 h (but no more than a week) 
until analysis by flow eytometry as described in Materials and 
methods 

re turn  c o r r e s p o n d e d  to the t ime in these studies at 
which the cell-cycle d is t r ibu t ion  began  to  reverse to- 
w a r d  normal .  

The  abil i ty of  A Z T  to induce  synch ron i za t i on  ap-  
peared  to  be dependen t  on  p h o s p h o r y l a t i o n  of  the 
nucleoside.  T r e a t m e n t  of  G C 3 T K - ,  a cell line deficient 
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Table 6 Role of thymidine kinase in synchronization of cells by AZT 

% Cells in 

Ceil/treatment Gt S Gz + M 

GC3CI: 

Control, 12 h 36 42 22 
AZT, 50 p-M, 12 h 37 40 23 
AZT, 200 gM, 12 h 43 40 17 

Control, 24 h 47 32 21 
AZT, 50 p-M, 24 h 11 78 11 
AZT, 200 gM, 24 h 6 91 3 

GC3/TK-: 

Control, 12 h 49 33 18 
AZT, 50 gM, 12 h 52 25 23 
AZT, 200 p-M, 12 h 52 24 24 

Control, 24 h 49 32 19 
AZT, 50 p-M, 24 h 48 27 25 
AZT, 200 p-M, 24 h 45 34 21 

Table 7 BrdUrd uptake studies in WiDr cells exposed to AZT 

% Cells in 

G1 S G 2 + M  

ES LS SO 

Control, 24 h 27 57: 16 
19 35 3 

AZT, 50 p-M, 24 h 18 66: 16 
16 45 5 

AZT, 200 gM, 24 h 10 84: 6 
30 50 4 

Control, 72 h 31 51: 18 
18 30 3 

AZT, 50 p-M, 72 h 27 52: 21 
13 39 3 

AZT, 200 IzM, 72 h 22 60: 18 
14 46 0 

in thymid ine  kinase,  the enzyme  responsible  for the 
p h o s p h o r y t a t i o n  o f  AZT,  had  no effect on  the cell-cycle 
d i s t r ibu t ion  in this celt line. Moreove r ,  p re l iminary  
studies have indicated  tha t  the extent  of  the S phase  
b lock  correla tes  with the a m o u n t  of  A Z T  i n c o r p o r a t e d  
in to  D N A  (D.Duch,  unpub l i shed  data). I t  h a d  pre- 
viously been shown [9]  that  A Z T  could synchronize  the 
leukemic cell line C C R F - C E M  in the S phase  of  the cell 
cycle. The results of  this s tudy show that  A Z T  can also 
effectively synchron ize  cells der ived f rom solid tumors .  

Recently,  K e y o m a r s i  et al. [14]  descr ibed an  effective 
p rocedu re  for the synch ron i za t i on  of  t u m o r  cells using 
lovastat in .  This  p rocedure  arres ted m a m m a l i a n  cells in 
the G1 phase  of  the cell cycle bu t  required  a second  
agent ,  meva lon ic  acid, to  reverse the synchrony .  In  
contras t ,  A Z T - i n d u c e d  synch ron i za t i on  is reversible 
w i thou t  add i t ion  of  a second  agent ,  even in the 
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continued presence of the drug. AZT treatment did not 
result in cell killing as determined by viability and cell 
growth measurements. BrdUrd uptake studies revealed 
that the arrested cells actively synthesized DNA, indic- 
ating the cytostatic nature of the AZT-induced cell- 
cycle effect. One approach to optimization of therapy is 
based on observations that the cell-cycle-traversing 
properties of malignant tumors and therapy-limiting 
host tissues are often distinctly different and that a var- 
iety of anticancer agents exist that kill or block cells 
only in limited parts of the cell cycle [11]. Cytokinetic 
strategies are based on observations that the tumor 
and/or normal cells can be partially synchronized dur- 
ing therapy and that the administration of cell-cycle- 
specific cytotoxic agents can be timed to maximize 
tumor-cell killing and/or to minimize normal-cell kill- 
ing. These results suggest that pretreatment with AZT 
may modulate the tumor cells favorably to increase the 
therapeutic index of the anticancer agent. 

Pretreatment of WiDr cells for 24 h with AZT fol- 
lowed by the combination of AZT and 5-FU or AZT 
and MTX resulted in synergistic cell-growth inhibition. 
Both 5-FU and MTX are S-phase-specific anticancer 
agents. The synergistic cytotoxicity seen in this study 
may have been due to synchronization of cells in the 
S phase of the cell cycle induced by AZT due to pret- 
reatment followed by lysis of those cells in the S phase 
by the S-phase-specific cytotoxic agents 5-FU and 
MTX. Other mechanisms for the mode of action of 
AZT have been proposed. Weber et al. [24,25] pro- 
posed that through its inhibition of thymidine salvage, 
AZT synergistically enhanced the antitumor effects of 
MTX and 5-FU, both inhibitors of de novo thy- 
midylate biosynthesis. Although inefficient as a sub- 
strate for cellular DNA polymerases, AZT can be in- 
corporated into DNA and, when incorporated, acts as 
a chain terminator [18,23]. AZT that has been incorp- 
orated into D N A  can be removed by a 3'-exonuclease 
activity, although the repair process may be saturated 
at high levels of AZT. Harrington et al. [12] have 
shown that AZT monophosphate is an inhibitor of 
3'exonuclease purified from two different human cell 
lines and that the high levels of AZT monophosphate 
present following AZT treatment may be sufficient to 
inhibit the exonuclease activity and, hence, DNA  re- 
pair. Indeed, Scanlon et al. [20,21] have proposed that 
AZT potentiates the antitumor activity of cisplatin 
through its effects on D N A  repair. 

In summary, we report a novel mechanism of syn- 
chronization of human tumor cells by AZT leading to 
synergistic interaction with S-phase-specific agents. 
This warrants further investigation in vitro and in vivo. 
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