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SUMMARY

The cytotoxic effects of cytosine arabinoside (ara-C) and
5-fluorodeoxyuridine (FUdR) on S-phase HeLa cells, syn
chronized by mitotic detachment, were estimated by the
plating technique for measuring colony survival. Treatment
of the S-phase HeLa cells with 10 //M ara-C alone for 1 hr
produced greater than 90% cell kill. When the ara-C-treated
cells were also treated subsequently with 10 ^M FUdR for 1
hr, the cell survival was greater than 90%. Biochemical
studies have shown that ara-C-treated cells recovered their
ability to incorporate deoxythymidine-3H into DNA more

rapidly when treated subsequently with FUdR. The inhibi
tion of the cytotoxic action of ara-C by FUdR did not
appear to be due to the increase in the rate of catabolism of
ara-C nucleotides since the half-life of intracellular cytosine
arabinoside 5'-triphosphate was estimated to be about 50
min in both control and FUdR-treated cells.

INTRODUCTION

ara-C3 is a potent inhibitor of cellular proliferation and
DNA synthesis (3, 24) and is cytotoxic to dividing mam
malian cells (4, 8). Proliferating cells convert ara-C to its
phosphorylated derivative, ara-CTP (19, 23), presumably
the active intracellular form of this antimetabolite. The 1st
step in the phosphorylation of ara-C is catalyzed by
deoxycytidine kinase (6, 20), an enzyme that increases in
activity during the S phase of the cell cycle (18). The
nucleoside analog, ara-C, produces its cytotoxic effects on
cells primarily when they are in the S phase of the cell cycle
(14,27).

The mechanism by which ara-C produces its cytotoxic
effects on proliferating mammalian cells has not been
completely elucidated. Several interpretations have been
proposed to explain the mode of action of ara-C. These
include inhibition of ribonucleotide reducÃase(3), inhibition
of DNA polymerase (7, 9), termination of polydeoxynucleo-
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tide chain growth (16, 17), and incorporation into RNA (2,
4).

Recently, Grindey and Nichol (10) have shown that there
is a potent antagonism between ara-C and FUdR on the
growth inhibition of asynchronous cultures of L1210 leu
kemia. One problem in the interpretation of their data is
that FUdR blocks the passage of cells from G, into S phase
of the cell cycle (26), and this prevents the cytotoxic action
of ara-C, a S-phase-specific agent (14, 27). In order to
obtain a more clear interpretation of the mechanism of
antagonism between ara-C and FUdR, I have studied the
cytotoxic and biochemical effects of the combination of
these agents on S-phase HeLa cells.

MATERIALS AND METHODS

Materials. ara-C and potato apyrase (Grade 1) were
obtained from Sigma Chemical Co. (St. Louis, Mo.) FUdR
and deoxythymidine-methyl-3H were obtained from Hoff

man LaRoche Ltd. (Montreal, Canada) and New England
Nuclear (Boston, Mass.), respectively. ara-C-3H was ob

tained from Schwarz/Mann (Orangeburg, N. Y.) and
purified on Whatman No. 3MM paper by descending
chromatography in 86% 1-butanol: concentrated NH4OH
(94.5:5.5) as described by Chu and Fischer (4). The ara-
C-3H was eluted from the paper with 50% ethanol and
stored at -20Â°. Eagle's minimum essential medium and

calf serum were obtained from Grand Island Biological
Co. (Grand Island, N. Y.) and Tissue Culture Associates
(Slough, England), respectively.

Cell culture. HeLa cells were grown as monolayer at 37Â°

in medium containing 10% calf serum. Synchronous cul
tures were obtained by the selective detachment of mitotic
cells from monolayers (25). The mitotic suspension was
incubated at 37Â°with stirring for 12 hr to permit this cohort

of cells to reach approximately the middle of the S phase of
the cell cycle. The length of the cell cycle for HeLa cells
under these conditions was 20 hr with the G,, S, and G2
phases occupying approximately 8, 10, and 2 hr, respec
tively.

Chemotherapy. Approximately 200 HeLa cells from the
mid-S phase were placed in Falcon plastic Petri dishes (60
mm diameter) and incubated at 37Â°in an air:CO2 incubator

for 2 hr to permit the cells to attach to the plastic. The cells
were exposed to either 10 Â¿Â¿Mara-C or 2 ^M FUdR for I hr.
When the cells were treated with both ara-C and FUdR,
where indicated, the cells were exposed to the 1st drug for 1
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hr and, after its removal, the cells were exposed to the 2nd
drug for 1 hr. After drug treatment the cells were placed in
drug-free medium for 10 days. The number of colonies were
counted after fixation with methanol and staining with
Giemsa. The plating efficiency under these conditions was
approximately 50%.

Biochemical Studies. For biochemical studies the HeLa
cells were grown in suspension. DNA synthesis was meas
ured by following the incorporation of deoxynucleosides-3H
into the acid-insoluble fraction of the cells. Approximately 1
x IO5cells in 1.0 ml of medium was mixed with 1.0 ml of
fresh medium containing 4.0 Â¿iCiof deoxythymidine-
methyl-3H (20 Ci/mmole) or 5.0 //Ci of deoxyadenosine-3H
(17 Ci/mmole). The mixture was incubated at 37Â°for 20
min and the cells were then trapped on 2.4-cm-diameter ni
trocellulose Millipore filters (0.45 /im). The filters were
washed with 0.1 M NaCl, 5% cold trichloroacetic acid, and
75% ethanol. The dried discs were suspended in scintillation
fluid and assayed for radioactivity.

The metabolism of ara-C nucleotides was measured by
incubating an asynchronous culture of HeLa cells (5 x IO8
cells) in logarithmic growth in 150 ml of fresh medium
containing 14 //Ci of ara-C-3H (16 Ci/mmole) for 90 min at
37Â°.The cells were then centrifuged and suspended in fresh
medium free of ara-3H. FUdR at a concentration of 3 /iM
was added to one-half of the culture. At various intervals
20-ml aliquots (5 x IO7cells) of the culture were centrifuged

and suspended in 100 /Â¿I5% cold trichloroacetic acid. After
centrifugation at 2000 x g for 10 min, the acid-soluble
supernatant was removed and neutralized with 25 /il of 0.5 M
Tris-acÃ©tate(pH 8.5). The neutralized supernatant was
spotted with cold carrier onto DEAE-cellulose-coated
plates. The plates were developed in 0.05 N HC1 (11) and the
nucleoside mono-, di-, and triphosphate forms of ara-C-3H
were detected with UV, scraped off the plate, and assayed
for radioactivity.

In order to measure the metabolism of ara-CTP-3H
to ara-UMP-3H, we treated the neutralized supernatant
with apyrase to convert ara-C-3H nucleotides to ara-CMP-
3H and thus permit easy separation between this latter
nucleotide and ara-UMP-3H using DEAE thin-layer chro-

matography. The neutralized supernatant was incubated at
37Â°for 10 min in a reaction mixture containing 1.0 mvi each

of UMP and CMP, 1.0 mMCaCl2, and apyrase, l.Omg/ml.
At the end of the incubation period the mixture was spotted
on DEAE-cellulose-coated glass plates and developed in
0.05 N HC1. The spots containing ara-CMP-3H and ara-
LiMP-3H were detected with UV, scraped off the plate, and

assayed for radioactivity. In control studies the apyrase
converted more than 90% of ara-CTP-3H to ara-CMP-3H
under these experimental conditions.

RESULTS

The effect of ara-C and FUdR on the viability of S-phase
HeLa cells is shown in Table 1.Treatment of the cells with 2
/iM FUdR for 1 hr did not produce any significant cell kill.More than'90% cell kill was produced when the cells were

Table I
Effect of ara-C and FUdR on survival of S-phase HeLa cells

Relative survival
Treatment (%)"

NoneFUdR
(2/IM,ara-C

( 10MM,FUdR(2/iM,ara-C

( IO//M,Ihr)Â»1

hr)1
hr) + ara-C ( 10fjM1
hr) + FUdR (2 /IM,

1hr),
Ihr)10098

Â±21
Â±11
Â±190Â±5

"The data are the mean values from 7 different experiments.
'After exposure to the drug for the time indicated the cells were placed

in drug-free medium and the number of colonies was determined after 10
days of incubation at 37Â°.When combinations were used, after exposure of
the cells to the 1st drug for I hr the drug-containing medium was removed
and the cells were exposed to the 2nd drug for I hr and placed in drug-free
medium.

treated with 10 /iM ara-C for 1 hr. However, if after ara-C
treatment the cells were exposed to 2 /Â¿MFUdR for 1 hr, less
than 10% cell kill was observed. When FUdR was adminis
tered before ara-C treatment, more than 90% cell killed was
observed. Thus, FUdR appeared to block the cytotoxic
action of ara-C on S-phase Hela cells when administered af
ter but not before ara-C treatment.

The effect of ara-C and FUdR on DNA synthesis in
S-phase HeLa cells is shown in Chart 1. Treatment of the
S-phase cells with 10 /iMara-C for 1 hr produced more than
90% inhibition of incorporation of deoxythymidine-methyl-
3H into DNA for a duration of at least 180 min (Chart 1/4).
A decrease in the rate of DNA synthesis was observed at
180 min in the control cells when this cohort of cells entered
the latter part of the S phase (Chart \A). In Chart IÃŸ,
treatment of S-phase cells with 2 /iM FUdR for 1 hr
produced about a 2-fold increase in the incorporation of
deoxythymidine-methyl-3H into DNA with respect to the

control (Chart 1/4). This increase was due to decrease in the
intracellular pool size of cold thymine nucleotides resulting
from the inhibition of thymidylate synthetase by the nucleo
tide form of FUdR (12). An overall inhibition by DNA
synthesis was observed in the FUdR-treated cells by
following the incorporation of deoxyadenosine-3H into the
acid-insoluble fraction (Table 2). In Chart l B when the cells
were treated first with FUdR and then subsequently with
ara-C, there was more than 90% inhibition of the incorpora
tion of deoxythymidine-methyl-3H into DNA for a duration
of at least 180 min. However, when the S-phase cells were
treated first with ara-C and then with FUdR. after an initial
inhibition, the cells began to recover their ability to
incorporate deoxythymidine-methyl-3H into DNA at about

60 min and at about 180 min the incorporation had reached
a similar level as the cells treated with FUdR alone.

The effect of FUdR on the catabolism of intracellular
ara-CTP-3H in asynchronous HeLa cells is shown in the

semilog of Chart 2. Approximately 40% of the cells were in
S phase when pulsed with ara-C-3H. The decrease in the
acid-soluble pool of ara-CTP-3H appeared to follow Ist
order kinetics with an estimated half-life of 50 min. There
appeared to be no significant differences between the rate of
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Chart I. Effect of ara-C and FUdR on the incorporation of deoxy-

thymidine-methyl-3H into acid-insoluble fraction of S-phase HeLa cells.
The cells were treated with ara-C and/or FUdR as described in Table I.
except that the cells were grown in suspension. The drugs were removed
from the medium by centrifugation. The time 0 min was 2.5 hr after
exposure of cells to the Ist drug.

Table 2
Effect of FUdR on incorpora/ion ofdeoxyadenosine-3H into acid-insoluble

fraction of S-phase HeLa cells

Time(hr)"0123Incorporation

ofdeoxyadenosine-3H(%

control)92837762% inhibitiong172338

"S-phase Hela cells were exposed to 2 /Â¿MFUdR for 1 hr and. after
removal of the drug from the medium, the cells were incubated with
deoxyadenosine-3H for 20 min at 37Â°at the time intervals indicated. The
amount of radioactivity incorporated into the acid-insoluble fraction was
determined as described under "Materials and Methods."

catabolism of ara-CTP-3H in the control and FUdR-treated

cells. A similar pattern as shown in Chart 2 was observed
for the radioactivity present in acid-soluble ara-C-3H,
ara-CMP-3H, and ara-CDP-3H which were 20, 30, and
35%, respectively, of the values shown for ara-CTP-3H at

each of the time intervals. There was no significant increase
in the amount of radioactivity in ara-UMP-3H in the
FUdR-treated cells. The amount of radioactivity present in
ara-UMP-3H was about 15% of the value shown for
ara-CTP at each time interval of Chart 2.

DISCUSSION

Grindey and Nichol (10) have shown that there is a potent
antagonism of the growth inhibition of asynchronous cul
tures of L1210 leukemia between ara-C and FUdR. It is
difficult to interpret their interesting data because FUdR
blocks the passage of cells from d into S phase (26) and
thus prevents the cytotoxicity produced by ara-C, an
S-phase-specific agent (14, 27). To overcome this problem I
have studied the cytotoxic effects of ara-C and FUdR on
S-phase HeLa cells. FUdR appeared to block the cytotoxic
action of ara-C (Table 1) and permitted the ara-C-treated
cells to recover part of their capacity to incorporate
deoxythymidine-methyl-3H into DNA (Chart \B) when ad
ministered after ara-C treatment. Both the cytotoxic and
biochemical data are in accordance with respect to the
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Chart 2. Effect of FUdR on the catabolism of acid-soluble ara-CTP-

3H. The cells were pulsed with ara-C-3H for 90 min. After removal of
ara-C-3H from medium, the cells were treated with 3 //M FUdR. At the
times indicated, the amount of ara-CTP-3H present in aliquots of 5 x IO7
cells was estimated as described under "Materials and Methods." O,

control; â€¢¿�,FUdR, 3 /IM.

1756 CANCER RESEARCH VOL. 33

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2391058/cr0330071754.pdf by guest on 19 M

ay 2023



Inhibition of ara-C Cytotoxity by FUdR

capacity of FUdR to block the action of ara-C on S-phase
HeLa cells. The scheduling was an important factor in these
experiments because, when FUdR was administered before
ara-C, the fluoro analog was not capable of blocking the
action of ara-C. Presumably, the duration of the inhibitory
activity produced by FUdR relative to the time of adminis
tration of ara-C is a key factor in these experiments. When
FUdR was administered after ara-C the duration of activity
of the fluoro analog, relative to the time of treatment with
ara-C, was longer than in the experiment in which FUdR
was administered before ara-C.

There are several possible mechanisms on how FUdR
blocks the action of ara-C on S-phase cells. First, FUdR, by
interfering with deoxynucleotide metabolism, may produce
indirectly an increase in the catabolism of ara-C nucleo-
tides. Second, FUdR, by inhibiting thymidylate synthetase
(12), will decrease the intracellular pool size of thymine,
deoxynucleotides and thus make this substrate rate limiting
since the synthesis of DNA requires the presence of all 4
deoxynucleotides (15). This "slowing down" of DNA

synthesis by FUdR would decrease the number of molecules
of ara-CTP incorporated into DNA and thus prevent the
cytotoxic action of ara-C. Third, since it has been suggested
that the incorporation of ara-C into RNA may be responsi
ble for the cytotoxic effects produced by this analog (2, 4), it
is possible that the conversion of some FUdR to a
ribonucleotide and its incorporation into RNA may some
how block the cytotoxicity of ara-C. However, there are no
data in this report that support this latter proposal.

FUdR did not appear to accelerate the catabolism of
ara-CTP-3H in HeLa cells (Chart 2). The estimated half-life
of intracellular ara-CTP-3H in both the control and FUdR-
treated cells was about 50 min. The extracellular half-life of
ara-C was reported to be about 15 min (21, 22), indicating
that ara-C nucleotides survive longer in the intracellular
fluid than the nucleoside form of this analog in the
extracellular fluid. These results suggested that there was no
large difference in the rate of catabolism of ara-C nucleo
tides between the control and FUdR-treated cells and, thus,
the block in the cytotoxic action of ara-C by FUdR could
not be due to an increase of the catabolism of ara-C
nucleotides.

FUdR permitted ara-C-treated cells to recover their
capacity to incorporate deoxythymidine-methyl-3H into

DNA when this fluoro analog was administered after but
not before ara-C treatment (Chart 1). If ara-C produces its
cytotoxic effects by incorporation into replicating DNA,
one would expect that in ara-C-treated cells the duration of
inhibition of DNA synthesis by another agent should be
proportional to its capacity to block the cytotoxic action of
ara-C. The data presented in this report appear to be
consistent with this proposal since FUdR blocked the
cytotoxic action of ara-C when this fluoro analog was
administered after but not before ara-C treatment.

There are several other reports that indirectly support the
hypothesis that the acute cytotoxic effects produced by
ara-C result from its incorporation into DNA. First,
ara-C-3H has been shown to be incorporated into DNA of
various mammalian cells (4, 5, 9, 24). Second, purified

mammalian DNA polymerase can catalyze the incorpora
tion of ara-CTP-3H into DNA producing termination of

chain growth (16, 17). Third, short exposures of mammalian
cells to ara-C have been shown to be mutagenic (13).
Fourth, short exposures of mammalian cells to ara-C
produce a large number of chromosome breaks (1). How
ever, in spite of all these reports any proposal on the
mechanism of action of an antimetabolite that effects DNA
synthesis should be regarded as tentative until the normal
mechanism of DNA replication in mammalian cells has
been completely elucidated.

The observation in this report that FUdR can block the
cytotoxic action of ara-C indicates that the selection of drug
combinations for cancer chemotherapy should be done
cautiously. On the basis of the current accepted mode of
action that FUdR inhibits thymidylate synthetase (12) and
ara-C inhibits DNA polymerase (7, 9), one would expect, a
priori, that such a combination should produce a "sequen
tial blockade" and thus should result in additive or synergis-

tic cytotoxic effects on tumor cells. This is not the case as
shown in this report. These results suggest that, in order to
select optimal drug combinations for cancer chemotherapy,
the precise mode of cytotoxic action of each drug should be
known since this could permit a more rational selection of
drugs. Also, the cytotoxic action of the drug combination
should be studied on the various phases of the cell cycle and
in tumor-bearing animals under various dose-scheduling
conditions.
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