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Summary. The main biochemical determinants involved in 
cytosine arabinoside (Ara-C) metabolism were studied in 
one lymphoblastic (Reh) and two myeloid (HL60 and 
K562) human leukemic cell lines exhibiting various sensiti- 
vities to Ara-C, Reh being the most and HL60 the least 
sensitive. The level of intracellular Ara-C accumulation 
and Ara-CTP formation was far more important in Reh 
cells than in myeloid cell lines but was not closely related 
to deoxycytidine kinase activity or to deoxycytidine tri- 
phosphate pool size. The level of Ara-C incorporated into 
DNA was similar in the three cell lines. Ara-CTP forma- 
tion correlated better with the cytotoxicity to clonogenic 
cells than did Ara-C incorporation into DNA. DNA poly- 
merase c~ was moderately inhibited to various degrees, de- 
pending on the cell line; this moderate inhibition does not 
seem sufficient to explain the inhibition of DNA synthesis. 
The activity of DNA ligase, the enzyme joining the Oka- 
zaki fragments, which was not detected in Reh cells, was 
strongly inhibited by Ara-C in HL60 and to a lesser de- 
gree, in K562 cells. The inhibition of DNA ligase probably 
also contributes to the inhibition of DNA synthesis and, 
thus, to the cytotoxic effect of Ara-C and may explain the 
smaller size of DNA fragments observed following Ara-C 
treatment. The variations in each critical determinant ob- 
served in these three cell lines increase the complexity and 
plurality of the mechanisms of Ara-C action. 

Introduction 

Cytosine arabinoside (1-~-D-arabinofuranosylcytosine; 
Ara-C) is an analog of deoxycytidine (dCyd) currently 
used for the treatment of acute leukemia. Cellular uptake 
of the drug is mediated through a nucleoside-specific 
transport mechanism [29] and is a prerequisite for the met- 
abolic conversion into its mono-, di-, and triphosphate 
forms (Ara-CMP, Ara-CDP, and Ara-CTP, respectively). 
The enzyme responsible for the monophosphate synthesis 
is the cytoplasmic dCyd-kinase, which is feedback-inhib- 
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ited by the natural nucleotide, deoxycytidine triphosphate 
(dCTP). Ara-CTP competes with dCTP and inhibits DNA 
polymerase [8, 9, 19, 20]; small amounts of Ara-CTP are 
also incorporated into DNA and result in further inhibi- 
tion of DNA synthesis [11, 17]. However, the precise mech- 
anisms by which Ara-C induces a cytotoxic effect is still a 
matter of debate. A study of the metabolic changes in- 
duced by the drug in cells exhibiting various sensitivities 
toward Ara-C could contribute to the elucidation of the 
main mechanism of action of this drug. 

The aim of the present work was to determine whether 
cytotoxicity induced by Ara-C in three human leukemic 
cell lines exhibiting different sensitivities to the drug was 
more selectively related to one of the critical determinants 
involved in Ara-C metabolism. Therefore, we analyzed the 
following main biochemical determinants in one lympho- 
blastic and two myeloid cell lines exposed to Ara-C: in- 
tracellular drug accumulation and Ara-CTP formation, in- 
corporation into DNA, dCTP pool sizes, and dCyd kinase 
and DNA polymerase activities. Moreover, as Ara-C treat- 
ment of cells may induce fragments of DNA smaller than 
those in controls [30], we also studied the effect of this ana- 
log on DNA ligase, the enzyme joining the Okazaki frag- 
ments, which has not yet been studied in such a situation. 

Materials and methods 

Chemical compounds. Ara-C and its phosphorylated forms 
were obtained from Sigma. Deoxyribonucleoside triphos- 
phates (dNTP), "large fragment" DNA polymerase from 
Escherichia coli, and poly d(I-C) were obtained from Boeh- 
ringer. Radiolabelled compounds [3H]-Ara-C, [3H]-dCyd 
(sp. act. for each, 27 Ci/mmol),  [3H]-dGTP, and [3H]-dTTP 
(sp. act. 17 and 50 Ci/mmol,  respectively) were supplied 
by Amersham, and sheep antiserum anti-Ara-C, by the 
University of Surrey. 

Cell cultures. Three human leukemic cell lines were used in 
these experiments: HL60, derived from a promyelocytic 
leukemia [3], K562, from a chronic myelogenous leukemia 
in blast crisis [15], and Reh [24], derived from an acute 
lymphoblastic leukemia (CALLA+,  TdT+) .  Cells were 
grown at 37 ° C in a 5% CO2 atmosphere in RPMI-1640 me- 
dium containing 10% heat-inactivated dialyzed fetal calf 
serum and antibiotics (100 IU penicillin/ml and 100 ag 
streptomycin/ml). All experiments were carried out with 
the cells in the logarithmic growth phase. Log-growing 
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cells were exposed in their culture medium to l0 -5 M 
Ara-C for 3 h. Control cells were incubated simultaneously 
without drug. 

In preliminary experiments, cell were exposed for 1, 3, 
6, and 24 h to different concentrations of  Ara-C, ranging 
from 10 -8 to 10 -4 M. As the metabolic changes reached a 
maximum after 3 h exposure with 10 .5 M Ara-C and then 
reached a plateau, this time and concentration was select- 
ed for all incubations. After incubation of  the cells, the 
drug-containing medium was removed and the cell pellet, 
washed. An aliquot was resuspended in 1 ml 60% ice-cold 
methanol and stored for 16 h at - 2 0 ° C  to extract Ara-C 
derivatives and dCTP pools. The methanol-insoluble ma- 
terial was removed by centrifugation at 0 ° C; the resulting 
supernatant was then evaporated in a vacuum spin centri- 
fuge until the volume was between 50 and 100 ~tl. The sam- 
ples were then stored at - 20 ° C until analysis. 

Intracellular total Ara-C and Ara-CTP quantitation. Ara-C 
and its phosphorylated forms were measured on the meth- 
anol extract by a radioimmunoassay (RIA) as previously 
described by Piall et al. [21]. The sheep antiserum reacts 
with free Ara-C and its phosphorylated forms. For separa- 
tion of  Ara-C nucleotides, cells were incubated under the 
same conditions as above, but [3H]-Ara-C (2 gCi /ml)  was 
also added to cold Ara-C. After centrifugation and wash- 
ing in saline, nucleotides were extracted in ice on a cell 
pellet with 6% PCA; after 15 min storage in an ice bath, 
the acid-soluble material was recovered by centrifugation 
and the supernatant was neutralized to pH 7 with 2 N 
KOH. After centrifugation, the supernatant was stored for 
chromatography. The fractionation was done on cellulose 
F plates (20x20  cm; Merck). The solvent system was 
composed of  66% isobutyric acid, 23% distilled water, 10% 
acetonitrile, and 1% ammoniac (v/v). Each sample was 
mixed with the standard mixture, comprising 10 -2 M 
Ara-C, Ara-CMP, and Ara-CTP. After migration for 4 h and 
drying, the spots were identified in UV light and the radio- 
activity of  each spot was quantified. 

Ara-C incorporation into the acid-insoluble fraction. As 
above, [3H]-Ara-C (2 gCi /ml)  was mixed with cold Ara-C 
and introduced into the culture medium at a concentration 
of  10 -5 M. After an incubation of  3 h with [3H]-Ara-C, the 
cells were centrifuged and washed three times with cold 
phosphate-buffered saline (PBS). Cells were transferred to 
3-mm filter discs, then dried; macromolecules were preci- 
pated by 10% trichloracetic acid for 20 rain and washed 
twice with methanol for 10 min and then with acetone. 
Dried discs were counted in 10 ml scintillation fluid. In 
preliminary experiments, pure D N A  was obtained after di- 
gestion with proteinase K followed by extraction wih phe- 
nol and treatment with ribonuclease [23]. We determined 
that the bulk of  the radioactivity (>95%) was found in 
DNA. 

Measurement of dCTP pools. The assay of  dCTP pools was 
also carried out on the methanol extract according to the 
enzymatic technique previously described by Skoog [26]. 
After incubation at 37 ° C for 30 min in a water bath, the 
mixture reaction was chilled and poured onto DE 81 paper 
discs (Whatman); the discs were dried, then treated by the 
method previously described by Lindell et al. [16]. Using 
poly d(I-C) as a template, we found standard curves to be 

linear from 1 to l0 pmol triphosphate. The results were ex- 
pressed in pmol/106 cells. 

Enzymes assays. For the enzyme assays, cell pellets con- 
taining between 20 and 50 x 10 6 cells were suspended in 
0.5 ml extraction buffer containing 2 0 m M  Tris HC1 
(pH 7.4), 0.5 M KC1, 2 m M  dithiothreitol (dTT), and 0.2% 
Nonidet  NP40 in 0.8 m M  phenylmethylsulfonylfluoride. 
The cell suspensions were subjected to three cycles of  
rapid freezing and thawing, then sonicated before being 
centrifuged at 10,000g for 5 rain. The supernatants 
were used for the enzyme assays. 

Deoxycytidine (dCyd) kinase activity was assayed us- 
ing a previously described method [22]. Volumes of  super- 
natant containing between 5 and 25 gg protein were tested 
in the mixture reaction. The activity of  dCyd kinase was 
expressed as the amount  (in pmol) of  [3H]-dCMP gener- 
ated per mg protein/min.  D N A  polymerase activities were 
measured as previously reported [13]. The activity of  this 
enzyme was measured using volumes of  supernatant corre- 
sponding to a range of  between 0.1 to 1.10  6 cells. In some 
experiments, 5 m M  NEM or 1.25 ug /ml  aphidicolin, spe- 
cific inhibitors of  D N A  polymerase cq were added to the 
mixture reaction. In one experiment, D N A  polymerases 
were purified by chromatography on phosphocellulose [4] 
to evaluate the relative activity of  D N A  polymerases a and 
[~. D N A  polymerase activity was expressed as the amount  
(in nmol) of  [3H]-dTMP incorporated into D N A  per 108 
cells/h. 

D N A  ligase activity was tested according to the meth- 
od previously described by Modrich and Lehman [18], 
with slight modification [4]. Prior to the assay, an aliquot 
of  supernatant corresponding to 0 .8-4  mg protein was 
partially purified by absorption onto a column of  phos- 
phocellulose (P11 ; Whatman) and eluted with a linear gra- 
dient of  0.15-0.7 M KC1 in a buffer containing 20% glyc- 
erol, 1 m M  2-mercaptoethanol, 0.1 m M  ethylenediaminet- 
etraacetate (EDTA), and 50 m M  KC1 [4]. The bulk of  the 
enzyme eluted as a large peak with 0.4 M KC1. Fractions 
of  1 ml were collected and assayed for D N A  ligase activity 
(1 unit D N A  ligase was defined as the amount converting 
1 nmol d(A-T)n/mg protein to the exonuclease I I I  resis- 
tant form in 30 rain. 

Clonogenic survival of  leukemic cells. After drug exposure, 
the cells were washed twice with PBS and resuspended in 
RPMI-1640 medium containing 20% fetal calf serum at a 
concentration of  2 x 103-2 x 104 cells/ml. The cells were 
then mixed with a solution of 1.4% methylcellulose in the 
same medium (v/v), then plated. Viability was determin- 
ed after 7 days by scoring colonies as well as clusters 

Table 1. Deoxycytidine (dCyd) kinase activity and dCTP pool size 
in three human leukemic cell lines '~ 

Cell line dCyd kinase activity dCTP pools 

HL60 48+ 12 3.1 +0.2 
K562 275 + 11 24.5 + 2 
Reh 157 __ 24 12.5 + 0.7 

., dCyd kinase activity is defined as the amount (in pmol) of 
dCMP generated per min/mg protein, dCTP values are expressed 
in pmol/106 cells. Values represent the mean + SD from 4 differ- 
ent experiments 
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Fig. l A: Amount of total intracellular A r a - C ~  and Ara-CTP 
(in pmol/106 cells) in three human leukemic cell lines (HL60. 
K562 and Reh) after exposure to 10 5 M Ara-C for 3 h. B: 
Amount of Ara-C incorporated into DNA (in pmol/106 cells) af- 
ter exposure to 10 -5 M Ara-C for 3 h. Values represent the mean 
+ SD of 3 independent experiments 

( <  10 cells). The cloning efficiency of  untreated cells in 
this system was 100% for K562, 50% for Reh, and 20% 
for HL60. 

Results 

Figure 1A shows the Ara-C accumulated into the cells af- 
ter exposure to 10 -5 M drug for 3 h. The intracel lular  ac- 
cumulat ion and retention of  Ara-C did not  vary signifi- 
cantly in the t ime course from 1 to 6 h (data  not  shown). 
The intracel lular  Ara-C content,  mostly compris ing Ara- 
CTP, especial ly in Reh cells, was far more impor tant  in 
this line (1,400 pmol/106 cells) than in K562 (350 pmol/106 
cells) or HL60 (250pmol /106 cells). Less than 5% free 
Ara-C was found in the three cell lines, the remainder  
being A r a - C M P  and Ara-CDP.  The Ara-CTP format ion 
seemed to be independen t  of  both dCTP pool  size and 
dCyd  kinase activity: in fact, the Reh cell line, which 
exhibits the highest intracel lular  level of  Ara-CTP,  has 
a dCTP pool  size and dCyd kinase activity intermediate  
between those of  the two myelo id  cell lines (Table 1). 

A very small  amount  of  intracel lular  Ara-C was incor- 
pora ted  into the acid- insoluble  fraction,  reflecting drug in- 
corpora t ion  into D N A  (Fig. 1B). After  3 h incubat ion with 
Ara-C,  the amount  of  drug incorpora ted  into D N A  was 
very similar in the three cell lines (1.9 pmol/106 cells in 
K562 and Reh, and 2.6 pmol/106 cells in HL60), despite 
wide variat ions in the levels of  Ara -CTP uptake.  

D N A  polymerase  activity decreased after exposure to 
Ara-C (Table 2). The decrease was due to the inhibi t ion ex- 
erted by intracel lular  Ara -CTP and not  to a d iminished de 
novo synthesis of  the enzyme; in fact, after dialysis the ex- 
tracts recovered normal  enzymatic  activity. However,  
D N A  polymerase  inhibi t ion was not  directly related to the 

253 

Table 2. Effect of Ara-C on DNA polymerase and DNA ligase 
activities in human leukemic cell lines ~ 

Cell DNA polymerase activity DNA ligase activity 
line 

A b B c A b B c 

HL60 17.4+1.4 10.8+2.3 0.011+0.002 0.0017+0.0008 
K562 31.3_+ 1.5 7 .4_+0.8 0.015_+0.003 0.008 _+0.002 
Reh 15.4_+0.4 6.6_+0.75 No activity No activity 

a 1 unit DNA polymerase is defined as 1 nmol dTMP incorporat- 
ed into DNA/h per 108 cells; 1 unit DNA ligase is defined as the 
amount converting 1 nmol/mg protein d(A-T)n to the exonuclease 
III resistant form in 30 min. Values represent the mean + SD from 
4 different experiments 

Untreated cells 
c Cells treated with 10 5 MAra-C for 3 h 

Table 3. Cytotoxic action of Ara-C in human leukemic cell lines, 
measured by the clonogenic survival of cell lines ~ 

Treatment HL60 K562 Reh 

None 210+46 115_+30  45+14 
10 -5 MAra-C for 3 h 122___20 b 12+ 4 0 

Viability was determined after 7 days by scoring colonies of clo- 
nogenic cells. Values represent the mean -+ SD from 3 different 
experiments 
b Clusters of < 10 cells were counted 

level of  Ara-CTP format ion;  the decrease in D N A  poly- 
merase activity was less impor tant  in Reh cells than in the 
K562 cell line (near 50% and 25% of  the basal  activity, re- 
spectively), in-spite of  a higher intracel lular  format ion of  
Ara-CTP in the Reh line. The enzyme activity evaluated 
was mainly related to D N A  polymerase  c~, since this activi- 
ty was decreased by 85% when potent  inhibitors of  this en- 
zyme (aphidicol in  or NEM)  were added  to the reaction 
mixture. Moreover ,  in one experiment  in which D N A  po- 
lymerases c~ and [3 were f ract ionated by chromatography,  
the activity assayed on the c~ peak  was similar to that inhib- 
ited by aphidicol in  on the unfract ionated extract. 

D N A  ligase activity is shown in Table 2. No activity 
was detected in the Reh cell line, even before drug expo- 
sure. The incubat ion of  HL60 and K562 cells with Ara-C 
induced a marked  decrease in D N A  ligase activity. The ac- 
tivity found in Ara-C-t rea ted  cells was about  15% of  that 
found in untreated HL60 cells and  about  half  of  that in un- 
treated K562 cells. 

Exposure of  cells to 10 -5 M Ara-C for 3 h induced a 
net decrease in the number  of  clonogenic cells (Table 3). 
The Reh cell line was very sensitive to Ara-C, since no 
clonogenic cells survived after 3 h. The number  of  clono- 
genic cells was decreased to 90% in K562 cells; HL60 cells 
were the most resistant, al though the colonies persisting af- 
ter Ara-C exposure consisted of  clusters of  < 10 cells. 

Discussion 

Ara-C is known to produce  a marked inhibi t ion of  D N A  
synthesis through its active metaboli te ,  Ara-CTP, but the 
precise mechanism of  the cytotoxici ty of  this drug is still 
unclear.  Previous works have demonst ra ted  that Ara-CTP 
acts as a competi t ive inhibi tor  of  D N A  polymerase  relative 
to the normal  substrate, deoxycyt id ine  t r iphosphate  [9]: 
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other works have concluded that the inhibition of DNA 
synthesis is mainly related to the proportion of Ara-C resi- 
dues incorporated into DNA that were considered to be 
poor primer termini for further chain elongation [19, 20, 
27, 28]. One could suggest that these different hypotheses 
are not mutually exclusive and do not exclude other cellu- 
lar mechanisms of action; as Ara-C treatment was shown 
to induce a reduction in the size of DNA fragments [7], this 
drug may also affect other enzymes of the replication com- 
plex such as DNA ligase, the enzyme capable of joining 
newly synthesized DNA fragments. To determine whether 
cytotoxicity induced by Ara-C was related more specifical- 
ly to one of the cellular determinants involved in the 
mechanism of action of this drug, we analyzed some of 
these critical determinants in one lymphoid (Reh) and two 
myeloid (HL60 and K562) leukemic cell lines. 

Ara-C accumulation into cells and Ara-CTP formation 
varied from one cell line to the other. This intracellular 
content of Ara-CTP was found to be more important in 
the Reh than in the myeloid cell lines. This high Ara-CTP 
formation is in agreement with the extreme sensitivity of 
this cell line to Ara-C shown by the absence of clonogenic 
cells after 3 h exposure to the drug. The cytotoxicity exert- 
ed by Ara-C on K562 cells was lower, since 10% of the 
clonogenic cells persisted after drug exposure; the HL60 
line, which presented the lowest level of intracellular Ara-C, 
was more resistant to the drug, although the persisting 
clonogenic cells consisted of small clusters of cells. In any 
case, the level of Ara-CTP in the cell lines was not closely 
related to dCyd kinase activity or to the size of dCTP 
pools, since in Reh cells these last two parameters were in- 
termediate between those found in the two myeloid cell 
lines. Other metabolic determinants probably account for 
the level of Ara-CTP pools, such as Ara-C/Ara-CMP 
deamination and Ara-CTP catabolism. 

Despite the differences in Ara-CTP formation ob- 
served in the three cell lines, the amounts of Ara-C incor- 
porated into DNA after Ara-C exposure were very similar. 
Therefore, in contrast to the results of other studies [12] as 
shown by clonogenic cell survival, Ara-CTP formation 
and retention seem to correlate better with cytotoxicity, 
than Ara-C incorporation into DNA. 

The moderate effect of Ara-C on DNA polymerase ac- 
tivity does not seem sufficient to explain fully the inhibi- 
tion of DNA synthesis in the cell lines analyzed in this 
study. Inhibition of DNA polymerase is one of the most 
widely accepted hypotheses to explain the cellular effects 
of Ara-C. However, as shown previously [20], Ara-CTP is 
not a potently competitive inhibitor of this enzyme, since 
the binding activity of Ara-CTP and dCTP for the catalytic 
site of DNA polymerase is about the same; moreover, high 
concentrations of deoxycytidine may induce a reversal of 
Ara-C-mediated cytotoxicity [1]. In our experiments, at 
concentrations that affect DNA synthesis, Ara-C de- 
creased DNA polymerase activity only between 40% and 
75%; moreover, this inhibition was not directly related to 
Ara-CTP formation, as shown by a lower decrease of ac- 
tivity in Reh than in K562 cells despite a higher Ara-CTP 
formation in the former. 

The interactions of Ara-C with other enzymes of the re- 
plication complex, such as DNA ligase [14], may also ac- 
count for the cytotoxic effects of this drug. DNA ligase 
functions in both the replication and repair of DNA in 
mammalian cells [14, 25]. In fact, no DNA ligase activity 

was detected in Reh cells, a finding in agreement with re- 
sults reported for blasts originating from patients with 
common or acute T-lymphoblastic leukemia [4]. This ab- 
sence of DNA ligase could account for the extreme sensi- 
tivity of this cell line to Ara-C and may also explain the 
great thymidine sensitivity of cultured leukemic lymphoid 
cells previously reported [6]. Furthermore, its absence in 
immature cells of the lymphoid lineage may constitute an 
important factor in the therapeutic effect of Ara-C used in 
combination with other drugs for the treatment of acute 
lymphoblastic leukemia and high-grade malignant 
lymphoma. 

In the two myeloid cell lines, especially in HL60 cells, 
DNA ligase activity was found to be greatly decreased by 
Ara-C. In separate experiments, we have observed that 
Ara-C inhibits the formation of the intermediate complex 
ligase-adenylate, which is essential to the gap-filling step 
(data not shown). Therefore, the inhibitie~l of DNA ligase 
may constitute an important factor in the inhibition of 
DNA replication induced by Ara-C; it may also explain 
previous data related to the reduced size of DNA frag- 
ments after Ara-C treatment [2]. Observing a smaller size 
of primary pieces from Ara-CTP-treated nuclei compared 
with those seen in controls, Wist et al. [30] concluded that 
the rate of ligation was reduced and suggested that the re- 
duced rate of elongation was an important component of 
the inhibitory effect of Ara-CTP; however, no direct evi- 
dence has thus far been presented as to the mechanism of 
this reduced rate of elongation. More recently, Fram and 
Kufe [7] have detected DNA strand breaks in L1210 cells 
after Ara-C exposure. Indeed, as DNA ligase is involved 
in joining Okazaki fragments at replication forks [5], the 
inhibition of this enzyme by Ara-C prevents the gap-filling 
step but may also contribute to the inhibition of DNA re- 
pair observed after exposure to this drug [10]. 

In conclusion, our study shows that Ara-CTP forma- 
tion - and probably retention - more likely accounts for 
the cytotoxicity of Ara-C than does Ara-C incorporation 
into DNA; the highest level of Ara-CTP was found in the 
cell line most sensitive to the drug, whereas no difference 
was found in the amounts of Ara-C incorporated into 
DNA in the three cell lines. In fact, the Ara-CTP pool ex- 
erts its cytotoxic effect through the inhibition of DNA 
polymerase activity and, thus, of DNA synthesis. Howev- 
er, DNA polymerase activity was only partially inhibited, 
even in the cell line showing the highest formation of Ara- 
CTP. The activity of DNA ligase, another enzyme of the 
replication complex, is also inhibited by Ara-C. The ab- 
sence of detectable DNA ligase activity in the lymphoblas- 
tic cell line could explain the extreme sensitivity of this 
type of cell to Ara-C. The cytotoxicity of Ara-C appears to 
be the result of conjugate factors that could act synergisti- 
cally, with one or the other being predominant according 
to the cellular type. 
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