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Summary. The effect of high concentrations of exogenous 
dCyd on the growth inhibitory properties of several inhibi- 
tors of de novo pyrimidine biosynthesis (dThd, 3-DAU, 
PALA, PF) was examined in three cultured human leu- 
kemic cell lines (HL-60, K-562, KG-1), and a dCyd kinase- 
deficient, Ara-C-resistant variant (HL-60/Ara-C). In the 
presence of dCyd concentrations (10 -3 M), far exceeding 
normal human plasma levels (0.5 to 4.0 × 106 M), substan- 
tial but partial reversal of pyrimidine antagonist-mediated 
growth inhibition and restoration of intracellular dCTP le- 
vels was noted in all cell types except HL-60/Ara- 
C. When high concentrations of dCyd (10 -3 M) were com- 
bined with low levels of uridine or cytidine (10 -s  M), full 
restoration of growth was observed in sensitive cell lines. 
When exposed to supraphysiologic concentrations of 
dCyd, HL-60/Ara-C cells were more sensitive to the 
growth inhibitory effects of  pyrimidine antagonists than 
parent HL-60 cells; this phenomenon was maximal at l0 -4 
M dCyd and was not observed in the presence of dCyd 
concentrations of 10 -6 M or lower. These studies suggest 
that in the presence of low concentrations of  uridine or 
cytidine, perturbations in intracellular dCTP pools may 
play a critical role in determining the in vitro antiprolifer- 
ative response of human leukemic myeloid cells to diverse 
inhibitors of de novo pyrimidine biosynthesis. They also 
raise the possibility that modulation of exogenous dCyd 
concentrations may improve the therapeutic efficacy of 
pyrimidine antagonists toward certain salvage pathway- 
deficient, drug-resistant leukemic cells. 
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Introduction 

The naturally occurring nucleoside dCyd is present in hu- 
man plasma at concentrations of 0.5-4.0 x 10 -6 M [10]. It 
is transported across cell membranes by a carrier-mediated 
facilitated diffusion mechanism which it shares with other 
nucleosides such as dThd and uridine [38]. After phospho- 
rylation by the pyrimidine salvage pathway enzyme dCyd 
kinase to dCMP [21], it is ultimately converted to its tri- 
phosphate derivative, dCTP, which serves as a substrate 
for the enzyme DNA polymerase [2]. Opposing these pro- 
cesses are the degradative enzymes cytidine and deoxycy- 
tidylate deaminase, which convert dCyd and dCMP to de- 
oxyuridine (dUrd) and deoxyuridylate (dUMP) respective- 
ly [7, 33]. Since a balanced supply of deoxyribonucleotide 
triphosphates is necessary for continuing DNA synthesis 
and cell proliferation [35, 39], interruption of the synthesis 
of any of these metabolites, and dCTP in particular, can 
result in lethal effects. For example, the nucleoside dThd, 
whose triphosphate derivative dTTP is a potent inhibitor 
of mammalian ribonucleotide reductase [45], has been 
shown to block dCTP synthesis in both animal and human 
tumor cells in culture, leading to antiproliferative effects 
[27, 44]. Based in part upon these findings, high-dose 
thymidine infusions have been administered to patients 
with leukemia and lymphoma, and some responses have 
been noted [9, 26]. 

During the last several years, a number of inhibitors of 
de novo pyrimidine biosynthesis have entered clinical tri- 
als in man. Such agents include PF, an inhibitor of  oroti- 
dylate decarboxylase [40], PALA, an inhibitor of aspartate 
transcarbamylase ]41], and 3-DAU, an inhibitor of CTP 
synthetase [32]. The antiproliferative effects of these agents 
have been attributed to depletion of intracellular pyrimi- 
dine ribonucleoside triphosphate (UTP and CTP) pools 
and interference with RNA synthesis [19, 36]. This belief is 
supported by studies demonstrating that exogenous Urd 
can restore pyrimidine pools and reverse the inhibitory ef- 
fects of PALA and PF toward several malignant cell lines 
both in vitro as well as in vivo [6, 20, 22, 23, 37]. However, 
additional studies have shown that PF, PALA, and 3-DAU 
also interfere with formation of dCTP (and hence DNA 
replication) in both murine and human tumor cells [4, 16, 
30, 36, 37], presumably by blocking pyrimidine biosynthe- 
sis proximal to the conversion of CDP to dCDP by ribonu- 
cleotide reductase [21]. Since administration of exogenous 
dCyd is capable of reversing the in vitro antiproliferative 
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effects of PALA, PF, and 3-DAU to varying degrees in 
several tumor cell lines [29, 30, 38] it is likely that these 
pyrimidine antagonists act by interfering with RNA syn- 
thesis, DNA synthesis, or a combination of the two. The 
present studies were undertaken to characterize the effect 
of supraphysiologic concentrations of dCyd on the anti- 
proliferative responses of several continuously cultured 
human leukemia cell lines to inhibitors of de novo pyrimi- 
dine biosynthesis. A further aim was to determine whether 
modulation of exogenous dCyd concentrations might im- 
prove the selectivity of these agents toward a dCyd kinase- 
deficient, Ara-C-resistant variant recently isolated by our 
group [1]. 

Materials and methods 

Cells. HL-60, KG-1, and K-562 cells are derived from the 
original lines, as previously described [14, 25, 31]. They are 
maintained in suspension culture in RPMI 1640 medium 
supplemented with 1% nonessential amino acids and 10% 
fetal calf serum (GIBCO, Grand Island, NY USA) in a 
37 °C, 5% CO2, controlled atmosphere incubator. Levels 
of dCyd in complete medium are less than 10 -7 M, as de- 
termined by HPLC. Cells are passed twice weeky and rou- 
tinely examined for mycoplasma contamination. The char- 
acteristics of a dCyd kinase-deficient, highly Ara-C-resis- 
tant HL-60 cell subline have been reported previously [1]. 
These cells are maintained in the same manner as parent 
cells, except that medium contains 10-6M Ara-C which is 
replenished twice weekly. 

Drugs and chemicals, dThd, dCyd, 3-DAU, Ara-C, dCTP, 
dThd, cytidine, uridine, dGTP, CTP, and UTP were pur- 
chased from Sigma Chemicals (St. Louis, Mo., USA). PA- 
LA was furnished by Dr. David Cooney, Drug Develop- 
ment Branch, National Cancer Institute (Bethesda, MD). 
PF was purchased from Cal Biochem (La Jolla, Calif., 
USA). [3H]dGTP (30-40 Ci/mmol) was purchased from 
Amersham Radiochemicals (Springfield, Ill. USA). Lyo- 
philized noncovalent double-stranded copolymer of 
deoxypolyinosinate-deoxypolycytidylate was purchased 
from P-L Biochemicals, Inc. (Milwaukee, Wis., USA). M. 
luteus DNA polymerase (2.7.7.7) (sp. act. 8 u /mg protein) 
was purchased from Sigma Chemicals. Drugs were stored 
as dry powders at - 2 0  °C and reconstituted in RPMI me- 
dia immediately prior to use. The solutions were filter-ster- 
ilized utilizing 22-1xm filter discs (Millipore Corporation, 
Cambridge, Mass., USA). 

Pyrimidine nucleoside triphosphate determinations. Approx- 
imately 2.5 x 10 7 logarithmically growing cells were seeded 
in 75-cm 2 tissue culture flasks (Corning, Corning, NY 
USA), to which were added the designated concentration 
of dThd, 3-DAU, PALA, or PF along with 10-3M dCyd. 
The flasks were incubated for 18 h in a 37 °, 5% CO2, fully 
humidified incubator. At the end of this period, the cell 
suspension was centrifuged at 400 g for 6 min at 4 ° C. The 
cell pellets were washed twice with cold Dulbecco's PBS 
and precipitated with cold 0.5 M H C 1 0  4. The details of this 
procedure have been reported elsewhere [15]. After neu- 
tralization with KOH, the acid-soluble extracts were sub- 
jected to HPLC analysis utilizing an Altex model 332 
HPLC apparatus (Altex Scientific, Inc., Berkeley, Calif., 
USA) and a Partisil SAX column (25 cmx 10 mm I.D., 

Whatman, Inc., Clifton, N J, USA). An isocratic 0.225 M 
Na2HPO 4 buffer system was used with a flow rate of 
2.0 ml/min. Absorbance at 254 nm was quantitated with 
the aid of an Altex Model RC1A integrator, and UTP and 
CTP peaks identified by coelution with known standards 
and peak height ratios at 254 and 280 nm. UTP and CTP 
levels for each experimental condition were expressed as 
pmol/106 cells. 

Deoxycytidine triphosphate determinations. Intracellular 
levels of dCTP in leukemic cells exposed to pyrimidine an- 
tagonists in conjunction with dCyd were determined utiliz- 
ing a modification of the DNA polymerase assay of Solter 
and Handschumacher. The details of this procedure have 
been described previously [24]. Approximately 2.5 × 10 -7  

logarithmically growing cells were incubated with each 
pyrimidine antagonist with and without 10 -3 M dCyd for 
18 h. To avoid loss of deoxyribonucleotides through wash- 
ing, methanol extracts of the cell pellets were obtained ac- 
cording to the method of Trysted [43]. Values for each con- 
dition were expressed as pmol dCTP/106 cells. 

Growth studies. The effect of exogenous dCyd on the re- 
sponse of continuously cultured human leukemic cells to 
dThd, PF, PALA, or 3-DAU was assessed utilizing a su- 
spension culture growth method which has been described 
in detail previously [15]. Cells were seeded at an initial 
density of 105 cells/ml in the presence of varying concen- 
trations of dCyd, and aliquots were removed at the end of 
72 h incubation in a 37 °C, 5%, CO2, fully humidified in- 
cubator. HPLC analysis of medium at the end of this peri- 
od revealed a less than 10% decline in the initial dCyd con- 
centration for both unpertubed and drug-treated cells ex- 
posed to 10 -3 dCyd. Under these conditions, control cells 
continue to grow exponentially, undergoing approximate- 
ly four doublings and reaching a cell density of 1.5 x 10 6 

cells/ml. In some experiments, medium was used contain- 
ing 10-6-10 -5 M uridine or cytidine. The ICs0 for each 
pyrimidine antagonist, defined as that concentration pro- 
ducing a 50% reduction in suspension culture growth, was 
obtained by extrapolation from dose-response curves as 
previously described [8]. 

Results 

The effects of increasing exogenous dCyd concentrations 
on the response of HL-60, KG-1, K-561, and HL-60/Ara- 
C cells to each pyrimidine antagonist are illustrated in 
Fig. 1. When cells were exposed to 5x 10 -4  M dThd, 
5 X 10 -4  M PALA, 5 x 10 -7  M PF, or 5 x 10 -6  M 3-DAU, 
growth inhibition was generally greater than 80% and in 
some instances (e.g., K-562 cells exposed to PALA, PF, 
3-DAU) greater than 90%. Coadministration of dCyd at 
concentrations approximating the lower limits of physio- 
logic levels (10 -7  M) did not restore growth to pyrimidine 
antagonist-treated cells. Small increments in growth were 
observed in HL-60, KG-1, and K-562 cells when the dCyd 
concentration was increased to 10 -6  M,  and further pro- 
tection was noted when the concentration exceeded nor- 
mal plasma levels (10 -5 M). For example, the growth of 
KG-1 cells exposed to PF was 50% of control in the pres- 
ence of 10 -5 M d C y d  vs 14% in its absence. Similarly, ad- 
ministration of 10 -5 M dCyd to HL-60 cells exposed to 
3-DAU restored growth to 29% of control values vs 12% in 
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Fig. 1. The effect of increasing dCyd concentration on pyrimidine 
antagonist-mediated inhibition of suspension culture growth was 
assessed in the human leukemic cell lines HL-60, KG-1, K-562, 
and the dCyd kinase-deficient variant HL-60/Ara-C. Cells were 
grown in the continuous presence of 5 x 10 -4 MdThd, 5 x 10 -4 M 
PALA, 5 × 10 -7 M PF, or 5 × 10 -6 M 3-DAU in conjunction with 
dCyd (10 -7-10 -3 M). Growth was assessed at the end of 72 h in- 
cubation. Values represent the means for at least four separate 
experiments performed in duplicate __+ 1 SD. © O HL-60; 
• • HL-60/Ara-C; H H K-562; 41, I ~ ,  KG-1 

the absence of dCyd. In the presence of 10 -4 M dCyd, 
marked protection from pyrimidine antagonist-mediated 
growth inhibition was observed for all sensitive cell lines. 
The degree of protection ranged from 23% of control 
growth for K-562 cells exposed to 3-DAU to 60% for KG-1 
cells exposed to PF and HL-60 cells exposed to dThd. 
Maximal growth protection was observed at a dCyd con- 
centration of 10 -3 M and ranged from 52% for K-562 cells 
exposed to PALA to 92% for HL-60 cells exposed to dThd. 

In contrast to these sensitive cell lines, dCyd was rela- 
tively ineffective in restoring growth to HL-60/Ara-C cells 

exposed to any of the pyrimidine antagonists. For exam- 
ple, HL-60/Ara-C cells exposed to PALA experienced on- 
ly a 9% increase in growth in the presence of 10 -3 MdCyd  
(23% vs 14%). The degree of protection was less for other 
pyrimidine antagonist and lower dCyd concentrations. 

In separate studies, administration of dCyd alone at 
concentrations as high as 10 -3 M did not enhance the 
growth of any of the leukemic cell lines (data not shown). 
In addition, as pyrimidine antagonist concentrations were 
increased, the capacity of dCyd to restore growth in sensi- 
tive cell lines tended to decline. Howeve{, coadministra- 
tion of 10 -3 M dCyd continued to permit approximately 
50% of control cell growth under these conditions in all 
cell lines except HL-60/Ara-C (not shown). 

To determine whether low concentrations of uridine 
(or cytidine) might alter the response of pyrimidine antag- 
onist-treated cells to supraphysiologic concentrations of 
dCyd, cells were exposed to PALA, PF, or 3-DAU in con- 
junction with 10 -6 Mor  10 -5 Muridine (or cytidine) along 
with 10- 5_ 10-3 M dCyd. The results are shown in Table 1. 
Addition of 10 -5 Muridine to the medium had only a mi- 
nor effect on restoring growth to any of the human leu- 
kemic cells exposed to PALA or PF. Similarly, coadminis- 
tration of 10 -5 M cytidine was only partially capable of 
restoring growth to 3-DAU treated cells. As cells were ex- 
posed to increasing concentration of dCyd in conjunction 
with uridine or cytidine, growth progressively increased 
for HL-60, K-562, and KG-I. For pyrimidine antagonist- 
treated cells exposed to 10 -5 Muridine or cytidine in con- 
junction with the highest dCyd concentration (10 -3 M), 
growth was equivalent to that of untreated control cells. 

In contrast to the sensitive cell lines, under the same 
conditions pyrimidine antagonist-treated HL-60/Ara-C 
cells demonstrated little increment in growth as the dCyd 
concentration was increased from 10 -5 M t o  10 -3 M. For 
example, coadministration of 10 -3 M dCyd to cells grown 
in the presence of 10 -5 M uridine or cytidine resulted in 
the same degree of protection from PALA, PF, or 3-DAU- 
mediated growth inhibition as uridine or cytidine adminis- 
tered alone. 

In order to compare the effects of increasing concen- 
trations of dCyd on the sensitivity of HL-60 vs HL- 
60/Ara-C cells to dThd, PALA, PF, and 3-DAU, an IC50 
for each agent was determined in the presence of dCyd 
concentrations ranging from 10 -7 M to 10 -3 M (Fig. 2). 
When dCyd was administered at concentrations approxi- 
mating the lower limits of normal plasma levels (10 -7 M), 
the IC50 for each drug was similar for HL-60 and HL- 
60/Ara-C. The same result was observed for a dCyd con- 
centration of 10 -6 Mr. As the concentration of dCyd ex- 
ceeded maximal physiologic levels, the sensitivity of HL- 
60/Ara-C compared to parent HL-60 cells increased, 
reaching a plateau at 10 -4 M and increasing only slightly 
thereafter. DCyd had the greatest effect in conjunction 
with dThd, where HL-60/Ara-C were approximately 2 
logs more sensitive than parent cells, and the smallest 
effect in conjunction with PALA, where HL-60/Ara-C 
slightly less than 1 log more sensitive than in HL-60 cells 
at equivalent dCyd concentrations. Coadministration of 
10 -4 M dCyd in conjunction with PF and 3-DAU had an 
intermediate effect on differences in growth inhibition be- 
tween HL-60/Ara-C and HL-60 cells. 

To determine whether supraphysiologic concentrations 
of dCyd might be exerting their protective effect on cells 



Table 1. Suspension culture growth of leukemic cells 

Control growth (%) 
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dCyd concentration (M) 0 10 -4 10 -3 
Urd (Cyd) concentration (M) 0 l0 -6 10 -s 0 10 -6 10 -5 0 10 -6 10 -5 

Condition 

HL-60 
PF 18 19 28 45 51 77 71 79 93 
PALA 19 20 33 40 47 82 67 76 95 
3-DAU 16 (21) (41) 41 (49) (78) 67 (75) (96) 

K-562 
PF 4 5 10 34 38 53 58 63 94 
PALA 5 5 10 26 44 59 54 70 90 
3-DAU 5 (10) (21) 23 (36) (46) 56 (64) (96) 

KG-1 
PF 23 29 24 45 50 76 64 70 98 
PALA 23 23 30 52 55 69 69 76 99 
3-DAU 25 (26) (22) 45 56 (74) 60 (74) (93) 

HL-60/Ara-C 
PF 17 19 25 18 20 23 22 24 26 
PALA 19 20 27 20 23 25 21 24 27 
3-DAU 18 (19) (32) 20 (36) (36) 25 (28) (39) 

Logarithmically growing cells were seeded at an initial cell density of 105 cells/ml in tissue culture flasks containing PF (5 x 10 -7 m), 
PALA (5 x 10 -4 M), or 3-DAU (5 × 10 -6 M) in the presence or absence of 10 -6 M or 10 -5 M uridine (Urd) or cytidine (Cyd) along with 
increasing concentrations of dCyd. At the end of 72 h incubation in a 37 °, 5 % CO2 incubator, aliquots of the cell suspension were remov- 
ed for cell density determinations. Values for each condition represent the increase in cell growth relative to untreated control cells. Fig- 
ures in parentheses for 3-DAU-treated cells correspond to 10 -6 M a n d  10 5 Mcytidine;  all other figures correspond to 10 -6 M a n d  10 5 
M uridine. Values represent the means for at least three separate experiments performed in duplicate 

by p reven t ing  exhaus t ion  o f  in t race l lu la r  py r imid ine  nu- 
c leos ide  t r i phospha te  pools ,  levels o f  U T P  and  C T P  were  
assayed in HL-60  cells exposed  to each p y r i m i d i n e  an tago-  
nist  in con junc t i on  with  10 -3 M d C y d  for  18 h (Table  2). 
This  d C y d  concen t r a t i on  was selected because  it was asso- 
c ia ted  with m a x i m a l  p ro tec t ion  f rom p y r i m i d i n e  an tago-  

n i s t -med ia ted  g rowth  suppress ion.  E x p o s u r e  o f  cells to 
5 × 10 -4 M d T h d  for  18 h resul ted in 10% reduc t ions  in in- 
t race l lu la r  U T P  and  C T P  pools ,  but  these values  were  not  
s igni f icant ly  d i f ferent  f r o m  cont ro ls  ( p >  0.05). 

C o a d m i n i s t r a t i o n  o f  10 -3 M d C y d  also d id  not  pro-  
duce  stat ist ically s igni f icant  d i f ferences  in U T P  or  C T P  
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Fig. 2. The effect of dCyd concentration 
on the IC50 of various pyrimidine anta- 
gonists was compared in HL-60 and HL- 
60/Ara-C. The IC50 for each agent repre- 
sents the drug concentration producing a 
50% reduction in the 72-h suspension cul- 
ture growth for each cell type. Values re- 
present the means for at least three sepa- 
rate experiments performed in duplicate 
_+ 1 SD. Concentrations on the abscissa 
are expressed in logarithmic scale 
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Table 2. UTP and CTP pools in HL-60 cells 

Condition UTP CTP 
(pmol/106 cells) (pmol/106 ceils) 

Control 947 _+ 110 
dThd(5x 10 .4 M) 842-+ 88 
dThd + dCyd (10 .3 M) 903 _+ 120 
PF(5x  10 .7 M) 186-+ 53 
PF + dCyd (10 .3 M) 201 + 43 
3-DAU (5 x 10 .6 214) 846_+ 68 
3-DAU + dCyd (10-3 M) 878_+ 72 
PALA (5 x 10 .4 M) 278_+ 59 
PALA + dCyd (10 -3 M) 259_+ 68 

546_+ 130 
484+ 69 
524_+ 75 
112_+ 42 
124_+ 32 
120+ 44 
131-+ 38 
153-+ 62 
163_+ 71 

Logarithmically growing HL-60 cells were incubated for 18 h with 
pyrimidine antagonists at the indicated concentrations in the pres- 
ence or absence of 10 .3 M dCyd. Neutralized acid-soluble extracts 
were subjected to HPLC analysis and intracellular levels of UTP 
and CTP determined. Values represent the means of at least two 
separate experiments performed in duplicate _+ 1 SD 

levels. 3 -DAU (5 × 10 -°  M) resulted in a near ly  75% reduc- 
t ion in intracel lular  CTP pool  levels and  a smaller  decre- 
ment  in UTP pools.  CTP levels were not  restored to con- 
trol values by coadminis t ra t ion  of  dCyd.  PALA (5 x 10 -4 
M) resulted in 70% reduct ions and PF (5 x 10 -7 M) result- 
ed in 80% reduct ions in intracel lular  UTP and CTP levels. 
These effects were also not reversed by coadminis t ra t ion  
o f  10 -3 M d C y d .  

Per turbat ions in intracel lular  dCTP levels in pyr imi-  
dine  antagonis t - t reated HL-60, HL-60 /Ara -C ,  KG-1,  and  
K-562 cells exposed to 10 -3 M d C y d  for 18 h are shown in 
Table 3. Exposure  of  all cell types to dThd  (5 x 10 -4 M) 
p roduced  the greatest reduct ion in dCTP levels (e.g., 
75%-85%). Coadminis t ra t ion  of  10 -3 M dCyd  resulted in 
dCTP  levels which exceeded control  values in HL-60, KG-  
1, and  K-562. In contrast ,  dCyd  was not  capable  of  restor- 

Table 3. dCTP pools in leukemic cells 

Condition dCTP level (pmol dCTP/106 cells) 

HL-60 HL-60/ K-562 KG-1 
Ara-C 

Control 12.3_+2.4 12.9_+2.6 4.8_+1.0 4.3_+0.8 
dCyd(10 -3M) 48.5_+5.1 13.3_+2.1 15.4_+2.6 14.2_+3.1 
d T h d ( 5 x l 0 - 4 M )  2.0_+0.7 2.4+0.9 1.1_+0.6 0.9_+0.4 

+ dCyd(10 -3M) 29.7_+5.8 ~ 2.6_+0.8 9.9_+2.1 9.0_+1.3 

3-DAU (5 x 10-6 M) 3.4_+1.6 3.6+1.4 1.4_+0.5 1.2_+0.3 
+dCyd(10 -3M)  31.4_+5.4 3.8+1.6 11.4-+2.3 10.0_+2.1 

PF(5xl0 7M) 3.8_+1.4 4.0_+1.5 1.6_+0.6 1.4_+0.4 
+ dCyd(10 3M) 33.1_+6.2 4.2_+1.6 9.4+2.3 8.6_+1.9 

PALA (5 x 10-4 M) 4.1_+1.9 4.7_+2.2 1.7_+0.7 1.5_+0.5 
+ dCyd(10 .3 M) 32.4_+5.8 4.8_+2.4 9.6-+2.9 9.8-+2.4 

Logarithmically growing cells were incubated for 18 h in the pres- 
ence of each pyrimidine antagonist at the designated concen- 
tration in the presence or absence of dCyd (10 -3 M). Neutralized 
acid-soluble extracts were obtained and dCTP determinations per- 
formed utilizing the DNA polymerase assay. Values are expressed 
as pmol dCTP/106 cells and represent the means for at least two 
experiments performed in duplicate + 1 SD 
~' Values for 10 -6 M and 5x10 -6 M dCyd are 2.4+0.5 and 

3.8 + 1.2 pmol dCTP/106 cells, respectively 

ing dCTP concentrat ions  to control  levels in dThd- t rea ted  
HL-60 /Ara -C  cells. In addi t ion,  coadminis t ra t ion  of  dCyd  
concentra t ions  which were associated with minor  degrees 
of  reversal of  dThd-media ted  growth inhibi t ion (e. g., 10-6 
M a n d  5 x 10 -6 M) resulted in minimal  dCTP pool  restora- 
t ion in these cells. A similar  pat tern of  response was ob- 
served for the pyr imidine  antagonists  3-DAU,  PF, and PA- 
LA, where reduct ion in dCTP levels ranged from 74% 
(3-DAU) to 62% (PALA) and in all cases was greater than 
50%. Coadminis t ra t ion  of  10 -3 M dCyd  in conjunct ion 
with each pyr imidine  antagonist  resulted in dCTP concen- 
t rat ions exceeding values for unper turbed  HL-60, KG-1,  
and K-562 cells. However,  10 -3 M dCyd did not  reverse 
the effects o f  3-DAU,  PALA,  or PF on dCTP pools  in HL-- 
60 /Ara-C.  In addi t ional  experiments ,  the effect of  supra- 
physiologic  concentrat ions  of  ur id ine  on dCTP pool  per- 
turbat ions  was examined in HL-60 cells exposed to pyri-  
midine  antagonists.  This ur idine concentra t ion has previ- 
ously been shown to reverse the inhibi tory effects of  PALA 
and PF in these cells [31]. Coadminis t ra t ion  o f  5 x 10 -5 M 
ur id ine  in conjunct ion  with 5 x 10 -4 M PALA or 5 x 10 -7 
M PF restored dCTP levels to within 80% of  control  values 
(not shown). 

D i s c u s s i o n  

Precedents exist for the use of  natural ly  occurr ing nucleo- 
sides in cancer  chemotherapy  based on the premise that  
neoplas t ic  cells may be less efficient in uti l izing these com- 
pounds  than normal  tissues in circumventing toxici ty asso- 
ciated with certain antimetaboli tes .  For  example,  the nu- 
cleoside thymidine  has been adminis tered  to "rescue" nor-  
mal but  not neoplas t ic  cells from methot rexate- induced le- 
thal  effects [18]. In addi t ion,  precl inical  studies have sug- 
gested that ur idine may preferent ial ly  antagonize 5-FU in- 
corpora t ion  into host cell RNA,  leading to a net gain in 
therapeut ic  index for the 5 - F U / u r i d i n e  combina t ion  [34], 
and  clinical studies in human have recently been ini t iated 
[28]. With respect to dCyd,  in vitro studies have suggested 
that  this nucleoside is inefficient in antagonizing Ara-CTP 
format ion  in human leukemic myeloblasts  deficient  in the 
enzyme dCyd  kinase [17], and in vivo studies in mice inoc- 
u la ted  with the murine leukemia L1210 have shown that  
adminis t ra t ion  of  Ara-C in conjunct ion with dCyd  leads to 
amel iora t ion  of  host toxici ty without loss of  ant i leukemic 
effects, resulting in improved  therapeut ic  efficacy for the 
combina t ion  [5]. The present  studies demonst ra te  that  su- 
praphys io logic  concentrat ions  of  dCyd may substant ial ly 
modula te  the in vitro ant iprol i ferat ive effects of  several in- 
hibi tors  of  de novo pyr imidine  biosynthesis  on cultured 
human leukemic cells, and  raise the possibi l i ty  that this 
phenomenon  may be exploi ted with respect to certain 
types of  pyr imidine  salvage pathway-def ic ient ,  drug-resis- 
tant  human leukemic cells. 

Previous studies have demonst ra ted  that  inhibi tors  of  
de novo pyr imidine  synthesis such as PF, PALA, and 
3 -DAU produce  reductions in intracel lular  r ibonucleot ide  
pools ,  which in turn lead to deplet ion in intracel lular  de- 
oxyr ibonucleot ide  levels, par t icular ly  dCTP [29, 30, 38]. 
They also suggest that exhaust ion of  the lat ter  metabol i te  
may represent  the l imiting factor  for D N A  repl icat ion and 
cell prol i fera t ion under  some condi t ions [29, 30]. It is not- 
able that reversal of  pyr imidine  antagonis t -media ted  
growth inhibi t ion occurred at dCyd  concentrat ions  far ex- 
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ceeding both normal  p lasma levels (5 x 1 0 - 7 - 4 x  10 -6 M) 
[10] as well as the Km of  dCyd  with respect to the enzyme 
dCyd  kinase ( 1 0 - 5 - 2  x 10 -5 M) obta ined from L1210 cells 
and  human leukemic myeloblasts  [9, 21]. Since the Km for 
carr ier -media ted  t ranspor t  of  nucleosides in mammal i an  
cells is approximate ly  500 ~tM [13], it is conceivable  that  
high dCyd concentrat ions  might antagonize the t ranspor t  
of  nucleoside analogs such as 3-DAU. However ,  the per- 
turbat ions  in intracel lular  r ibonucleot ide  pools  seen in 
PF-, PALA-,  or 3 -DAU-t rea ted  cells exposed to 10 -3 M 
dCyd  argues against  interference with pyr imidine  antago- 
nist t ranspor t  or metabol ism as a basis for restorat ion of  
cell growth. It is also noteworthy that coadminis t ra t ion of  
low levels of  ur idine (or cytidine) was necessary to restore 
growth fully to pyr imidine  antagonis t - t reated cells ex- 
posed to high levels of  dCyd.  Previous studies have de- 
monst ra ted  that  high (e.g., 50-100  lxM) concentrat ions of  
ur id ine  are necessary to reverse PALA- or PF-media ted  
growth inhibi t ion [6, 15, 37]. Our  results suggest that in the 
presence of  low levels of  uridine,  exhaust ion of  intracellu- 
lar  dCTP pools  may represent  the l imiting factor for in vit- 
ro cell growth. 

The relative inabil i ty  of  dCyd  to restore dCTP pools  
and  reverse pyr imidine  antagonis t -media ted  growth inhi- 
bi t ion has implicat ions  for potent ia l ly  selective chemo- 
therapeut ic  approaches  toward  pyr imidine  salvage path- 
way-deficient ,  drug-resistant  cells such as HL-60 /Ara-C.  
We have previously found that  high concentrat ions  of  
dCyd  protect  normal  human bone marrow cells more than 
HL-60 /Ara -C  cells against  the effects of  high concentra-  
t ions of  dThd [1]; the present  studies raise the possibi l i ty 
that similar effects might occur with PALA,  PF, or 3-DAU. 
It should be recognized that  while loss of  the enzyme dCyd  
kinase is a common mechanism by which cultured leuke- 
mic cells develop resistance to Ara-C [11], an associat ion 
with clinical Ara-C refractoriness has not  been established 
[42]. In addi t ion,  informat ion regarding the in vivo effects 
of  dCyd  with respect to pyr imidine  antagonis t -media ted  
cytotoxici ty is l imited, al though previous studies have 
shown that endogenous  dCyd  levels may influence dThd 
efficacy in intact animals  [12] and adminis t ra t ion  of  dCyd  
may improve  the therapeut ic  index of  Ara-C in mice [5]. In 
view of  the potent ia l  abil i ty of  dCyd  to modula te  the anti- 
tumor  efficacy of  several cl inically avai lable pyr imidine  
antagonists ,  animal  studies designed to test the in vivo 
relevance of  these in vitro f indings are currently being 
implemented.  

References 

1. Bhalla K, Nayak R, Grant S (1984) Isolation on characteriza- 
tion of a deoxycytidine kinase deficient, human promyelocyt- 
ic leukemic cell line highly resistant to 1-[3-D-arabinofurano- 
sylcytosine. Cancer Res 44: 5029. 

2. Bjursell G, Reichard P (1973) Effects of thymidine on deoxy- 
ribonucleoside triphosphate pools and deoxyribonucleic acid 
synthesis in Chinese hamster ovary cells. J Biol Chem 248: 
3904. 

3. Blumenreich MS, Woodcock TM, Andreef M, Hiddemann 
W, Chou T-C, Vae K, O'Hehir M, Clarkson B, Young C 
(1984) Effect of very high-dose thymidine infusions on leu- 
kemia and lymphoma patients. Cancer Res 44: 2203. 

4. Broekman RW, Shaddix SC, Williams M, Nelson JA, Rose 
LM, Schabel FM Jr (1975) The mechanism of action of 
3-deazauridine in tumor cells sensitive and resistant to ara- 
binofuranosyl-cytosine. Ann NY Acad Sci 255: 501. 

5. Buchman VM, Belyanchikova NK, Mkeidze DM, Litovchen- 
ko TA, Lichinitser MR, Barkhotkina MF, Svet-Moldavsky GJ 
(1979) 2'-deoxycytidine hydrochloride protection of mice 
against the lethal toxicity of cyhosine arabinoside. Cancer 
Chemother Pharmacol 3: 229. 

6. Cadman E, Benz C (1980) Uridine and cytidine metabolism 
following inhibition of de novo pyrimidine synthesis by pyra- 
zofurin. Bioehimica Biophys Acta 609: 372. 

7. Chabner BA, Johns DG, Coleman CN, Drake JC, Evans WN 
(1974) Purification and properties of cytidine deaminase from 
normal and leukemic granulocytes. J Clin Invest 53 : 922. 

8. Chou T-C, Burchenal JH, Schmid FA, Braun KA, Watanabe 
KA, Fox JF, Phillips FS (1982) Biochemical effects of 2'-fluo- 
ro-5-methyl l-[3-D-arabinofuranosyluracil and 2'-fluoro-5-io- 
do-l-[~-D-arabinofuranosylcytosine in mouse leukemic cells 
sensitive and resistant to 1-[3-D-arabinofuranosylcytosine. 
Cancer Res 42: 3957. 

9. Coleman CN, Stoller RG, Drake JC, Chabner BA (1975) De- 
oxycytidine kinase: properties of the enzyme from human leu- 
kemic granulocytes. Blood 46: 791. 

10. Danhauser LL, Rustum YM (1980) Effect ofthymidine on the 
toxicity, antitumor activity, and metabolism of 1-[3-D-arabi- 
nofuranosylcytosine in rats bearing a chemically induced co- 
lon carcinoma. Cancer Res 40: 1274. 

11. Drahovsky D, Kreis W (1970) Studies on drug resistance lI 
kinase patterns in P815 neoplasms sensitive and resistant to 
1-[3-D-arabinofuranosylcytosine. Bioehem Pharmacol 39: 538. 

12. Egan EM, Sargent L, Roswsky A, Kufe DW (1981) Rescue of 
thymidine toxicity in L1210 ascites by elevated endogenous 
levels of deoxycytidine. Cancer Treat Rep 65 : 853. 

13. Eilam Y, Cabantchik ZI (1977) Nucleoside transport in mam- 
malian cell membranes: a specific inhibitory mechanism of 
high affinity probes. J Cell Physiol 92: 185. 

14. Gallegher R, Collins S, Trujillo J, McCredie K, Ahearn M, 
Tsai S, Metzgar R, Aulakh G, Ting R, Ruscetti F, Gallo R 
(1979) Characterization of the continuous differentiating mye- 
loid cell line from a patient with acute promyelocytic leuke- 
mia. Blood 54: 713. 

15. Grant S, Bhalla K, Gleyzer M (1984) Effect of uridine on re- 
sponse of 5-azacytidine resistant human leukemic cells to in- 
hibition of de novo pyrimidine synthesis. Cancer Res 44: 
5505. 

16. Grant S, Rauscher F, Cadman E (1982) Differential effect of 
N-(phosphonacetyl-L-aspartate) on 1-[3-D-arabinofuranosyl- 
cytosine metabolism and cytotoxicity in human leukemia and 
normal bone marrow progenitors. Cancer Res 42: 4007. 

17. Harris AL, Grahame DG (1981) Cytosine arabinoside triphos- 
phate production in human leukemic myeloblasts: interaction 
with deoxycytidine. Cancer Chemother Pharmacol 5: 185. 

18. Howell SB, Herbst K, Boss GR, Frei E I I  (1980) Thymidine 
requirements for the rescue of patients treated with high-dose 
methotrexate. Cancer Res 40: 1824-1829. 

19. Jayaram HN, Cooney DA, Vistiea DT, Kariya S, Johnson 
RK (1979) Mechanism of sensitivity or resistance of murine 
tumors to N-(phosphonacetyl-L-aspartate). Cancer Treat Rep 
63: 1291. 

20. Johnson RK (1977) Reversal of toxicity and antitumor activi- 
ty of N-(phosphonacetyl)-L-aspartate by uridine or carbamyl- 
DL-aspartate in vivo. Biochem Pharmacol 26: 81. 

21. Ives DH, Durham JP (1970) Deoxycytidine kinase III. Kinet- 
ics and allosteric regulation of the calf thymus enzyme. J Biol 
Chem 245: 2285. 

22. Karle JM, Anderson LW, Cysyk RL (1984) Effect of plasma 
concentrations of uridine on pyrimidine biosynthesis in cul- 
tured Ll210 cells. J Biol Chem 259: 67. 

23. Karle JM, Anderson LW, Erlichman C, Cysyk RL (1980) Ser- 
um uridine levels in patients receiving N-(phosphonacetyl)-L- 
aspartate. Cancer Res 40: 2938. 

24. Kinahan JJ, Otten M, Grindey GB (1979) Evaluation of ribo- 
nucleoside and deoxyribonucleoside triphosphate pools in 
cultured leukemia cells during exposure to methotrexate plus 
thymidine. Cancer Res 39: 3531. 



232 

25. Koeffler HP, Golde DW (1978) Acute myelogenous leukemia: 
a human cell line responsive to colony stimulating activity. 
Science 200:1153. 

26. Kufe DW, Beardsley P, Karp D, Parker L, Rosowsky A, Ca- 
nellos G, Frei E III (1980) High-dose thymidine infusions in 
patients with leukemia and lymphoma. Blood 55: 580. 

27. Lee SS, Giovanella BC, Stehlin JS Jr (1977) Selective lethal 
effect of thymidine on human and mouse tumor cells. J Cell 
Phys 92: 401. 

28. Leyva A, van Groennengen C J, Kraal I, Gall H, Peters G, 
Tankelma J, Pinedo HM (1984) Phase I and pharmacokinetic 
studies of high-dose uridine intended for rescue from 5-fluor- 
ouracil toxocity. Cancer Res 44: 5928. 

29. Lockshin A, Mendoza JT, Giovanella BC, Stehlein JS (1984) 
Cytotoxic and biochemical effects of thymidine and 3-deazau- 
ridine on human tumor cells. Cancer Res 44: 2534. 

30. Low E, Kufe D (1981) Synergistic effects of inhibitors of de 
novo pyrimidine biosynthesis acivicin and N-(phosphonace- 
tyl-L-aspartic acid). Cancer Res 41 : 3419. 

31. Lozzio CB, Lozzio BB (1975) Human chronic myelogenous 
leukemia cell line with positive Philadelphia chromosome. 
Blood 45: 321. 

32. McPartland RP, Wang MC, Bloch A, Weinfeld H (1974) Cyti- 
dine-5'-triphosphate synthetase as a target for inhibition by 
the antitumor agent 3-deazauridine. Cancer Res 34: 3107. 

33. Maley GF, Maley F (1963) Nucleotide interconversions VIII. 
Thymidine sparing effect on the utilization of deoxycytidine 
by chick embryo mince. Biochem Biophys 68: 293. 

34. Martin DS, Stolfi RL, Spiegelman S, Young CW (1982) High- 
dose 5-fluorouracil with delayed uridine rescue in mice. Can- 
cer Res 40: 1274. 

35. Moore EC, Hurlbert RB (1966) Regulation of mammalian de- 
oxyribonucleotide biosynthesis by nucleotides as activators 
and inhibitors. J Biol Chem 241 : 4802. 

36. Moyer JD, Handschumacher RE (1979) Selective inhibition 
of pyrimidine synthesis and depletion of nucleotide pools by 
N-(phosphonacetyl)-L-aspartate. Cancer Res 39: 3089. 

37. Plagemann PGW, Behrens M (1976) Inhibition of de novo 
pyrimidine nucleotide and DNA synthesis on growth of cul- 
tured Novikoff rat hepatoma cells and other cell lines by py- 
razofurin (NSC 143095). Cancer Res 36: 3807. 

38. Plagemann PGW, Marz R, Wohlhenter RM (1978) Transport 
and metabolism of deoxycytidine and 1-~-D-arabinofurano- 
sylcytosine into cultured Novikoff hepatoma cells, relation- 
ship to phoshorylation and regulation of triphosphate synthe- 
sis. Cancer Res 38: 987. 

39. Reichard P (1972) Control of deoxyribonucleotide synthesis 
in vitro and in vivo. Adv Enzyme Reg 10: 3. 

40. Sweeney M J, Davis FA, Gutowski GE, Hamill RL, Hoffman 
DH, Poore GA (1973) Experimental antitumor activity of py- 
razomycin. Cancer Res 33: 2619. 

41. Swyryd EA, Seaver SS, Stark G (1974) N-(phosphonacetyl-L- 
aspartate), a potent transition state analog inhibitor of aspar- 
tate transcarbamylase blocks proliferation of mammalian 
cells in culture. J Biol Chem 249: 6945. 

42. Tattersall MNH, Ganeshaguru K, Hoffbrand AV (1974) Me- 
chanism of resistance of human acute leukemia cells to cyto- 
sine arabinoside. Br J Haematol 27: 39. 

43. Trysted G (1975) The pool size of deoxyadenosine 5'-triphos- 
phate and deoxycytidine 5'-triphosphate in phytohemagglut- 
inin stimulated and non-stimulated human lymphocytes. Exp 
Cell Res 91 : 429. 

44. Tsuboi K, Kwong L (1978) Antiproliferative agents and dif- 
ferential survival between normal and cancer cells. Cancer 
Res 38: 3745. 

45. Xeros N (1962) Deoxyriboside control and synchronization of 
mitosis. Nature 194: 682. 

Received September 29, 1986/Accepted December 10, 1986 


