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SUMMARY Y 

Thee cytotoxicity of 1-R-D-arabinofuranosyl cytosine (araC) depends on the intracellu-

larr phosphorylation into it's active compound araCTP, on the degree of degradation of 

araCTPP and on the incorporation of araCTP into DNA. Deoxycytidine triphosphate 

(dCTP)) inhibits the phosphorylation of araC (by feedback inhibition of deoxycytidine 

kinase)) and competes with araCTP to be incorporated into DNA. In a HL-60 myeloid 

leukemicc cell-line and in leukemic samples of patients suffering from AML, we studied 

whetherr the metabolism of araC could be modulated by decreasing the concentration 

off dCTP, using the nucleoside-analogue cydopentenyl cytosine (CPEC), an inhibitor of 

thee enzyme CTP synthetase. 

Byy preincubating HL-60 cells with CPEC (25-200 nM) for 2h, followed by a co-

incubationn with CPEC and araC (2 nM-20 uM), concentrations of araCMP were incre-

asedd 1.8-12 fold. The concentration of araCDP remained low, whereas the concentra-

tionn of araCTP changed depending on the concentration of araC used. With 2 or 5 uM 

off araC and a preincubation with 200 nM CPEC, the araCTP concentration increased 

byy 20% (p=0.06) and 49% (p=0.05), respectively, and the total amount of araC 

nucleotidess increased significantly by 133-313% using araC concentrations of 2-20 

uM.. After a preincubation with CPEC 50 nM, followed by a coincubation with 2 nM 

araC,, the concentration of araCMP and the incorporation of araCTP into DNA increased 

significantly.. Pulse/chase experiments with 50 nM CPEC and 2 nM araC, showed an 

increasedd formation and retention of araCMP and an increased incorporation of araCTP 

intoo DNA by CPEC. The increased anabolism of araC by CPEC was accompanied by a 

synergisticc increase of the araC-induced apoptosis and necrosis in HL-60 cells. The in 

vitrovitro effect of a preincubation with 0.63 uM CPEC for 18h on araC metabolism in leu-

kemicc cells of patients with AML proved to increase the phosphorylation of araC (0.5 

uM)) by 254 % (p=0.03) and the incorporation of araCTP into DNA by 24 % (p=0.03). 
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INTRODUCTION N 

Cyclopentenyll cytosine (CPEC) is a cytidine-analogue with cytostatic properties (1-7). 

Thee predominant metabolic effect of CPEC results from the inhibition of the enzyme 

cytidinee triphosphate (CTP) synthetase, which catalyzes the conversion of the ribonu-

cleotidee uridine triphosphate (UTP) into CTP. In addition, CPEC inhibits the enzyme 

uridine/cytidinee kinase (8). It has been shown that CPEC can induce a depletion of 

CTPP (1-7) and deoxyCTP (dCTP) (3,4,9) in several cell-lines and in samples of child-

renn suffering from ALL and AML (9,10), leading to a decrease of DNA- and/or RNA-

synthesiss (2,4,6). Moreover, CPEC proved to induce apoptosis and secondary necro-

siss in a T-lymphoblastic cell-line (11). CPEC has been studied in a phase I clinical trial 

showingg (severe) cardiovascular toxicity at steady-state plasma concentrations > 1.5 

uMM and dose-limiting hematological toxicity at steady-state plasma concentrations of 

nearlyy 3 uM (12). However, it has been shown by in vitro experiments of samples of 

patientss with ALL and AML that CTP-concentrations can be reduced by 41 and 47%, 

respectively,, by using concentrations of CPEC in the submicromolar range (9,10) with 

aa concomitant decrease of DNA-synthesis (unpublished data). 
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FigureFigure  1: Scheme  representing  the intracellular  araC metabolism.  The interrupted  lines  repre-

sentsent  the inhibitory  effect  of  dCTP on dCK (1) and the competition  of  dCTP and araCTP for  the 

catalyticcatalytic  site  of  DNA-polymerase  (2). NMP kinase  (3) and NDP kinase  (4) catalyze  the second 

andand  third  phosphorylation  step  of  araC. Phosphatases  (5), deoxycytidine  deaminase  (6) and 

dCMPdCMP deaminase  (7) are catabolic  enzymes  of  the araC metabolism. 

Arabinofuranosyll cytosine (araC) is still one of the main drugs used for the treat-

mentt of AML in children and adults. After the intracellular phosphorylation of araC, the 
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drugg exerts it's cytotoxic effects by the incorporation of araCTP into DNA (13), cataly-

zedd by DNA polymerase. The incorporation of araCTP into DNA results in an inhibition 

off the DNA-elongation and DNA-repair mechanisms (13-15), with as a consequence 

ann impaired synthesis of DNA. The first phosphorylating step of araC is catalyzed by 

deoxycytidinee kinase (dCK) (16), which is considered to be the rate-limiting enzyme 

(15,17).. The activity of dCK is under negative feedback-control of dCTP (16) (fig.1). 

Furthermore,, dCTP competes with araCTP for the incorporation into DNA (18). In 

patientss with acute leukemia, in vitro resistance to araC has been correlated with an 

adversee clinical outcome (19). Various mechanisms of resistance have been postula-

tedd among which a decreased dCK activity (20), a decreased formation or retention of 

araCTPP (20,21) and a decreased incorporation of araCTP into DNA (13). 

Wee hypothesized that by depleting the dCTP pools in myeloid leukemic cells with 

CPEC,, the phosphorylation of araC would be favoured and an enhanced incorporation 

off araCTP into DNA might be accomplished. Furthermore, we analyzed whether this 

modulationn of the araC metabolism by CPEC would result in an increased araC-indu-

cedd apoptosis and necrosis. 

MATERIALSS AND METHODS 

Celll  cultur e and incubatio n condition s 

HL-600 leukemic cell-line 

HL-600 is a human promyelocytic cell-line, that was cultured in DMEM-Nut F12 culture 

mediumm containing 10% fetal bovine serum, 100 lU/ml penicilline, 100 ug/ml strep-

tomycine,, 200 ug/ml gentamycine, 0.125 ug/ml amphotericin B and 2 mM glutami-

nee in humidified air containing 5% C02 at . A preincubation was performed for 

2hh with 25, 50 and 200 nM of CPEC, using a 750 uM stock solution of CPEC in 0.9% 

NaCII (kindly provided by the Drug Synthesis & Chemistry Branch, Developmental 

Therapeuticss Program, Division of Cancer Treatment, National Cancer Institute, 

Bethesda,, U.S.A.). Subsequently [3H]araC (1.04 Gbq/mmol, Amersham International, 

UK)) was added for 4h using a mixtures of radio-labeled and non-radio-labeled araC 

withh a final araC concentration of 2 nM (low dose) and 2/5/10/20 uM. After this coin-

cubationn with CPEC and araC, the cells were harvested (9) followed by an acid nu-

cleotidee extraction procedure as described previously (9). DNA synthesis was analyzed 
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byy quantification of [14C]-thymidine incorporation into DNA by adding concomitantly 

too araC [14C]-thymidine (2.04 Gbq/mmol, Amersham International) to a final con-

centrationn of 0.25 |JM for 4h. Subsequently, the amount of [14C]-thymidine incorpo-

ratedd in the acid-precipitable DNA was measured, as described below. 

Leukemi cc sample s of AML patient s 

Sampless of bone marrow (BM) and/or peripheral blood of patients suffering from AML 

weree drawn at diagnosis and the leukemic cells were isolated and purified, as descri-

bedd previously (10). The incubation experiments were performed with cells either 

immediatelyy after isolation or after standard thawing procedures of cell samples that 

hadd been cryopreserved in medium containing 10% DMSO. After thawing these cell 

samples,, the non-viable cells were separated from the viable cells by a magnetic-based 

celll separation, using a commercial Dead Cell Removal kit (Miltenyi Biotec, Bergisch 

Gladbach,, Germany). After having obtained a purified and viable leukemic cell popu-

lationn the cells were incubated either with or without 0.63 uM of CPEC for 18h using 

thee same culture conditions as described previously (10). In addition, p ^- thymid i -

nee was added to a final concentration of 0.25 uM during this incubation period of 18h, 

too determine the amount of newly synthesized DNA during this period of time. After 

thee 18h preincubation period, [3H]-araC was added to the cultured cell samples to a 

finall concentration of either 20 nM or 0.5 uM of [3H]-araC, using a mixture of labeled 

andd unlabeled araC. For each concentration of araC one sample was pretreated with 

CPECC while the control sample was not. After 6h of incubation with araC, the cells were 

harvestedd followed by a nucleotide extraction procedure as described previously (9). 

(Deoxy)ribonucleotid ee extractio n and analysi s 

Thee nucleotide extraction, as well as the analysis by anion-exchange HPLC of the non-

radiolabeledd (deoxy)ribonucleotides, including the HPLC-system, detectors and elution 

conditionss that were used, were described previously (9). The HPLC system and elu-

tionn conditions that were used for the the analysis of the metabolites of [5H]-araC were 

identicall as described for the non-radiolabelled ribonucleotides, with the exception of 

usingg a LDC/Milton Roy CM 4000 pump and a Shimazu UV detector SPD/10A. The 

radioactivityy was detected on-line with a Radiomatic 525TR Flow Scintillation Analyser 

withh a 500 ml TR-LSC cell (Packard Instrument, Meriden, CT, USA). A scintillation fluid 

(Ultimaa Flo AP, Packard, Dowers Grove, IL, USA) was used at an effluent to scintilla-
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tion-fluidd ratio of 1:1. Radioactivity was analyzed in the acid-precipitated material after 

washingg the pellet twice with 0.4N perchloric acid followed by adding 10 ml of scintil-

lationn fluid to the pellet, after which the counts were measured on a R-counter. The 

proteinn content of the pellet was measured according to Smith ef al (22). 

Thee effec t of CPEC on the retentio n 
off  araC metabolite s in HL-60 cells 

Inn order to determine the effect of CPEC on the retention of the various araC nucleo-

tidess and of the araCTP in DNA, after having treated the HL-60 cells with araC, pulse 

andd chase experiments were performed. A preincubation with 50 nM of CPEC for 2h, 

wass followed by the pulse-phase consisting of 1 h of coincubation of 50 nM CPEC and 

eitherr 2 nM or 2 uM of radio-labelled araC. Control cells were not treated with CPEC, 

butt were only exposed to radio-labelled araC. After the pulse-phase, the cells were 

transferredd to a CPEC-free and araC-free medium for 3h, representing the chase-pha-

se.. The concentrations of the araC nucleotides as well as the incorporation of araCTP 

intoo DNA were analyzed in HL-60 cells that were harvested immediately after both the 

pulse-- and the chase-phase using the same detection methods as described previously 

(9)) and above. 

Detectio nn of apoptosi s and necrosi s 

HL-600 cells were assessed for the presence of apoptosis and necrosis after either a 

coincubationn with various concentrations of CPEC and araC for 16h, or a preincubation 

withh CPEC for 6h, followed by a coincubation with CPEC and araC for an additional 

16h.. The total of percentages of apoptotic and necrotic cells were measured by flow-

cytometryy (FACScalibur, Becton Dickinson, San José, CA, USA), by using FITC-labeled-

Annexinn V and propidium iodide (23) using the APOPTEST-FITC Kit (Nexins Res., The 

Netherlands). . 

Statistic s s 

Thee differences in concentrations of araCMP, araCDP, araCTP and total of araC-nu-

cleotidess as well as the differences in incorporation of araCTP into DNA caused by a 

pre-treatmentt with CPEC were analyzed by the Student 's t-test for paired samples, 

usingg the Statistical Package for the Social Sciences 6.0.1 software. The t-test for pai-

168 8 



C P E CC E N H A N C E S C Y T O X I C I T Y O F A R A - C I N A M L 

redd samples was also used for the analysis of the pulse and chase experiments. The 

differencess in the cumulative percentages of araC-induced apoptosis and necrosis in 

thee CPEC-treated cells as compared with the CPEC-untreated cells were analyzed by 

thee Student's t-test for paired samples and the non-parametric Friedman's test for 

severall related samples. A p-value < 0.05 was considered as statistically significant. 

RESULTS S 

Modulatio nn of araC nucleotid e formatio n by CPEC 
inn HL-60 cell s 

AA preincubation with 25,50 and 200 nM of CPEC induced after 6h a CTP depletion of 

54,, 80 and 92%, and a dCTP depletion of 79, 93 and 98%, respectively. These con-

centrationss of CPEC for 2h, followed by a coincubation with 2uM of araC for 4h, indu-

cedd a significant increase in concentration of araCMP to 1 (SD), 6 

andd 7 pmol/ug protein, respectively, as compared with 0.13+0.01 pmol 

araCMP/ugg in the CPEC-untreated sample (fig. 2). The concentrations of AraCDP 

3,00 0 
's" " 
|| 2,50 --

aa 2,00 + 

uu o,oo 

 OnMCPE C 

D 2 5 n M C P E C C 

HSOnMCPE C C 

BB 200 nM CPEC 

il l 
AraCMP P AraCDP P AraCTP P AraCP P 

FigureFigure  2: Effect  of  pre-  and coincubation  of  several  concentrations  of  CPEC with  2 fiM of  araC 

onon  the concentrations  of  the various  araC-metabolites  in  HL-60 cells  (n=3 experiments).  The 

increaseincrease  in  araCMP concentration  as compared  with  the CPEC-untreated  cells  is  significant  for 

eacheach  concentration  of  CPEC, which  was also  the case for  the total  amount  of  araC-nucleotides 

(AraCP).(AraCP).  The increase  in  araCTP-concentration  was only  significant  for  the sample  that  was 

pretreatedpretreated  with  200 nM of  CPEC. 
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remainedd low and the concentrations of AraCTP did not change substantially after a 

preincubationn with 25 or 50 nM of CPEC. However, after a preincubation with 200 nM 

off CPEC, followed by 2 uM of araC, the increase in araCTP concentration (0.90 

pmol/mgg ) almost reached statistical significance as compared with the CPEC-un-

treatedd sample (0.75 pmol/ug, p=0.06, fig. 2). The increase in araCTP concentration 

byy 200 nM CPEC was significant in the experiment with 5 uM of araC (p=0.05) but 

nott with 10 or 20 uM. A significant increase in total amount of AraC nucleotides was 

detectedd at any concentration of AraC after a preincubation with 200 nM CPEC, which 

wass predominantly due to the increased concentration of araCMP, compared with the 

cellss that were not pretreated with CPEC (fig. 2). When using lower concentrations of 

CPECC (25 or 50 nM), a significant increase in total amount of araC nucleotides was 

observedd in comparison with CPEC-untreated cells in those experiments where 2 or 5 

uMM of araC was used (not significant increase after 10 or 20 uM). 
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FigureFigure  3: Effect  of  pre-  and coincubation  of  50 nM of  CPEC with  2 nM ofaraC  on the phospho-

rylationrylation  of  araC and incorporation  of  araCTP into  DNA in  HL-60 cells.  The increase  in  concen-

trationstrations  of  araCMP and the total  of  araC-nucleotides  (AraCP) and the increased  incorporation 

f'INCORP.")f'INCORP.")  of  araCTP into  DNA as compared  with  the CPEC-untreated  cells  is  significant 

Wee observed that using concentrations of araC between 2 and 20 uM the synthe-

siss of DNA was already inhibited for o after 4h, as judged from the amount of 

incorporatedd [14C]-thymidine. The amount of incorporated araCTP into DNA, therefo-

re,, was only a small fraction (1.5 ) of all araC metabolites. The majority of the araC 

metabolitess consisted of araCTP as a free nucleotide, that could not be incorporated 

anymoree into DNA because of the largely inhibited DNA-synthesis. 

Forr this reason, a low concentration of araC (2 nM) was used to study the fluxes of 

araCTPP into DNA, after a preincubation with CPEC 50 nM. The CPEC-treated cells 
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showedd a significant increase in araCMP concentration (+309%, p=0.03) and an unal-

teredd araCTP (-8%, p=0.21) concentration in comparison with the CPEC-untreated 

cellss (fig. 3). The total amount of araC nucleotides increased significantly (+48%, 

p=0.02)) after a preincubation with CPEC. Moreover, the absolute amount of incorpo-

ratedd araCTP into DNA was increased by 91% after a preincubation with CPEC 

(p=0.02),, which was even +271% when the incorporation of araCTP was expressed 

inn relation to the amount of newly synthesized DNA (p=0.02). 

Retentio nn of araC metabolite s in HL-60 cell s 
afterr  a preincubatio n wit h CPEC 

AraCMPP (PULSE) 
AraCMPP (CHASE) 

AraCDPP (PULSE) 

AraCDPP (CHASE) 

AraCTPP (PULSE) 

AraCTPP (CHASE) 

AraCTPP DNA (PULSE) 
AraCTPP DNA (CHASE) 

AraCC METABOLITES 
(PULSE) ) 

AraCC METABOLITES 
(CHASE) ) 

AraCTPP DNA/TTP DNA 
(PULSE) ) 

AraCTPP DNA/TTP DNA 
(CHASE) ) 

GJJMCPE C C 

2nMAra C C 

500 nM CPEC 
2c* IAa C C 

FMOL/pGG PROTEIN (SD IN %) 

0.0466 (16) 

0.0455 (5) 

0.0211 (10) 

0.0077 (ND) 

0.9600 (15) 

0.0800 (25) 

0.190(15) ) 

0.2900 (16) 

1.2155 (9) 

0.4233 (7) 

0.000488 (27) 

0.000299 (29) 

0.1211 (30) 

0.0877 (11) 

0.019(12) ) 

0.0099 (5) 

0.960(14) ) 

0.100(23) ) 

0.400(15) ) 

0.5600 (14) 

1.5000 (3) 

0.7511 (14) 

0.001688 (19) 

0.000733 (14) 

P-¥ALUE E 

0.05 5 

0.01 1 

0.32 2 

ND D 

0.84 4 

0.13 3 

0.02 2 

0.05 5 

0.03 3 

0.04 4 

0.04 4 

0.05 5 

00 (JM CPEC 

.. 2pMAra C 

FMOL// MC PROTEIN 

14.88 (7) 

13.0(17) ) 

6.11 (7) 

4.00 (ND) 

286.55 (15) 

15.11 (35) 

4.11 (2) 
4.77 (8) 

311.0(14) ) 

33.88 (19) 

0.344 (79) 

0.111 (51) 

500 nM CPEC 

2pMAra C C 

(SDD IN %) 

56.55 (30) 

33.0(15) ) 

7.22 (8) 

1.4(31) ) 

307.4(19) ) 

24.11 (13) 

4.88 (17) 

5.00 (4) 

376.0(15) ) 

62.99 (11) 

0.466 (65) 

0.133 (36) 

P-VALUE E 

0.05 5 

0.05 5 

0.06 6 

ND D 

0.30 0 

0.09 9 

0.30 0 

0.37 7 

0.09 9 

0.06 6 

0.03 3 

0.04 4 

TableTable  1: Pulse  (Ih) and chase  (3h) experiments  with  2nM or  2 pM araC with/without  a SO nM 

CPECCPEC pretreatment  (n=3 experiments).  After  using  2 nM araC an increased  retention  of  araCMP 

andand  incorporated  araCTP in  DNA was observed  with  CPEC. AraCDP concentrations  after  the cha-

sese phase  were sometimes  below  the detection  level;  statistical  analysis  was therefore  not  pos-

sible.sible.  AraCTP DNA/TTP DNA represents  the araCTP incorporation  into  DNA compared  with  the 

newlynewly  synthesized  DNA (measured  by thymidine  incorporation  into  DNA). 

Thee results of the pulse-chase experiments are shown in table 1. Using the low con-

centrationn of 2 nM araC (n=3 experiments), a nearly 3-fold increase in phosphoryla-

tionn of araC and a 2-fold incorporation of araCTP into DNA was observed. After the 

chase-phase,, the araCMP concentration was twice as high in the CPEC-pretreated 

cellss as compared with the CPEC-untreated cells (table 1). There seemed to be a small 

increasee in concentration of retended araCTP in the CPEC-pretreated cells, although 
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thiss increase was not significant (p=0.13). The concentration of araCTP in DNA meas-

uredd after the chase-phase was significantly increased by 93 % in the CPEC-treated cel-

lss as compared with the CPEC-untreated cells, and was higher than the concentration of 

araCTPP in DNA after the pulse-phase in either the CPEC-pretreated or untreated cells. 

Whenn using 2 uM of araC in the pulse-chase experiments (n=3), we observed a slight-

lyy different pattern: only the 4-fold increase in araCMP concentration was significant, 

whilee there was a slight but not significant increase of the araCTP concentration and 

thee total of araC metabolites (table 1). The incorporation of araCTP into DNA was in-

creasedd in the CPEC-pretreated cells by 48 % (p=0.02), when taking into account the 

decreasee in DNA-synthesis. However, this araCTP incorporation into DNA represented 

onlyy 1.4 % of all araC metabolites, and was measured when DNA-synthesis was al-

readyy inhibited by 95 . These results of araCTP incorporation after 2 uM of araC 

shouldd therefore be interpreted with caution. 

Afterr the chase-phase following the pulse with 2 uM of araC, significantly higher con-

centrationss of araCMP were observed in the CPEC-pretreated cells as compared with 

thee CPEC-untreated cells (table 1). The retention of araCTP and total araC metabolites 

nearlyy reached statistical significance, after a preincubation with CPEC. The concentra-

tionn of araCTP in DNA measured after the chase was + 19 % (p=0.05) higher in the 

CPEC-pretreatedd cells compared with the CPEC-untreated cells, when taking into 

accountt the additionally decreased synthesis of DNA caused by the preincubation with 

CPEC. . 

CONCENTRATION N 

(FMOL/pGG PROTEIN) 

3H*aCMP P 

3H-AraCDP P 

3H-AraCTP P 

3H-AraCXP P 

AraCTPP in DNA 

Ratioo 3B-ARA-C/14-THY 

00 MM CPEC 

20rtMAraC C 

) ) 

0.855  0.65 

0.188 1 

4.155  3.10 

5.188 3 

0.233 7 

1.133 6 

0,633 pM CPEC 

200 nM AraC 

) ) 

4.100  5.00 

0.211 8 

4.933  5.31 

9211  9.91 

0.300  0.22 

2.44  1.7 

P-VALUE E 

0.07 7 

0.45 5 

0.44 4 

0.13 3 

0.03 3 

0.02 2 

nn o roer 

0,55 p!W AraC 

> > 

19.44  18.7 

5.88  4.2 

118.11  100.9 

143.33  122.2 

2.33  2.6 

12.00  11.3 

0,633 MM CPEC 

0,55 jiM AraC 

) ) 

68.88 + 67.8 

5.99 1 

109.55 1 

184.22  143.7 

2.88  2.4 

26.77  22.6 

P-VALUE E 

0.03 3 

0.71 1 

0.11 1 

0.07 7 

0.03 3 

0.01 1 

TableTable  2: Effect  of  an 18h preincubation  with  0.63 fiM CPEC on the araC metabolism  in  samples 

ofof  II patients  with  AML.  AraCXP:  Total  of  araC nucleotides;  araCTP in  DNA: incorporated  frac-

tiontion  of  araCTP in  DNA. Ratio  3H-ARA-C/14 THY: The ratio  of  incorporated  araCTP versus  thy-

midinemidine  into  DNA, the latter  being  a measure  of  DNA synthesis. 
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Effec tt  of CPEC on araC metabolis m 
inn sample s of patient s wit h AML 

Wee performed combined incubation experiments with 0.63 uM CPEC and 20 nM or 

0.55 uM araC on samples of 7 adults and 4 children suffering from AML. Cell samples 

thatt were used immediately after isolation had a viability of more than 90%, which was 

alsoo the case for thawed cells after having used the Dead Cell Removal kit. The mean 

CTPP concentration after treating the cells for 18h with CPEC was 4 3 + 1 8 % as com-

paredd with the CPEC-untreated cells. The results of the incubation experiments with 

CPECC and/or araC are shown in table 2, describing the absolute concentrations of each 

araCC metabolite. CPEC caused a 3.5 and 4.8 fold increase of araCMP formation after 

200 nM and 0.5 uM of araC, respectively. The concentrations of araCDP and araCTP 

hardlyy changed, while a significant increase was observed in araCTP incorporation into 

DNAA of 27% and 24% after treating the cells with 0.63 uM CPEC followed by 20 nM 

orr 0.5 uM araC, respectively. Finally, a significant increase was detected of the ratio 

betweenn the (increased) incorporation of [3H]-araCTP into DNA and the (decreased) 

incorporationn of [14C]-thymidine, the latter being a measure of newly synthesized 

DNA. . 

^^  T r 
i i 

— i — — 

ft:ft:
.::W:-:: : 

J::  • :: :.~ :• H 

OiiMAraCC 0,5 |M AraC 0,5 uM AraC 2,0 |iM AraC OpMAraC 
0,55 MM CPEC 0 MM CPEC 0,5 pM CPEC 0 MM CPEC 1,25 MM CPEC 

FigureFigure  4: The effect  of  2 different  concentrations  of  CPEC and araC separately  and the effect  of 

aa coincubation  of  CPEC and araC for  16h on the induction  of  apoptosis  and necrosis  in  HL-60 

cells.cells.  While  CPEC hardly  induced  any apoptosis  or  necrosis,  the coincubation  of  CPEC and araC 

ledled  to  a significant  synergistic  effect  on the processes  of  apoptosis  and necrosis. 

Modulationn by CPEC of araC-induced apoptosis and 
necrosis s 

Thee cumulative percentages of apoptotic and necrotic cells after 16h of incubation with 
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eitherr CPEC, araC or the combination of both drugs are shown in figure 4. Even high 

concentrationss of CPEC (1.25 \sM), hardly induced any apoptosis or necrosis after 16h, 

althoughh this concentration of CPEC depleted the CTP pools by > 90 o as compared 

withh the CPEC-untreated cells. A synergistic effect of 0.5 pM CPEC and 0.5 uM araC 

wass observed, showing a percentage of apoptotic and necrotic cells after a coincuba-

tionn with these drugs for 16h that was 3-fold higher than after an incubation with 0.5 

uMM araC alone (p=0.002) and that was comparable with an incubation with 2 uM araC 

(n=44 experiments). 

Whenn using various concentrations of CPEC in a preincubation for 6h, followed by 

aa coincubation of CPEC with 0.5 uM araC for an additional 16h, a significant increase 

inn percentages of apoptotic and necrotic cells was observed with increasing concen-

trationss of CPEC (fig. 5, 1 experiment in triplicate). These low concentrations of CPEC 

didd not induce any apoptosis or necrosis when used as a single drug, but were still able 

too enhance the effect of araC on the process of apoptosis and necrosis. 

oo is. . 
a. a. 
OO 10 
a. a. < < 

0,55 |iM AraC 
00 uM CPEC 

0,55 |iM AraC 
12,55 nM CPEC 

0.55 uM Ara C 
255 nM CPEC 

0,55 ||M AraC 
500 nM CPEC 

2,00 pM AraC 
00 nM CPEC 

FigureFigure  5: The effect  on apoptosis  and necrosis  of  increasing  concentrations  of  CPEC used  for  Sh 

preincubation,preincubation,  followed  by a coincubation  of  these  concentrations  of  CPEC with  0.5 pM of  araC 

forfor  an additional  16h in  HL-60 cells.  CPEC by itself  did  not  induce  any apoptosis  or  necrosis  at 

thesethese  low  concentrations.  However,  a statistically  significant  increase  in  araC-induced  apopto-

sissis  and necrosis  was caused  by very  low  concentrations  of  CPEC. The differences  between  each 

successivesuccessive  concentration  of  CPEC in  these  pre-  and coincubation  experiments  were also  signi-

ficantficant  using  both  the Student's  t-test  for  paired  samples  and the Friedman's  test  for  several 

relatedrelated  samples. 

DISCUSSION N 

Inn this study we showed that a preincubation with low concentrations of CPEC can 
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increasee the phosphorylation of araC in HL-60 myeloid leukemic cells using both low 

andd high concentrations of araC. The increased phosphorylation of araC was to our opi-

nionn caused by the CPEC-induced decrease of the dCTP concentration, as dCTP has 

provedd to be an inhibitor of dCK (16). Therefore, the decreased concentration of dCTP 

resultedd in an enhanced activity of dCK, which is considered to be the rate-limiting 

enzymee in the formation of araCTP (15,17) The increased concentration of araCMP 

observedd after a preincubation with CPEC, may suggest that nucleoside monophos-

phatee (NMP) kinase has become the rate-limiting enzyme at higher concentrations of 

araCMP.. In contrast with this hypothesis is the observation of a high level and activity 

off NMP kinase in leukemic cells (24). The increased phosphorylation of araC by deple-

tingg the dCTP pools has been demonstrated previously in a rat hepatoma cell-line (17), 

aa human colon carcinoma cell-line (3) and a human T-lymphoblastic cell-line 

(Verschuurr et al., manuscript submitted) but never in myeloid leukemic cells. A syner-

gisticc effect however has been observed in terms of growth-inhibition in HL-60 cells 

whenn using araC and 3-deazauridine, which is also an inhibitor of CTP synthetase (25). 

Ourr results in HL-60 cells also showed that a preincubation with CPEC may increase 

thee incorporation of araCTP into DNA. The optimal conditions to study this increased 

incorporationn was by using very low concentrations of araC (2 nM), as the flux of 

araCTPP into DNA was not too much inhibited as compared with the > 90% of inhibi-

tionn of DNA synthesis that was observed when using 2-20 uM of araC. We want to 

stresss that 2 nM of araC is far below the steady state plasma concentrations of approxi-

matelyy 0.5 uM that are observed in patients treated with low dose araC-regimens (26). 

Thee results with this low concentration of araC in HL-60 cells, that have a high prolife-

rationn rate and apparently a high sensitivity to araC, provide a good model to study 

AML. . 

Thee pulse-chase experiments showed that the effect of CPEC on the phosphoryla-

tionn of araC and the incorporation of araCTP into DNA is maintained for at least 3h after 

withdrawingg CPEC and araC. These observations may provide other arguments for an 

increasedd cytotoxicity of araC after a preincubation with CPEC. 

Thee modulatory effects of a preincubation with CPEC on araC metabolism in the 

patients'' samples are to a large extent comparable to our results in HL-60 cells. In the 

patients'' samples CPEC proved to increase the phosphorylation of araC and the incor-

porationn of araCTP into DNA. The concentrations of araCDP and araCTP hardly chan-

gedd after a preincubation with CPEC. An important observation was that an increase of 

araCTPP incorporation into DNA occurred when using concentrations of araC of 0.5 uM, 

whichh is the steady state plasma concentration of araC in the low-dose araC regimens 
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(26).. The modulation of araC metabolism in the in vitro experiments with the patients' 

sampless was observed at a concentration of 0.63 uM of CPEC This concentration is 

almostt 3-fold lower than the lowest steady-state plasma concentration of CPEC that 

wass accompanied by (reversible) hypotension in the phase I clinical trial (12). 

Moreover,, we esteem that in vivo an even lower concentration of CPEC may have a 

CTP-- and dCTP-depleting effect, because of the fact that the rate of metabolism of leu-

kemicc cells in vivo is higher than in vitro. 

Thee potentiation of the cytotoxicity of araC by CPEC in AML cells was demonstra-

tedd by the synergistic effect of CPEC and araC on the induction of apoptosis and necro-

sis.. The timing of drug addition is important, because when CPEC was used by prein-

cubatingg the cells for 6h (fig. 5), the concentrations of CPEC required to obtain a 

synergisticc effect with araC on the induction of apoptosis and necrosis are 10-20 fold 

lowerr than when CPEC was used only in coincubation with araC. The potentiation of 

araCC cytotoxicity by low concentrations of CPEC may therefore have clinical implica-

tionss and may also be useful to circumvent araC resistance due to a decreased dCK 

activityy (20), a decreased formation or retention of araCTP (20,21) or a decreased 

incorporationn of araCTP into DNA (13). 

Inn summary, our results indicate that a preincubation with low concentrations of 

CPECC can modulate the metabolism of araC in AML cells, which may increase the cyto-

toxicityy of araC and circumvent araC resistance. 
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