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SUMMARY Y 

Thee cytotoxic effect of 1-R-D-arabinofuranosyl cytosine (araC) depends on the in-

tracellularr phosphorylation into it's active compound araCTP, on the degree of degra-

dationn of araCTP and on the incorporation of araCTP into DNA. Deoxycytidine tri-

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

enzymee deoxycytidine kinase) and the incorporation of araCTP into DNA (by compe-

titionn for DNA polymerase). In a T-lymphoblastic cell-line, we studied whether the cyto-

toxicityy of araC (2 nM-50 uM) could be enhanced by decreasing the concentration of 

dCTP,, using the nucleoside-analoguecyclopentenyl cytosine (CPEC), an inhibitor of the 

enzymee CTP synthetase. 

Preincubationn of the cells with CPEC (100-1600 nM) for 2h, increased the con-

centrationss of araCMP 1.6-9.5 fold, which was significant for each concentration of 

CPECC used. The concentration of araCDP remained low, whereas the concentration of 

araCTPP changed depending on the concentration of araC used. With 2-15 uM of araC 

andd a preincubation with 400 nM of CPEC, the araCTP concentration increased by 

4-15%% (not significant), and the total amount of araC nucleotides increased signifi-

cantlyy by 21-45%. When using a concentration of araC of 2 nM after a preincubation 

withh CPEC of 100 nM, the concentration of araCMP increased by 60% (p=0.015), 

whereass that of araCTP decreased by 10% (p=0.008). This was compensated by an 

increasee of 4 1 % (p=0.005) of araCTP incorporation into DNA, which represented 43% 

off all araC metabolites. Moreover, by performing pulse/chase experiments with 400 

nMM of CPEC and 2uM of araC, the retention of cytosolic araCTP and the incorporated 

amountt of araCTP into DNA were increased by CPEC. The modulation by CPEC of araC 

metabolismm was accompanied by a synergistic increase of araC-induced apoptosis, and 

byy an additive effect on the araC-induced growth-inhibition. 
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INTRODUCTION N 

AraCC is a nucleoside analogue that constitutes the main drug of virtually all treatment 

protocolss for AML and proved it's benefit in precursor-B-ALL and T-ALL (1-3). One can 

distinguishh low-dose (LD-AraC) regimens, applying doses of 75-200 mg/m2, from 

high-dosee (HD-AraC) regimens where 1-3 g/m2 are used. The cytotoxic effect of araC 

dependss on several intracellular mechanisms: araC is metabolized into araCTP by three 

consecutivee phosphorylating steps, catalyzed by dCK, nucleoside monophosphate 

kinasee and nucleoside diphosphate kinase, respectively (Fig. 1). AraCTP is incorpora-

tedd into DNA as a deoxynucleotide-analogue, where it exerts it's cytotoxic properties 

byy inhibiting DNA replication (4-6). The phosphorylation of araC into araCTP can be 

counteractedd by the enzyme (deoxy)cytidine deaminase, which converts araC into 

araU,, dCMP deaminase, converting araCMP into araUMP and by phosphatases, that 

degradee nucleotides (Fig. 1). 
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FigureFigure  1: Scheme  representing  the intracellular  araC metabolism.  The interrupted  lines  repre-

sentsent  the inhibitory  effects  of  dCTP on dCK (1) and the competition  of  dCTP with  araCTP for  DNA-

polymerase-alphapolymerase-alpha  (2). 

Inn patients with acute leukemia, in vitro resistance to araC has been correlated with 

ann adverse clinical outcome (7). Various mechanisms of resistance have been postu-

latedd among which an increased hepatic and intraleukemic deaminating activity (8,9), 
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aa decreased dCK activity (10,11), a decreased formation or retention of araCTP 

(2,10,12)) and a decreased incorporation of araCTP into DNA (4). 
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FigureFigure  2: A schematic  overview  of  pyrimidine  de novo  synthesis  and salvage  pathways. 

ClutamineClutamine  can be metabolized  via  several  steps  into  UMP, which  in  turn  can be phosphoryla-

tedted  to  UDP and UTP. CTP synthetase  (J) catalyzes  the conversion  of  UTP into  CTP. The right  trunk 

representsrepresents  the deoxycytidine  salvage  pathway,  where  deoxycytidine  is  phosphorylated  into 

dCTPdCTP by three  consecutive  steps,  catalyzed  by dCK (2), nucleoside  monophosphate  kinase  (3) 

andand  nucleoside  diphosphate  kinase  (4). (7): uridine/cytidine  kinase.  The conversion  of 

(deoxy)cytidine(deoxy)cytidine  into  (deoxy)uridine  (nr.  5) is  catalyzed  by (deoxy)cytidine  deaminase.  (d)CMP 

deaminasedeaminase  (nr.  6) converts  (d)CMP into  (d)UMP. 

dCKK is considered to be the rate-limiting enzyme for the phosphorylation of araC 

(13).. dCK activity is inhibited by deoxycytidine triphosphate (dCTP) (13,14), that can 

bee either synthesized directly via the salvage pathway of deoxycytidine or indirectly 

fromm CTP (Fig. 2). High concentrations of CTP (15) and dCTP (16) have been obser-

vedd in human leukemic cells, that can be correlated to a high activity of CTP syntheta-

se,, which is responsible for the conversion of UTP into CTP (Fig. 2). The activity of CTP 

synthetasee is high in leukemic cells of children suffering from ALL (17). CPEC is a nu-

cleosidee analogue that inhibits CTP synthetase, inducing a depletion of CTP and dCTP 

(18-23)) in several cell-lines of solid tumors and hematologic malignancies, resulting in 

aa decreased synthesis of DNA and RNA (19,22). In mice, CPEC proved to have an anti-

tumorr effect in vivo (18,24,25). The major toxicity in the phase I clinical trial in human 

beingss consisted of severe cardiovascular adverse effects that occurred at steady-state 

122 2 



C P E CC I N C R E A S E S A R A - C A N A B O L I S M I N M O L T - 3 

plasmaa concentrations > 1.75 uM (26). Recently, we have shown by in vitro experi-

mentss in leukemic cells obtained from children with ALL and AML that CPEC depletes 

thee CTP and dCTP pools at concentrations below this toxic level (40,41). 

Wee hypothesized that by decreasing the dCTP pools in leukemic cells we could 

increasee the cytotoxicity of araC, either by increasing the activity of dCK or by facilita-

tingg the incorporation of araCTP into DNA, which is known to compete with dCTP at 

thee DNA polymerase level (27). We selected a T-lymphoblastic cell-line model to test 

ourr hypothesis, because dCK has a variable activity in T-ALL (28) and this variability is 

implicatedd in araC resistance (10,11,29). Our results prove that the cytotoxic effects of 

araCC can be enhanced by a preincubation with CPEC, which may thus provide a mecha-

nismm to circumvent araC resistance. 

MATERIALSS AND METHODS 

Chemical s s 

CPECC was kindly provided by the Drug Synthesis & Chemistry Branch, Developmental 

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

Bethesdaa (Maryland), U.S.A., [3H]arabinofuranosyl cytosine (1.04 Gbq/mmol), 

[3 2P]H3P044 (37 Mbq/ml), [14C]thymidine (2.04 Gbq/mmol) and [14C]uridine (18.6 

GBq/mmol)) were obtained from Amersham International, Buckinghamshire, UK. 

Celll  cultur e 

Molt-33 cells were used in logarithmic growth for the incubation experiments. The 

cellss were cultured in DMEM-Nut F12 culture medium containing 10% fetal bovine 

serum,, 100 lU/ml penicilline, 100 ug/ml streptomycine, 200 ug/ml gentamycine, 

0.1255 ug/ml amphotericin B and 2 mM glutamine. Cells were cultured in T75 flasks at 

ann initial cell density of 0.3 * 10^ cells/ml in humidified air containing 5% CO2 at . 

AA preincubation was performed for 2h with various concentrations of CPEC, using a 

7500 uM stock solution of CPEC in 0.9% NaCI. Subsequently, [3H]araC was added for 

4hh and the coincubation of CPEC and araC was studied at varying concentrations, using 

aa mixture of radio-labeled and non-radio-labeled araC (1:2) with a final stock concen-

trationn of 2.74 mM. DNA synthesis was analyzed by [32P]H3P04 incorporation into 

nucleicc acids, by adding [32P]H3PC>4 to a final concentration of 25 kBq/ml during 4h 
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inn coincubation with araC, after which DNA was isolated by a standard DNA-isolation 

kit.. In additional experiments, [14C]thymidine incorporation into DNA was analyzed as 

aa measure of proliferation during the incubation with araC, by adding [^Cjthymidine 

too a final concentration of 0.25 uM for 4 h, after which the fê-counts were measured 

inn the acid-precipitable DNA. The fluxes through CTP synthetase were studied by 

addingg 0.15 uM of [14C]uridine (1.85 Mbq/ml) during 6h to the incubation experi-

mentss with increasing concentrations of CPEC. 

AA resistant Molt-3 (Molt-3/R) cell-line was developed by culturing the wild type 

Molt-33 for 24 weeks with increasing doses of araC until the cell-line was able to pro-

liferatee in the presence of 5 pM of araC. The cells were then incubated for 2 weeks 

underr araC-free conditions, after which the incubation experiments with araC and/or 

CPECC were performed. 

(Deoxy)ribonucleotid ee extractio n and analysi s 

Thee samples were harvested, centrifuged (200 * g, 7 min, ) and washed with PBS 

containingg 5 mM glucose. The (deoxy)-ribonucleotides were extracted by adding 150 

ull of ice-cold 0.4 N perchloric acid to a cell pellet (11000 * g, , 7 sec) of 5-10 * 

10^^ cells for ribonucleotides and of 40-50 * 10^ cells for deoxyribonucleotides, 

respectively.. After 10 minutes at 0CC this suspension was centrifuged (11000 * g, f 

55 min) after which the nucleotide containing supernatant was neutralized with 7.5 ul 

off 5.0 M K2CO3 and stored at . The protein content of the cell pellets after extrac-

tionn was measured according to Smith et al. (30), using human albumin as the stan-

dard. . 

(Deoxy)ribonucleotid ee analysi s by 
anion-exchang ee HPLC 

Ribonucleotidee extracts were thawed and centrifuged for 5 minutes at 11.000 g, , 

afterr which the supernatants were injected into a anionic-exchange HPLC system as 

describedd previously (31). The elution conditions were as follows: after having equili-

bratedd the column with 100% buffer A (9 mM NH4H2P04 , pH 3.50) for 10 min, the 

runn started with 100% buffer A for 2 min, after which a linear gradient was started to 

reachh 80% buffer B (325 mM NH4H2P04, 500 mM KCI, pH 4.70) after 25 min, fol-

lowedd by a change to 90% B in 10 min. After maintaining the conditions at 90% B for 

100 min, the gradient was changed to 100% A in 1 min, which was kept for 10 min. 
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Absorptionn was measured at a wavelength of 280 nm. 

Forr the analysis of the deoxyribonucleotide concentrations the neutralized extracts 

weree treated as described by Garrett and Santi (32) with some modifications. 125 ul 

off the cell extract was incubated with 5 ul 0.5 M Nal04 and 7 ul 3.8 M methylamine 

att C for 30 min, after which 2 pi of 834 mM rhamnose was added. Subsequently, 

thee samples were injected immediately on the same HPLC-system (31), using the 

samee elution conditions as described above. Response factors were calculated using 

ann external standard containing the various (deoxy) ribonucleotides. 

Determinatio nn of radio-labele d nucleotide s 

Thee HPLC system and elution conditions that were used for the experiments with 

pH]araC,, [32P]H3P04, [14C]thymidine and [14C]uridine were identical as for the 

non-radiolabeledd ribonucleotide analysis, with the exception of using a LDC/Milton Roy 

CMM 4000 pump and a Shimazu UV detector SPD/10A. The radioactivity was detected 

on-linee with a Radiomatic 525TR Flow Scintillation Analyser with a 500 ul TR-LSC cell 

(Packardd Instrument, Meriden, CT, USA). A scintillation fluid (Ultima Flo AP, Packard, 

Dowerss Grove, IL, USA) was used at an effluent to scintillation fluid ratio of 1:1. 

Radioactivityy was analyzed in the acid-precipitated material after washing the pellet 

twicee with neutralized 0.4N perchloric acid followed by adding 10 ml of scintillation 

fluidd to the pellet (indicated as "pellet" in the results section), after which the counts 

weree measured on a R-counter. We also isolated DNA (indicated as "DNA" in the 

resultss section) to analyze the incorporation of araCTP into DNA to circumvent the pos-

siblee contamination of the pellet with cytosolic (radio-labeled) nucleotides. [3H]-

araCTPP incorporation was measured on a B-counter, using 15 ml scintillation fluid 

addedd to 150 ul of DNA-suspension. 

Determinationn of retention of phosphorylated and incorporated araC metabolites 

wass performed as following: After preincubating the cells for 2h with 400 nM of CPEC, 

aa pulse experiment with 2 nM and 2 uM of [3H]araC and 0.25 uM of [14C]-thymidine 

forr 1 h in the presence of CPEC was performed, after which the medium was removed 

andd replaced by medium containing 0.25 uM of [14C]-thymidine for 3h (chase). 

Subsequently,, the cells were harvested, the nucleotides were extracted and the DNA 

wass isolated, after which the radioactive signals were measured as described. 
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Inhibitio nn of cell-proliferatio n 

Inhibitionn of cell proliferation of the Molt-3 cells by CPEC and/or araC was analyzed by 

measuringg the cell counts after 24, 48 and 72h after addition of various concentrations 

off CPEC, araC or the combination of both drugs. Cells were counted with a Coulter 

Counterr ZF cellcounter, in isoton solution, which contained 3.3 * 10"5 o (v/v) Triton 

X-1000 and 6.7* 10"3 o (w/v) saponine. Vitality was assessed by the trypan blue exclu-

sionn test. 

FigureFigure  3: Effect  of  increasing  concentration  (panel  A) and incubation-time  (panel  B) of  CPEC on 

thethe  concentrations  of  CTP (squares),  dCTP (triangles)  and UTP (crosses). 
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Detectio nn of apoptoti c and necroti c cell s 

Apoptosiss and necrosis were assessed by flowcytometry (FACScalibur, Becton 

Dickinson),, by using FITC-labeled-Annexin V and propidium iodide (33) using the 

APOPTEST-FITCC Kit (Nexins Res., The Netherlands). 

Statistic s s 

Thee differences in concentrations of the various araC nucleotides, in ara-CTP incorpo-

rationn into the pellet or DNA and in overall DNA synthesis between Molt-3 cells that 

hadd been treated with various concentrations of araC and/or CPEC were analyzed by 

thee t-testfor paired samples, using the Statistical Package for the Social Sciences (SPSS 

6.0.11 software version). A p-value < 0.05 was considered as statistically significant. 

RESULTS S 

Molt- 33 characteristic s 

Thee Molt-3 cell-line has a doubling time of approximately 24h, showing an exponen-

tiall growth at cell concentrations between 0.1 - 1.8 * 106 cells-/ml. 

CPECC decrease s CTP and dCTP concentration s 

Withh increasing concentrations of CPEC ranging from 50-800 nM for 24h we observed 

aa progressive decline in the concentrations of CTP and dCTP (Fig. 3A). 50 nM of CPEC 

inducedd a depletion of CTP and dCTP by 45% and 67%, respectively. A time-depend-

encyy in the CTP- and dCTP-depleting effect of CPEC was observed when incubating 

Molt-33 cells for 2,4,6 and 24h with 400 nM of CPEC (Fig. 3B). The synthesis of CTP 

originatingg from radio-labeled uridine, was inhibited by 52, 75, 91 and >99% after 

incubatingg the cells for 6h with 100, 200, 400 and 1600 nM of CPEC, respectively. 

Thesee CPEC concentrations resulted in UTP concentrations originating from radio-labe-

ledd uridine of 137, 189, 254 and 173%, respectively. 

127 7 



C H A P T E RR 6 

CPECC increase s araC phosphorylatio n 
andd araCTP incorporatio n into DNA. 

Inn Molt-3 samples treated with 2 pM of araC, araCTP proved to be the predominant 

araCC metabolite (83% of all araC nucleotides), followed by araCDP and araCMP (8% 

each).. The alterations of the concentrations of the various araC-metabolites following 

aa preincubation with 400 nM of CPEC (inducing a CTP depletion of 88% after 6h) are 

shownn in table 1 (n=8). These experiments demonstrated a significant increase in the 

concentrationss of araCMP and total amount of araC-nucleotides as well as in the incor-

porationn of araCTP into the DNA-containing pellet. 

ARACMP P 

ARACDP P 

ARACTP P 

TOTAL L 

PELLET T 

-CPEC C 

ARAC-METABOLITE E 

(Fmol/pgg protein) 

200 0 

210 0 

2 0 4 0 0 

2460 0 

65 5 

(SD) ) 

40 0 

90 0 

380 0 

400 0 

20 0 

** OF TOTAL 

ARAC C 

METABOLITES S 

8 8 

8 8 

83 3 

100 0 

1.1 1 

ARAC-METABOLITE E 

(Fmol/pgg protein) 

1020 0 

210 0 

2110 0 

3340 0 

86 6 

(SD) ) 

280 0 

90 0 

300 0 

510 0 

30 0 

++ CPEC 

o/oo OF TOTAL 

ARAC C 

METABOLITES S 

30 0 

6 6 

63 3 

100 0 

1.5 5 

INCREASE E 

INN % 

402 2 

3 3 

4 4 

36 6 

32 2 

P-VALUE E 

<0.001 1 

NS S 

NS S 

<0.001 1 

0.005 5 

TableTable  I ; Modulation  of  araC-metabolites  after  2uM of  araC and 400nM of  CPEC. 

AA comparable pattern of the various araC metabolites was observed, when 400 nM 

off CPEC and 0.5/1 /2 /8 uM of araC were used (n=2): at 8 uM of araC, the total amount 

off araC metabolites increased by 45%, which was caused predominantly by an in-

creasedd ara-CMP concentration (+411%) and the araCTP incorporation into the DNA-

containingg pellet was increased by 30%. This pattern was observed for each concen-

trationn of araC (data not shown). 

Furthermore,, we used increasing doses of CPEC (0/100/200/400/1600 nM) for 

experimentss with 5uM, 15uM (Fig. 4) and 50 uM of araC, the latter being comparable 

too the steady-state plasma concentration in HD-araC therapy regimens. After 1600 nM 

off CPEC the total amount of araC nucleotides increased by 82%, 68% and 2 1 % (all 

significant)) when using araC concentrations of 5, 15 and 50 uM, respectively. The most 

impressivee alteration was observed in the araCMP concentration that increased signi-

ficantlyy by 900, 950 and 678% after 1600 nM of CPEC and 5, 15 and 50 uM of araC, 

respectively.. The araCDP concentrations hardly changed, while the concentrations of 

araCTPP increased significantly by a preincubation with CPEC using 5 uM of araC, but 
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wass not significant for 15 uM, and slightly decreased when using 50 uM of araC The 

concentrationss of all araC nucleotides ) were higher using 15 uM as compa-

redd to 50 uM (p=-0.016), reflecting a cytotoxicity of araC that was too high for this cell-

line,, especially in combination with CPEC When combining 1600 nM of CPEC with the 

mostt effective concentration of araC (15uM), the total amount of deaminated araC 

(=araU)) nucleotides represented 0.7% of all araC nucleotides, which was comparable 

too the CPEC untreated cells (0.8%). 

FigureFigure  4: Effect  of  increasing  doses  of  CPEC on the concentrations  of  CTP (diamonds),  araCMP 

(circles),(circles),  araCDP(crosses),  araCTPftriangles)  and the total  amount  of  araC-nudeotides 

(squares).(squares).  The concentrations  of  the various  araC metabolites  (araCDP excluded)  are higher 

afterafter  15 pM of  araC (panel  B) as compared  with  5 pM (panel  A). 

Modulatio nn of LD-araC (0.5 pM) by CPEC 

Thee steady-state plasma araC concentrations in patients treated with LD-araC regimens 
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aree approximately 0.5 uM (34). We performed our pre/coincubation experiments with 

thiss araC concentration and 200 nM of CPEC (n=2), which depleted the CTP concen-

trationn by 78%, and inhibited the DNA synthesis by 73% after 6h. The concentration 

off araCMP increased by 215%, while araCDP (-11%) and araCTP (+5%) concentra-

tionss hardly changed in the CPEC-treated cells as compared with the samples that were 

onlyy treated with araC. The total amount of araC nucleotides increased by 23% by 

CPEC,, and the incorporation of araCTP into DNA increased by 19%. 

7,000 j 

0,000 -

5,000 -

££ 4,00 --
a. . 

^^  3,00 -
S S 

2,000 --

1,000 -

0,00 0 
AraCMP P AraCDP P AraCTPP TOTAL DNA A 

FigureFigure  5: Experiments  with  2 nM araC  CPEC preincubation.  The white  boxes  represent 

thethe  absolute  concentration  of  each araC-metabolite  in  the samples  pretreated  with  CPEC. 

Effec tt  of araC on DNA synthesi s 

Inn our experiments with 2 uM of araC the amount of araCTP incorporated into DNA 

provedd to be very low (<2% of all araC metabolites), which was due to the fact that 2 

uMuM of araC decreased the DNA synthesis for >95%, as was concluded from our expe-

rimentss with [32P]H3P04. Therefore, we analyzed the incorporation of araCTP into 

DNAA by a concentration series of araC between 0 and 0.5 uM for 4h. At concentrations 

>644 nM the DNA synthesis was decreased by >80%. With concentrations of araC 

betweenn 4 and 64nM a 4-fold increase of araCTP incorporation (absolute amount) was 

observedd and a 2-fold decrease of the DNA synthesis. Consequently, the incorporation 

off araCTP in newly synthesized DNA increased nearly 8-fold. 
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Pre/coincubatio nn of 100 nM CPEC and 2 nM araC 

Ann araC concentration of 2 nM decreased the DNA synthesis by , which we con-

sideredd as a sufficient remaining DNA-synthesizing capacity to observe the incorpora-

tionn of araCTP. A CPEC concentration of 100 nM by itself and in combination with 2 

nMM of araC decreased the DNA synthesis after 6h by % and 46%, respectively. 

Whenn using these lower concentrations in our pre/coincubation experiments with 

CPECC and araC (n=6), we observed a CTP-depletion of 53% inducing an increase of 

thee araCMP concentrations by 60% (p=0.015) as compared with the experiments with 

araCC alone, while the concentrations of araCDP (-13%, p=0.04), araCTP (-10%, 

p=0.008)) and the total amount of cytosolic araC nucleotides decreased (-4%, 

p=0.009)) (Fig. 5). However, the incorporation of araCTP into isolated DNA (n=3) was 

increasedd by 4 1 % (p=0.005) by CPEC. When the (increased) incorporation of araCTP 

intoo DNA was calculated proportionally to the (decreased) DNA synthesis, the incor-

porationn of ara-CTP increased by 66% (p=0.046). 
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FigureFigure  6: Time-dependency  of  the modulating  effect  of  CPEC (400 nM) on the various  araC-met-

abolitesabolites  after  2 nM ofaraC.  With  increasing  time,  the enhancing  effect  of  CPEC on the concen-

trationtration  of  araCMP and the incorporation  of  araCTP into  DNA becomes  more  pronounced.  The 

dasheddashed  lines  join  the samples  that  were pretreated  with  CPEC. AraCMP:  circles,  AraCDP: 

squares,squares,  AraCTP:  triangles,  AraCTP incorporated  into  DNA: diamonds. 

Timee dependenc y of araC modulatio n by CPEC. 

Whenn using 2 nM of araC for 1,2,3 or 4h, we observed a more or less linear increase 
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off araCMP and araCTP concentrations for at least the first three hours, while the con-

centrationn of araCDP remained low. The incorporation of araCTP into DNA showed a 

linearr time-dependency for at least 4h. After a 2h preincubation with 400 nM of CPEC 

(n=2),, the increase in concentration of araCMP as well as the increased incorporation 

off araCTP into DNA as compared to the CPEC untreated cells, already occurred after 

11 h (Fig. 6). The differences between the CPEC-treated and -untreated cells became 

largerr with increasing incubation time. The decrease in araCTP concentration after a 

preincubationn with 400 nM of CPEC was also present after 1 h and was compensated 

byy the increased incorporation of araCTP into DNA. 

Modulatio nn of araCTP retentio n by CPEC 

IMETABOUTE ll  (Fmol/[J g prota'n ) 

Afte rr  I h pulse : 

pHJAraCM P P 

[3H]AraCD P P 

pHJArsCT P P 

Fmo ll  pHJAraCT P DNA/p g protei n 

Fmo ll  [14C]TT P DNA/p g protei n 

Ratioo DNA 3 H / 1 4 C 

Tota ll  pHJAra C metabolite s 

Af te rr  3h chase : 

pH]AraCM P P 

pHJAraCD P P 

pHJAraCT P P 

Fmo ll  pHJAraCT P DNA/p g protei n 

Fmo ll  [14C)TTP DNA/p g protei n 

Ratioo D N A 3 H / 1 4 C 

Tota ll  pHJAra C metabolite s 

00 p M CPEC 

J n M A r a C C 

0.032 2 

0.027 7 

1.160 0 

0.324 4 

610 0 

0.00053 3 

1.540 0 

0.073 3 

0.016 6 

0.502 2 

0.913 3 

1780 0 

0.0005 5 

1.500 0 

0.44 (iM CPEC 

22 NM AraC 

0.102 2 

0.027 7 

0.834 4 

1.160 0 

60 0 

0.01990 0 

2.210 0 

0.156 6 

0.010 0 

0.292 2 

1.760 0 

390 0 

0.0045 5 

2.190 0 

CHANGE E 

t N % % 

+218 8 

-1 1 

-28 8 

+ 2 5 8 8 

-90 0 

+ 3 6 6 2 2 

+44 4 

++ 113 

-36 -36 

-42 2 

+93 3 

-78 8 

+779 9 

+46 6 

P-VALUE E 

0.02 2 

0.34 4 

<0.01 1 

<0.01 1 

<0.01 1 

0.01 1 

0.02 2 

0.06 6 

0.44 4 

0.02 2 

<0.01 1 

<0.01 1 

<0.01 1 

0.02 2 

00 \M CPEC 

2 p M A r a C C 

7.7 7 

8.8 8 

390.0 0 

5.8 8 

27.1 1 

0.22 2 

413.0 0 

28.0 0 

11.0 0 

320.0 0 

20.9 9 

83 3 

0.25 5 

380.0 0 

0 . 4 J J M C P K K 

2 p MM AraC 

74.6 6 

11.4 4 

610.0 0 

6.9 9 

9.0 0 

0.77 7 

703.0 0 

150.0 0 

18.0 0 

460.0 0 

21.5 5 

50 0 

0.44 4 

650.0 0 

CHANGE E 

1N%. . 

+ 8 6 9 9 

+30 0 

+56 6 

++ 18 

-67 7 

+250 0 

+70 0 

+ 4 3 6 6 

+64 4 

+44 4 

+3 3 

-40 0 

+76 6 

+71 1 

P-VALUE E 

0.03 3 

0.07 7 

<0.01 1 

0.10 0 

<0.01 1 

<0.01 1 

0.01 1 

0.02 2 

0.01 1 

<0.01 1 

0.31 1 

<0.01 1 

0.01 1 

<0.01 1 

TableTable  2: Formation  and retention  of  araC metabolites  in  relation  to  thymidine  incorporation 

afterafter  Ih pulse  and 3h chase  of  araC

Thee pulse-chase experiments (n=3) were performed with 400 nM of CPEC and 2 con-

centrationss of araC: 2 nM, which only slightly decreased the synthesis of DNA, and 2 

uM,, which almost completely inhibited DNA synthesis. After a pulse-phase of lh with 

22 uM of araC the concentrations of araCMP and araCTP were increased by 869% and 

56%,, while the concentration of araCDP remained low (table 2). The absolute incor-

porationn of araCTP into DNA was 18% higher in the CPEC/araC-treated cells compa-

redd to the CPEC-untreated cells, and were +250% higher in the CPEC-/araC treated 

cellss when expressed relatively to the newly synthesized DNA. After the chase of 3h, 
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thee effect of CPEC on araC metabolism was still observed, showing an increase in 

araCMPP and araCTP concentrations of 436% and 44%, respectively. Furthermore, the 

incorporationn of araCTP into DNA was increased by 76%, when expressed relatively to 

thee overall DNA synthesis (table 2), while the absolute incorporation of araCTP into 

DNAA was unaltered by CPEC After the pulse phase using the low concentration of araC 

(2nM),, CPEC also induced alterations in araCMP (+218%) and araCTP (-28%) con-

centrations,, while the incorporation of araCTP into DNA was increased, both absolute-

lyy (+258%) and relatively (+3662%) to the overall DNA synthesis. The total amount 

off araC metabolites (in cytoso! and DNA) increased by +44% under the influence of 

CPEC.. After the chase of 3h, CPEC induced an alteration in the concentrations of 

araCMPP (+113%), araCTP (-42%) and total amount of araC metabolites (+46%). The 

incorporationn of araCTP was increased by 93% (absolutely) and 779% (relatively) by 

CPEC. . 

Modulatio nn of araC-induce d apoptosi s by CPEC 

AraCC induced apoptosis and necrosis in a concentration-dependent (0-250nM) way 

(Fig.. 7A), reaching 10 and 20% of apoptosis and necrosis, respectively, with 250 nM 

afterr 18h. Similarly, CPEC induced apoptosis and necrosis in a concentration-depen-

dentt way, with a plateau arising at 300nM, inducing 24% of apoptosis and 30% of 

necrosis,, respectively (Fig. 7B). Both drugs induced apoptosis in a time-dependent way 

(dataa not shown), with significant apoptosis occurring after 10h. Various concentrations 

off CPEC and araC were used in coincubation experiments, showing an ubiquitous pat-

ternn of additive effect. Consequently, the concentration of araC necessary to induce a 

totall of 30% of apoptosis+necrosis (250nM), could be reduced 4-fold by adding 

lOOnMM of CPEC (inducing by itself 18% of apoptosis+necrosis). When performing 

coincubationn experiments with increasing doses of araC and a concentration of CPEC, 

whichh by itself did not induce apoptosis/necrosis after 18h, the same percentage of 

apoptosis/necrosiss was observed as in the sample that was treated with araC solely 

(Fig.. 7C). However, when this low concentration of CPEC (25 nM) was applied in a 

preincubationn model, followed by a coincubation of CPEC and araC (62.5 nM), a syner-

gisticc effect was observed (Fig. 7D). A comparable synergistic effect was observed 

usingg 37,5 nM of CPEC, which induced 5 and 2% of apoptosis and necrosis, and that 

increasedd the araC-induced apoptosis/necrosis from 6 and 4% to 28 and 10%, respec-

tively. . 
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31,25nMM 62,5 nM 125 nM 

[ara-C] ] 
2500 nM 

255 nM 50 nM 100 nM 200 nM 300 nM 400 nM 

[CPEC] ] 

CPEC C AraC C 

30% % 

CPEC C AraC C CPEC+AraC C 
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<< Figure  7: Quantification  of  apoptosis  (white  boxes),  necrosis  (black)  and total  (dashed)  of 

bothboth  after  increasing  doses  of  araC (panel  A), CPEC (panel  B) and after  coincubating  the cells 

withwith  25 nM of  CPEC and 62.5 nM of  araC (panel  C), showing  an additive  effect.  Panel  D shows 

aa synergistic  effect  of  CPEC and araC, resulting  from  a preincubation  with  25 nM of  CPEC fol-

lowedlowed  by a coincubation  with  CPEC and araC (62.5 nM). 

Inhibitio nn of proliferatio n 

Concentrationss of both CPEC and araC were determined, that inhibited cell prolifera-

tionn by % measured 48h after adding the drugs. 25 nM of CPEC (inducing a deple-

tionn of CTP off 57% after 48h) and 4 nM of araC proved to inhibit the proliferation by 

177 and 18%, respectively. After coincubating the cells with these concentrations (n=5 

experiments),, an additive effect on the inhibition of cell proliferation was observed 

(38%% growth inhibition). Pre/coincubation experiments with these and other concen-

trationss of CPEC and araC did not show a synergistic effect. 

Effectt  of CPEC on araC-resistan t Molt- 3 cells 

Thee Molt-3/R cell-line did not phosphorylate any araC when incubated with 5 uM of 

araC.. When these cells were subject to a preincubation with 400 nM of CPEC, follo-

wedd by a coincubation with 5 uM of araC, there were still no araC nucleotides detec-

ted.. However, we could observe an identical sensitivity to CPEC between the araC/WT-

andd araC/R-cells in terms of CTP depletion (78% depletion for both cell-lines after 400 

nMM of CPEC for 4h), which was followed by a complete stagnation of cell-growth. 

DISCUSSION N 

Inn this study the modulation of the metabolism of araC using various concentrations of 

CPECC was studied. We chose concentrations of araC that were comparable to the plas-

maa concentrations observed in LD-araC (0.5-2 pM) regimens (34) and HD-araC 

(50uM)) (35) and we used intermediate concentrations (5-15uM). Furthermore, extre-

melyy low concentrations of araC (2nM) were used in order to study the incorporation 

off araCTP into DNA under conditions that did not already fully inhibit the DNA synthe-

sis. . 

Thee CTP-depleting effect of CPEC on lymphocytic leukemic cell-lines has been 
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reportedd previously (18, 20-22). In the present study a concentration-dependent 

decreasee of both CTP and dCTP concentrations is demonstrated and it is shown that 

thee effect of CPEC on the concentration of dCTP was even more pronounced than on 

thee CTP concentration. Moreover, a time-dependency of the CTP- and dCTP-depleting 

effectt of CPEC was observed, which was described previously only for CTP (18,20,22). 

However,, the time-dependent dCTP-depleting effect of CPEC has never been demon-

stratedd before in lymphocytic leukemic cells, while this knowledge is essential to under-

standd the modulating role of CPEC on araC metabolism. 

AA preincubation with CPEC proved to influence the metabolism of araC at different 

levels.. At the higher araC concentrations (5-50 uM) a CPEC-concentration-dependent 

increasee of the total concentration of all araC nucleotides was observed, which was 

causedd predominantly by the increased pool of araCMP. This increase in araCMP was 

dependentt on the depletion of dCTP, and is therefore compatible with a decreased 

feedback-inhibitionn of dCTP on the enzyme dCK (13). A low activity of dCK, whether 

orr not in relation with a high dCTP concentration, has been correlated to a poor sen-

sitivityy to araC in murine (10) and human (11) acute (lymphocytic) leukemia. Not only 

araCMP,, but also the concentration of araCTP proved to increase after a preincubation 

withh CPEC in those samples treated with 5 uM of araC as compared to the CPEC-un-

treatedd cells. We did not measure the incorporation of araCTP into DNA, since at the-

see high concentrations of araC we showed that the synthesis of DNA in our cell-line is 

inhibitedd for . The total amount of araC nucleotides increased after a preincu-

bationn with CPEC compared to the CPEC-untreated cells, even after 50 uM of araC. 

Althoughh the phosphorylation of araC has been reported to saturate at exogenous con-

centrationss of 3-10 uM (6,13,36), the increased formation of araC nucleotides by CPEC 

att high concentrations of araC demonstrate that the restricted phosphorylation of araC 

cann be overcome by CPEC. 

Anotherr observation we made using the high concentrations of araC, is that araLI 

nucleotidess are hardly present , which is probably due to the fact that our cell-

linee has a low activity of dCMP deaminase, which is an enzyme that can be responsi-

blee for araC resistance (37). However, presuming the presence of a higher dCMP 

deaminasee activity in any other leukemic cell-line, another araC-potentiating effect of 

CPECC could be that low concentrations of dCTP inhibit the activity of dCMP deamina-

se,, thereby reducing the inactivation of araC (38). 

Ourr data with 2 nM of araC is a good model to analyze the araC fluxes, as the araC-

inducedd inhibition of DNA synthesis under such conditions is only weak. A pre/co-incu-

bationn with CPEC 100 nM, led to an increased concentration of araCMP (+60%), but 
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too decreased concentrations of araCTP (-10%) and total araC ribonucleotides (-4%). 

Thee incorporation of araCTP into DNA increased by +41% and as a consequence the 

araC-inducedd inhibition of DNA-synthesis was more pronounced by a preincubation 

withh CPEC. Therefore, the depletion of dCTP caused by CPEC, facilitates both the first 

phosporylatingg step of araC by dCK and the incorporation of araCTP into DNA by the 

enzymee DNA polymerase, as dCTP is known to be a competitive inhibitor of araCTP 

incorporationn into DNA (5,39). 

Ourr pulse-chase experiments with araC  CPEC showed comparable patterns of 

modulationn of araC metabolism as observed with our 6h pre/coincubation experi-

mentss with the high (2-50 uM) and the low (2 nM) concentrations of araC. However, 

importantt additional information can be deduced from our pulse-chase experiments. 

First,, the araC modulating effect by CPEC is a fast process, which is already substantial 

afterr 1 h of araC. Second, the incorporation of araCTP in DNA is increased by a prein-

cubationn with CPEC after the pulse and the chase at both the high (2 uM) and low (2 

nM)) concentrations of araC, implying that after 3h drug-free conditions the positive 

effectt of CPEC on araC incorporation is still observed. This would result in a stronger 

cytotoxicc effect, as a direct correlation exists between the incorporation of araCTP into 

DNAA and the cytotoxicity of araC (4). Finally, at the higher concentration of araC, a hig-

herr concentration of araCTP is observed after a preincubation with CPEC, after both the 

pulsee and the chase phase. In other words, CPEC increases both araCTP formation and 

araCTPP retention. This observation is also of clinical relevance, since a direct correla-

tionn between the formation and/or retention of araCTP and the clinical outcome has 

beenn proclaimed (2,12). The metabolic effects caused by araC and CPEC are reflec-

tedd by the process of apoptosis and necrosis in Molt-3 cells. An additive effect on the 

inductionn of apoptosis was seen when CPEC was used in coincubation with araC, whi-

lee a preincubation of CPEC led to a synergistic effect, when compared to samples tre-

atedd with araC alone. Most striking is our observation that this synergistic effect is also 

seenn with a low concentration of CPEC (25 nM), that did not induce apoptosis by itself. 

Ourr results of the modulation of araC metabolism by CPEC are partially in accor-

dancee with the observations by Grem et al. (21), who found an increase in concen-

trationss of all the separate araC nucleotides and an increased incorporation of araCTP 

intoo DNA after a preincubation with CPEC in a human colon carcinoma cell-line. A stu-

dyy with CPEC and the palmitoyl derivative of araC (Palm-araC) in mice bearing lym-

phocyticc leukemia, showed an increased cytotoxicity of the combination of the drugs 

(24).. To our knowledge, no results have been published demonstrating the effect of 

CPECC on araC metabolism in human lymphocytic leukemic cell-lines. 
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Thee clinical relevance of our results is that we have been able to modulate the cyto-

toxicc effect of araC in a model for T-ALL. We have recently proven that there is a high 

activityy of CTP synthetase in leukemic samples of children suffering from (T)-ALL, which 

iss accompanied by an increased concentration of CTP (40) and we have shown that 

inin vitro treatment of these leukemic samples with CPEC decreased the concentrations 

off CTP and dCTP. Our results demonstrate that araC concentrations, comparable with 

thee plasma concentrations of HD- and LD-araC regimens, can be modulated by CPEC 

concentrationss that are below the toxic plasma concentrations as determined in the 

phasee I clinical trial. Another clinical implication derives from our observations that 

araC-resistantt Molt-3 cells, proved to have a comparable sensitivity to CPEC as the wild-

typee Molt-3 cells. Thus, CPEC may show a therapeutic benefit in case of a relapse of 

(T)-ALLL due to araC resistance. 

Ourr observations of the modulating effect of CPEC on the metabolism of araC in 

combinationn with the evidence of a synergistic effect using both drugs in terms of 

inductionn of apoptosis warrant further (pre)clinical investigations with CPEC and araC. 
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