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SUMMARY Y 

Cytidinee triphosphate (CTP) synthetase is a key enzyme for the synthesis of cytosine 

(deoxy)ribonucleotidesff catalyzing the conversion of uridine triphosphate (UTP) into 

CTP,, and has a high activity in several malignancies. In this preclinical study, the enzy-

mee activity and mRNA expression of the enzyme and (deoxy) ribonucleotide concen-

trationss were analyzed in leukaemic cells of 57 children suffering from acute lympho-

cyticc leukaemia (ALL). In addition, in vitro experiments were performed with the CTP 

synthetasee inhibitor cyclopentenyl cytosine (CPEC). A significantly higher activity of CTP 

synthetasee 9 nmol CTP/mg/h) was detected in ALL-cells compared to lym-

phocytess of healthy controls 9 nmol CTP/mg/h, p<0.001), which was inde-

pendentt of WBC, blast percentage, age, gender or type of ALL The enzyme activity was 

nott correlated with the CTP synthetase-mRNA expression. The activity of CTP synthe-

tasee in ALL cells compared with non-malignant CD34+ bone-marrow controls (5.6+2.4 

nmoll CTP/mg/h) was not statistically different. In vitro treatment of ALL-cells with CPEC 

inducedd a dose-dependent decrease of the CTP concentration. The lowest concentra-

tionn of CPEC (0.63 uM) induced a depletion of CTP of 41 % and a depletion of 

dCTPP of . The degree of CTP depletion of ALL-cells after treatment with CPEC 

wass positively correlated with the activity of CTP synthetase. The inhibition of CTP syn-

thetasee in situ was confirmed by fluxstudies using radiolabeled uridine. From these 

results,, it can be expected that CPEC has a cytostatic effect on lymphoblasts of child-

renn with ALL. 
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INTRODUCTION N 

CTPP synthetase is a key-enzyme in the metabolism of cytosine (deoxy)-ribonucleoti-

des.. The enzyme plays a major role in the pyrimidine ribonucleotide de novo pathway 

andd the salvage pathway of the nucleoside uridine. CTP synthetase catalyzes the con-

versionn of uridine triphosphate (UTP) into cytidine triphosphate (CTP), which is one of 

thee only two pathways for synthesizing CTP. The other pathway is the cytidine salvage 

pathwayy catalyzed by uridine/cytidine kinase and nucleoside mono- and diphosphate 

kinasess (figure 1). Both pathways are feedback-regulated by CTP. The CTP synthetase 

activityy has been analyzed in various malignant and non-malignant tissues in humans 

andd animals and a high activity has been found in rat hepatoma (1), human renal cell 

carcinomaa (2), Hodgkin's disease, NHL (3) and colon carcinoma (4). The high activi-

tyy of CTP synthetase might be due to an increased anabolic state of the tumour cell 

(4)) or might be part of the metabolic machinery required for the synthesis of nucleic 

acidss in malignant or non-malignant dividing BM progenitor cells. The in vitro enzyme 

activityy also proved to be increased in leukaemic cells of adults with acute lymphocy-

ticc leukaemia (ALL) (3), which has been confirmed by studying fluxes of ribonucleoti-

dess in situ in a MOLT-3 lymphoblastic cell line (5). In MOLT-3, the preferential pathway 

forr the synthesis of CTP proved to be via CTP synthetase, whereas proliferating T-lym-

phocytess with an equal proliferation rate mainly utilized the cytidine salvage pathway 

(5).. In a previous study a high CTP synthetase activity was demonstrated in lympho-

blastss of a limited number of paediatric patients with ALL (6). For these reasons, CTP 

synthetasee might be an attractive target for chemotherapy, because inhibition of the 

enzymee leads to a CTP and dCTP depletion resulting in a reduced synthesis of nucleic 

acidss (7,8). Furthermore, inhibition of CTP synthetase may increase the cytotoxicity of 

somee nucleoside analogues, like arabinofuranosyl cytosine (9,10). 

Cyclopentenyll cytosine (CPEC) is a nucleoside analogue, which in it's triphosphate 

formm inhibits CTP synthetase. It has shown to reduce the DNA- and RNA-synthesis in 

lymphocyticc (8) and myeloid (7) leukaemic cell-lines. In addition, a growth-inhibiting 

effectt of CPEC has been observed on several malignant cell-lines among which a 

humann (8,11) and a murine lymphocytic leukaemic cell-line (12,13). After treating 

micee suffering from lymphocytic leukaemia with CPEC, an increase in life-span of 56-

122%% was seen, depending on treatment duration (14). A comparable in vivo effect 

wass demonstrated in athymic mice that were inoculated with human colon carcinoma 

cells,, where a treatment with CPEC induced a reduction of tumour size (15). CPEC has 

beenn studied in a phase I clinical trial in adults with colon carcinoma showing severe 
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cardiovascularr toxicity and moderate haematological toxicity with the higher doses 

(16).. Up to now, the metabolism and cytotoxicity of CPEC has only been studied in 

cell-liness or mice. Thus, no information is yet available whether CPEC is also taken up 

andd metabolized by leukaemic cells directly obtained from patients. In this study, we 

demonstratee the presence of a high activity of CTP synthetase in ALL cells, which cor-

relatedd with the concentration of CTP and which could be inhibited in vitro by CPEC, 

leadingg to a substantial reduction of the CTP and dCTP concentrations in the lympho-

blasts.. Therefore, we postulate that CPEC might have a cytostatic effect on both pre-

cursorr B- and T-lymphocytic leukaemia in childhood, using CPEC concentrations that 

provokedd only minor adverse effects in adults (16). 
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FigureFigure  I. A schematic  overview  of  pyrimidine  de novo  synthesis  and salvage  pathways. 

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

tedted  to  UDP and UTP. CTP synthetase  (nr.  1 in  the figure)  catalyzes  the conversion  of  UTP into 

CTPCTP (predominant  pathway  in  various  malignancies).  The right  trunk  represents  the cytidine 

salvagesalvage  pathway,  where  cytidine  is  phosphorylated  into  CTP by three  consecutive  steps,  cata-

lyzedlyzed  by uridine/'cytidine  kinase  (nr.  2), nucleoside  monophosphate  kinase  (nr.  3) and nucleo-

sideside  diphosphate  kinase  (nr.  4). 

TheThe conversion  of  cytidine  into  uridine  (nr.  6) is  catalyzed  by cytidine  deaminase.  CMP deami-

nasenase  (nr.  5) converts  CMP into  UMP. 
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MATERIALSS AND METHODS 

Patient ss and control s 

Sampless of bone marrow or peripheral blood of paediatric patients suffering from ALL 

weree studied at time of diagnosis. The type of ALL was classified according to the in-

ternationall FAB classification, based on morphology and immunophenotyping. As con-

troll samples two different cell populations were studied. One population consisted of 

non-malignantt CD34+ bone-marrow (BM) progenitor cells. These were obtained from 

eitherr healthy orthopaedic patients after informed consent or from paediatric patients 

withh a solid tumour. The latter patients had been treated with chemotherapy after 

whichh an autologous bone-marrow transplantation (ABMT) was intended, but who 

diedd before ABMT could be performed. Post-chemotherapy-regenerating BM is known 

too have a higher proportion of lymphoid progenitor cells, which would increase the cell 

yieldd for our experiments (17). The second control population consisted of mature 

lymphoidd cells obtained from the peripheral blood of healthy adult volunteers. For ethi-

call reasons, these controls were not age-matched. 

Chemical s s 

Alll the chemicals were of analytical grade. CPEC was kindly provided by the Drug 

Synthesiss & Chemistry Branch, Developmental Therapeutics Program, Division of 

Cancerr Treatment, National Cancer Institute, Bethesda (Maryland), U.S.A. [14C]-uri-

dinee (18.6 Gbq/mmol, 1.85 Mbq/ml) was obtained from Amersham International, UK. 

Celll  separatio n and purificatio n 

Leukaemicc cells and lymphocytes were isolated as described previously (6,18). 

Patients'' samples with an initial cell purity of less than 80% lymphoblasts were further 

purifiedd by magnetic cell sorting (MACS, Miltenyi, Germany) using anti-CD34, anti-

CDD 10 (indirect labeling) or pan-T monoclonal MACS beads (19,20) after which the 

purifiedd cell suspension was washed with PBS containing 5 mM glucose. The BM 

sampless of the orthopaedic patients were obtained by puncturing the posterior iliac 

crestt until 50-75 ml of BM was harvested. The CD34+ cells were subsequently isola-

tedd by the same procedure as described previously for the leukaemic cells, with the 

finall purification step being magnetic cell sorting using CD34 Multisort Microbeads 
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(19).. The BM samples obtained from paediatric patients suffering from solid tumours, 

weree harvested by routine procedures (21), and the mononuclear fraction was isola-

tedd and cryopreserved as described by the group of Slaper-Cortenbach (21). After tha-

wingg and washing these samples, the CD34+ cells were isolated by MACS procedures 

usingg CD34 Multisort Microbeads (19). 

Cellss were counted with a Coulter Counter ZF cellcounter, in isoton solution, which 

containedd 3.3x10 "5 o (v/v) Triton X-100 and 6.7x10 "3 % (w/v) saponine. Viability 

wass assessed by the trypan blue exclusion test (22) and initial cell purity was asses-

sedd by microscopic examination of cytospin preparations stained with Jenner Giemsa 

andd by flowcytometric analysis (FACScalibur, Beckton Dickinson, USA). Cell samples for 

thee determination of CTP synthetase activity (5-10xl06 cells) were centrifuged 

(120000 g, , 7 sec), after which the supernatant was discarded and the cells were 

frozenn in liquid N 2 and stored in - . Samples for (deoxy)ribonucleotide analysis 

weree kept on ice for 1 h until acid extraction (23) was performed as described below. 

CTPP synthetas e assay 

Cellss were sonicated three times (10 seconds, output 8.5 Watt) at a concentration of 

40xl06 /mll in a buffer containing 35 mM Tris-Mops (pH 7.9), 1 mM EGTA, 2.5 mM 

phenylmethylsulphonyll fluoride and 10 mM dithiothreitol. The samples were kept on 

icee for 15 min, after which the homogenate was centrifuged at 12.000 g for 15 min 

andd the CTP synthetase activity was measured in the supernatant by the method 

describedd by (24). The protein content of the cell homogenate was determined using 

thee modified Lowry method (25) with human albumin as the standard. 

Ribonucleotid ee and deoxyribonucleotid e extractio n and analysi s 

Thee (deoxy-)ribonucleotides were extracted by adding 150 ml of ice-cold 0.4 N perch-

loricc acid to a cell pellet of 5-10xl06 cells for ribonucleotides and of 40-50x106 cells 

forr deoxyribonucleotides, respectively. After 10 minutes at C this suspension was 

centrifugedd (1 lOOOg, , 5 min) and the nucleotide containing supernatant was neu-

tralizedd with 7.5 ml of 5.0 M K2CO3. These (deoxy)ribonucleotide samples were sto-

redd at . The protein content of the cell pellets after nucleotide extraction was 

measuredd with a copper reduction method using bicinchonic acid, as described by 

Smithh et al. (26), using human albumin as the standard. 

Thee ribonucleotide extracts were thawed and centrifuged for 5 minutes at 11.000g, 
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,, after which the supernatants were analyzed by anion-exchange HPLC, using the 

followingg elution conditions: after having equilibrated the column with 100% buffer A 

(99 mM NH4H2P04 , pH 3.50) for 10 min, the run was started with 100% buffer A for 

22 min, after which a linear gradient was started to reach 80% buffer B (325 mM 

NH4H2P04 ,, 500 mM KCI, pH 4.70) after 25 min, followed by a change to 90% B in 

100 min. After maintaining 90% B for 10 min, the gradient was changed to 100% A in 

11 min, which was kept for 10 min. Absorption was measured at a wavelength of 280 

nm.. For the analysis of the deoxyribonucleotide concentrations the neutralized extracts 

weree first treated with periodate and methylamine, as described by (27), with some 

modifications:: 125 ul of the cell extract was incubated with 5 ul 0.5 M Nal04 and 7 ul 

3.88 M methylamine at C for 30 min, after which 2 pi of 834 mM rhamnose was 

added.. The samples were kept at C and were analyzed by HPLC, using the same elu-

tionn conditions as described above for the ribonucleotide analysis. Response factors 

weree calculated using an external standard containing the various (deoxy) ribonu-

cleotides.. The HPLC analysis of the radiolabeled ribonucleotides in the experiments 

withh [14C]-uridine was performed analogously to the non-radiolabeled ribonucleotide 

analysis.. The radioactivity was detected on-line with a Radiomatic 525TR Flow 

Scintillationn Analyser with a 500 ml TR-LSC cell. A scintillation fluid was used at an 

effluentt to scintillation fluid ratio of 1:1. 

Incubatio nn experiment s 

Lymphoblastss were incubated in DMEM-Nut F12 culture medium supplemented with 

10%% fetal bovine serum, 100 lU/ml penicilline, 100 ug/ml streptomycine, 200 ug/ml 

gentamycine,, 0.125 ug/ml amphotericin B, 2 mM glutamine, 5 ug/ml transferrin and 

55 |Jg/ml sodium selenite. Cells were incubated in T25 culture bottles at a cell density 

off 2x10^ cells/ml in humidified air containing 5% C02 at r 18h with increasing 

concentrationss of CPEC, using a 750 uM stock solution of CPEC in 0.9% NaCI. The 

sampless were harvested, centrifugated (200 g, 7 min, ) and washed with PBS con-

tainingg 5 mM glucose. Prior to the start of the incubation experiments with radiolabe-

ledd uridine cells were pretreated with CPEC for 18h. Subsequently, [14C]-uridine was 

addedd to a final concentration of 0.15 uM followed by a 6 h incubation period. Cell 

harvestingg and nucleotide extraction were performed as described above. 
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Preparatio nn of RNA and hybridisatio n condition s 

Totall cellular RNA was isolated with the guanidinium thiocyanate method (28). RNA 

(100 ug) was subjected to electrophoresis through a 1.0% agarose, 2.2 M formaldehy-

dee gel using standard conditions (29) and transferred to a Qiabrane filter, which was 

subsequentlyy incubated overnight in a buffer containing 1.5 M NaCl and 0.15 M 

Na3C6H507,, pH 7.0. Fixation of the RNA was performed by baking at C for 2 h. 

Thee Northern blots were hybridised to ^P-C1P labeled probes, obtained via random 

primingg labeling. The human CTP synthetase 5' probe consisted of the Hindlll-EcoRl 

fragmentt from the pBluescript SK- plasmid coding for the nucleotides 1-712 of the 

cDNAA sequence. The gamma-actin probe consisted of the 1 kb BAMHl-Hindlll frag-

mentt from the pHFl plasmid which was further subcloned into the pSP 64 plasmid. 

Thee gamma-actin probe contained part of the coding region plus part of the 3' untrans-

latedd sequence of the cDNA clone. The Northern blots were pre-hybridised at C for 

300 min in the presence of 0.5 M Na2HP04 (pH 7.2), 7% SDS and 1 mM EDTA. 

Hybridisationn of the Northern blots withh the radiolabeled cDNA probes was performed 

inn the presence of single stranded herring testis DNA at a final concentration of 100 

ug/mll at C for 16 h. The filters were washed twice with SSC (0.15 M NaCl; 0.015 

MM Na3C5H5C>7, pH 7.0) at C for 20 min. Signals corresponding to either CTP syn-

thetasee or gamma-actin expression were quantified using a phospho-imager 

(Molecularr Dynamix). 

PATIENTS S 

PRECURSORR T-ALL: 

PRECURSORR B-ALL: 

ALLL PATIENTS 

NUMBER R 

10 0 

47 7 

57 7 

MEANN AGE (  SD) 

(MONTHS) ) 

533 9 

611 3 

600 2 

MEANN WBC (  SD) 

(10E9/L) ) 

2499  227 

433 8 

744  134 

BLASTT <* (  SD) 

788 2 

488 4 

522 3 

MALE:: FEMALE 

700 : 30 o 

599 : 41 % 

666 : 34 % 

TableTable  1: The caracteristics  of  the patients  with  mean values  +/- SD. 

Statistic s s 

Differencess between the mean activities of CTP synthetase and ribonucleotide con-

centrationss between the various cell types were analyzed by the Student's t-test for 2 

independentt samples, using SPSS 6.0.1 software. A Student's t-test for 2 independent 

sampless was also applied to compare the mean CTP synthetase activity of both sexes, 

andd the mean values of age and WBC count of the patients with T-ALL and precursor 
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B-ALL.. Differences between CTP and dCTP concentrations of lymphoblasts treated with 

variouss concentrations of CPEC were analyzed by the Wilcoxon matched pairs signed 

rankk sum test and the Friedman test. The correlation between the activity of CTP syn-

thetasee on the one hand and the mRNA expression of CTP synthetase, the ribonu-

cleotidee concentrations and ratios, the depletion of CTP after treating the cells with 

CPEC,, age, WBC or percentage of lymphoblasts in the peripheral blood on the other 

handd was analyzed by determination of the Pearson's correlation coefficients. 

RESULTS S 

Patients ''  characteristic s and control s 

577 evaluable patients were enrolled in the study group. The patients' characteristics 

aree shown in table 1. White blood cell counts ranged from 2.7 * 109/L to 600 * 109/L, 

withh a significant difference between T-ALL and precursor B-ALL (p= 0.01). 

RIBONUCLEOTIDE E 

TOTALL [RIBONUCLEOTIDES] 
(pmol/pgg protein) 

[UTP] ] 
(pmol/tjgg protein) 

PP) ) 
(prndl/pgg protein) 

[ATP] ] 
(pmol/jigg protein) 

[CTP] ] 
(pmol/pgg protein) 

[UTPJ/[CTP] ] 

[ATPI/tCTP] ] 

[Puri«e]/[Pyrimidine]]

ALL L 

( N - 5 1 ) ) 

64.11 6 

5.99  2.8 

2.00  0.9 

36.66  11.6 

7.00  2.5 

3.2  1.1 

5.33  0.9 

6.33  2.4 

LYMPHOCYTES S 
( N - 8 ) ) 

65.55 2 

5.66  0.4 

1.00 1 

48.66 1 

7.66  0.7 

5.88  0.5 

6.44  0.5 

8.55  0.8 

P-VALUE E 

0.94 4 

0.89 9 

<0.001 1 

<0.001 1 

0.18 8 

<0.001 1 

<0.001 1 

<0.001 1 

TableTable  2: Mean ribonucleotide concentrations  (+/- 5D) of  the patients'  samples  (ALL)  and the 

controlscontrols  (lymphocytes). 

Afterr isolation of the lymphoblasts we were not able to perform all the analyses for 

eachh patient due to a variable amount of obtained cells. We could analyze 5 large 

sampless of BM for the control experiments with CD34+ cells. In these samples, only 

thee CTP synthetase activity could be analyzed because of the low cell yield and no incu-

bationn experiments could be performed, unfortunately. The control lymphocytes were 

analyzedd for CTP synthetase activity and for ribonucleotide concentrations. 
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Thee patients' leukaemic cells and the CD34+ BM control cells showed a cell puri-

tyy of at least 80% and the lymphocytes at least 95%. The cell viability after isolation 

wass >85% for all the samples. The viability of the cells after an incubation period of 

188 h was >80%. 

CTPP synthetas e activit y 

Thee CTP synthetase activity of patients and controls is shown in figure 2. The enzyme 

activityy was not correlated with age (r=-0.02, p=0.91), gender (p=0.50), WBC count 

(r=0.14,, p=0.41) or blast percentage of the peripheral blood (r=0.18, p=0.28). The 

meann activity of CTP synthetase observed in leukaemic samples 9 nmol 

CTP/mgg protein/h) was not statistically different (p=0.37) from the activity encounte-

redd in non-malignant CD34+ BM samples 4 nmol CTP/mg/h). 

Ribonucleotid ee concentration s 

Thee ribonucleotide concentrations are shown in table 2. There was no difference in 

CTPP concentrations between T-ALL 9 pmol/ug protein) and precursor B-ALL 

99 , p=0.371). However, a significantly higher concentration of UTP was seen 

inn T-ALL (9.1 6 pmol/ug protein) as compared to precursor B-ALL 1 

pmol/ugg protein, p=0.002). As a consequence, the UTP/CTP ratio in T-ALL ) 

iss significantly higher than in precursor B-ALL , p=0.019). A lower 

purine/pyrimidinee ribonucleotide ratio was observed in T-ALL ) compared to 

precursorr B-ALL , p<0.001). 

Thee correlation between the activity of CTP synthetase and the concentration of CTP 

inn the samples of the patients (n=43) was nearly significant (r=0.29, p=0.06), and the 

inversee correlation between the UTP/CTP ratio and the CTP synthetase activity is sig-

nificantt (r= -0.31, p=0.04). Furthermore, we observed a linear (inverse) correlation 

betweenn the activity of CTP synthetase and the purine/pyrimidine ribonucleotide ratio 

(r=-0.45,, p=0.002) in the lymphoblasts. There was no correlation between the activi-

tyy of CTP synthetase and the concentration of uracil ribonucleotides (r=0.12, p=0.44). 
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FigureFigure  2: The CTP synthetase  activity  of  samples  of  T-ALL  (far  left),  precursor  B-ALL,  (middle 

left),left),  lymphocytes  of  healthy  volunteers  (middle  right),  and non  malignant  CD34+ BM cells  (far 

right).right).  The differences  of  CTP synthetase  activity  between  the patients'  samples  and the CD34+ 

BMBM cells  on the one hand  and the lymphocytes  on the other  hand  are statistically  significant. 

ThereThere  is  no difference  between  the activity  of  CTP synthetase  in  leukemic  cells  and the non 

malignantmalignant  CD34+ cells. 

Inn vitr o and in sit u effec t of CPEC on lymphoblast s 

Thee lymphoblasts of 28 patients were incubated for 18 h with CPEC concentrations of 

0,, 0.63, 1.25, 2.5, and 5LJM. The results proved that CPEC was indeed imported and 

metabolizedd in all the samples to it's active compound CPEC-triphosphate (CPECTP) 

(figuree 3). The CTP depletion (mean ) induced by CPECTP was 41+20% (range 

18-89%),, % (range 12-92%), % (range 8-93%) and % (range 

24-75%),, for the CPEC concentrations mentioned (figure 4). A significantly higher CTP-

depletionn was observed with increasing concentrations of CPEC. In the samples of only 

44 patients reductions of the CTP concentration less than 25% were observed. The 

lymphoblastss of a patient with a mature B-cell ALL ("Burkitt-leukemia") showed a major 

CTPP depletion (89%) after 0.63 pM of CPEC. No significant differences in viability of 
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thee cells could be observed between the various CPEC concentrations, although 5 uM 

seemedd to be toxic. 

Theree proved to be a significant linear correlation between the activity of CTP syn-

thetasee before CPEC and the extent of CTP depletion in the samples treated with 1.25 

uMM of CPEC (r=0.47, p=0.03) (figure 5). This correlation was not significant for the 

otherr concentrations of CPEC used. The effect of CPEC on the concentration of dCTP 

wass investigated in 6 patients: the mean dCTP concentration of 0.067 pmol/ug pro-

teinn in untreated cells was depleted by , o and % after incu-

bationn with 0.63, 1.25 and 2.5 uM of CPEC, respectively (differences are not signifi-

cant). . 
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FigureFigure  3: A chromatogram  of  a sample  of  a patient  that  was incubated  without  (A) or  with  (B) 

1.251.25 uM of  CPEC showing  an additional  peak at 36.2 minutes  in  panel  B, representing  CPECTP. 

TheThe CTP peak elutes  at 34 minutes  and is  reduced  by 79% in  panel  B compared  to  panel  A, and 

representsrepresents  the depletion  of  CTP caused  by CPECTP. 

Inn all 6 samples incubated with [14C]-uridine radioactive UTP, as well as CTP could 

bee detected, demonstrating in situ activity of CTP synthetase. Incubation of the lym-

phoblastss with 1.25 uM of CPEC reduced the formation of radiolabeled CTP conside-
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rably:: in 5 of the 6 lymphoblast samples studied, no radiolabeled CTP could be detec-

tedd anymore, proving the inhibitory effect of CPEC on CTP synthetase. The formation 

off radiolabeled UTP was also decreased following the incubation with CPEC to a value 

off 59% compared to the untreated lymphoblasts. Thus, CPEC also inhibited the salva-

ge-pathwayy of uridine. 

FigureFigure  4: The effect  of  increasing  doses  of  CPEC on the intracellular CTP concentration  of  lym-

phoblastsphoblasts  (in  vitro  experiments). 

mRNAA expressio n of CTP synthetas e in lymphoblast s 

Thee ratio between the mRNA expression of CTP synthetase and gamma-actin showed 

aa 3-fold range (0.45-1.55). No correlation was observed between the relative mRNA 

levelss of CTP synthetase and the corresponding activity of the enzyme (n=9, r=-0.23, 

p=0.55). . 
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DISCUSSION N 

Thiss study provides evidence for a high CTP synthetase activity in blasts of children suf-

feringg from ALL, which is higher compared to that observed in lymphocytes, and com-

parablee to the activity of CTP synthetase in non-malignant CD34+ BM cells. Therefore, 

thee high activity of CTP synthetase in ALL cells could be due to the proliferative and/or 

immaturee state of the leukemic cells and may not be related to the process of malig-

nantt transformation, the latter being the case in liver tumours (1). We could not detect 

anyy significant difference between the activity of CTP synthetase in precursor B-ALL or 

T-ALL,, nor was the activity correlated to age, gender or WBC count. 
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FigureFigure  5: Correlation  between  the CTP synthetase  activity  in  lymphobiasts  before  CPEC and the 

CTPCTP depletion  induced  in  these  cells  by 1,25 §iM of  CPEC. 

Thee absence of correlation between the activity and the mRNA expression of CTP 

synthetasee is remarkable. This might be due to a limited number of samples, but pro-
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bablyy the activity of CTP synthetase is merely regulated posttranslationally, and 

dependss on various signal transduction mechanisms. One of these mechanisms was 

demonstratedd in Soccharomyces cerevisiae, where the phosphorylation of CTP syn-

thetasee by the enzyme protein kinase C increased the activity of CTP synthetase (30). 

Alterationss in ribonucleotide pools have been observed in various malignancies 

(311 -34), including lymphoblasts of paediatric patients with ALL with the increase in CTP 

concentrationn being most pronounced (35). Our study showed that there seems to be 

aa correlation between the activity of CTP synthetase and the concentration of CTP in 

thee patients' samples. Furthermore, there proved to be an inverse relationship between 

thee activity of CTP synthetase and both the purine/pyrimidine and uracil/cytosine ribo-

nucleotidee ratio. In other words, the shift towards the cytosine ribonucleotides is paral-

leledd by a high activity of CTP synthetase in lymphoblasts. 

Ann increased CTP concentration is accompanied by increased dCTP pools. 

Alterationss in dCTP pools were found to be related to increased mutation rates by dis-

turbingg the normal deoxyribonucleotide equilibrium in cells (36). Furthermore, the 

dCTPP concentration influences the sensitivity of tumour cells to some cytotoxic drugs 

thatt are used in the treatment of (recurrent) ALL. For example, an increased dCTP con-

centrationn proved to be correlated with arabinofuranosylcytosine (AraC) resistance in 

aa T-lymphocytic cell line (37) through inhibition of the enzyme deoxycytidine kinase. 

Thiss enzyme is not only responsible for the phosphorylation of deoxycytidine but also 

forr the first of the three phosphorylating steps of AraC, that are needed for the forma-

tionn of AraCTP, the active AraC metabolite. The same mechanism applies for the 

phosphorylationn of other nucleoside analogues like 2-chloro-deoxyadenosine (38) and 

5-aza-2'-deoxycytidinee (39). Furthermore, competition between AraCTP and dCTP for 

DNAA polymerase affects the cytotoxic effect of AraC (37). Therefore, by decreasing the 

intracellularr dCTP pools in the blasts, the sensitivity of these cells to AraC might be 

increasedd by either of the two ways (9). 

Ourr present study showed that in situ inhibition of CTP synthetase by CPEC is feasi-

blee in non-cultured human lymphoblasts. Inhibition of CTP synthetase caused a de-

creasedd conversion of UTP into CTP, leading to a CTP depletion in a dose-dependent 

pattern.. Moreover, by treating the lymphoblasts with CPEC, deoxyCTP was depleted. 

Thee depletion of CTP and deoxyCTP are expected to be the mechanisms through which 

CPECC reduces the synthesis of nucleic acids (7). In addition, the salvage pathway of 

uridinee was inhibited by CPEC, which may also contribute to the decreased RNA syn-

thesiss and the cytostatic effect induced by CPEC (7,8). In terms of CTP depletion a 

dose-responsee effect was obtained with CPEC. The incubation period in our experi-
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mentss was probably too short to observe a cytotoxic effect, although the 5 uM dose 

seemedd to be toxic. Preliminary results of experiments with CPEC and incorporation of 

radiolabeledd thymidine in patients' samples showed that a dose-response cytostatic 

effectt seems to exist (data not shown). 

Thee linear correlation between the activity of CTP synthetase in the lymphoblasts 

beforee treating with CPEC and the degree of CTP depletion after CPEC, is remarkable. 

Itt might have a clinical implication in the future for the selection of patients sensitive 

too treatment with CPEC according to the activity of CTP synthetase of their lympho-

blasts.. The correlation between CTP synthetase activity before CPEC and the degree of 

CTPP depletion after CPEC is in apparent contrast with the observations of Blaney et 

o/.(40)) and Zhang et a/.(41). Both studies provided evidence of an association 

betweenn resistance to CPEC and a high activity of CTP synthetase in lymphoblastic cell-

lines.. However, these cell-lines were developed to be resistant to CPEC, by culturing 

thee cells in the presence of CPEC. This might have created a high activity of CTP syn-

thetase,, to compensate for the initial depletion of CTP. 

CPECC was studied in a phase I trial for adults with solid tumours (16). The major 

toxicityy of CPEC observed in the phase I trial consisted of cardiovascular symptoms at 

higherr steady-state plasma concentrations (> 1.5 uM) (16). The haematological toxi-

cityy was minor at steady-state plasma concentrations of < 1.5 uM, but increased to 

moderatee toxicity at higher concentrations. The in vitro myelotoxic effect of CPEC has 

beenn studied by Volpe ef al. (42). A concentration of CPEC leading to an area-under-

thee curve (AUC) of 40.8 uMh inhibited CFU-GM colony formation by 70%. This AUC 

iss comparable to the concentration of 2.5 uM of CPEC in our experiments. However, 

ourr results also show that lower concentrations of CPEC (0.63 uM) are capable of 

inducingg a major depletion of CTP (mean 41%) in vitro. As lymphoblasts in general 

hardlyy proliferate in vitro, we can presume that the concentration of CPEC required to 

inducee a comparable depletion of CTP in vivo, might be lower than 0.63 uM and will 

thereforee be accompanied by only minor toxicity. However, we want to emphasize that 

theree was a comparable activity of CTP synthetase between the lymphoblasts of our 

patientss and the CD34+ BM cells, which might indicate a comparable cytotoxicity by 

CPEC.. Unfortunately, we could not isolate a larger number of CD34+ BM cells in order 

too perform incubation experiments with CPEC. Therefore, further toxicity studies are 

warrantedd in humans, before CPEC can be applied in a clinical perspective. 

Inn conclusion, this study demonstrates a high CTP synthetase activity in lympho-

blastss of children with ALL It represents the first evidence that CPEC is capable of inhi-

bitingg CTP synthetase in situ in lymphoblasts of patients. This nucleoside analogue 

92 2 



I N H I B I T I O NN OF CTP S Y N T H E T A S E BY CPEC IN P A E D I A T R I C ALL 

inducedd a CTP depletion and a deoxyCTP depletion in the lymphoblasts of our patients, 

andd is known to decrease the synthesis of nucleic acids and to inhibit cell proliferation 

inn lymphoblastic cell-lines. Therefore, CTP synthetase inhibition warrants a clinical stu-

dyy in patients with ALL taking into account the maximal tolerated dose that was obser-

vedd in the trial published by Politi et al. (16). Furthermore, the addition of CPEC to 

AraC-containingg regimens might improve the clinical outcome of patients with ALL in 

thee future. 
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