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C H A P T E RR 1 

11 GENERAL INTRODUCTION 

Inn this thesis several aspects are described concerning the synthesis of pyrimidine 

(deoxy)-ribonucleotidess in leukemic ceils obtained from children suffering from various 

formss of acute leukemia and in leukemic samples of cell-lines of both lymphocytic and 

myeloidd origin. Previous studies have shown alterations in ribonucleotide concentra-

tionss in various malignancies, including hematological malignancies (1-4). In most of 

thesee studies an increase in ribonucleotide concentrations was observed in the tumour 

cellss as compared with their non-malignant counterpart. This increase concerned pre-

dominantlyy the concentrations of the pyrimidine ribonucleotides cytidine triphosphate 

(CTP)) and uridine triphosphate (UTP), while the major increase was observed for the 

concentrationn of CTP in tumour cells compared with non-malignant cells (1-4). 

Therefore,, in our investigations on leukemic cells we focused on the synthesis of the 

ribonucleotidee CTP, which is a precursor for RNA, DNA and phospholipids.The three 

possiblee metabolic pathways for the synthesis of CTP are extensively described later in 

thiss introduction. Briefly, CTP can be synthesized via the salvage pathway of uridine and 

thee pyrimidine ribonucleotide de novo synthesis pathway on the one hand, both cul-

minatingg in the conversion of UTP into CTP, catalyzed by the enzyme CTP synthetase. 

Onn the other hand, CTP can be formed by the salvage pathway of cytidine. Previous 

studiess in our laboratory have brought evidence of a high metabolic flux through the 

uridinee salvage pathway in lymphocytic leukemic cells (5). Combining the fact that the 

rate-limitingg step in the formation of CTP through this salvage pathway of uridine is 

catalyzedd by CTP synthetase with the evidence of a high mean concentration of CTP 

inn lymphoblasts (3), the primary aim of our studies was to investigate whether a high 

activityy of CTP synthetase is present in leukemic cells obtained from patients and 

whetherr this enzyme activity is correlated to the concentration of CTP in the leukemic 

cells.. The presence of a high activity of CTP synthetase in leukemic cells would provi-

dee a new target for a chemotherapeutic approach, by using specific inhibitors of CTP 

synthetasee like cyclopentenyl cytosine (CPEC). The development of new drugs for the 

treatmentt of acute lymphocytic leukemia (ALL) and acute myeloid leukemia (AML) is 

stilll warranted in order to improve the prognosis of both children and adults suffering 

fromm ALL and AML Inhibition of CTP synthetase would lead to a decreased synthesis 

off CTP (6-11) and deoxyCTP (8-9) in the leukemic cells, with as a consequence a 

decreasedd synthesis of RNA and DNA (6,8,11) and therefore a cytostatic and/or cyto-

toxicc effect. Moreover, a decreased concentration of dCTP might increase the cytotoxic 

effectss of the nucleoside analogue cytarabine (araC) on the leukemic cells (12,13). 
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I N T R O D U C T I O N N 

AraCC is a drug that is widely applied in the various chemotherapeutic regimens used 

forr the treatment of (relapsed) ALL and AML The interference of dCTP with araC meta-

bolismm is described later on in this introduction, while the results of our incubation 

experimentss with CPEC and araC on leukemic cells of lymphocytic and myeloid origin 

aree presented in the chapters 6-9 of this thesis. Furthermore, the activity of CTP syn-

thetasee was investigated in CD34+ bone marrow cells representing the non-malignant 

counterpartt of leukemic cells at the same stage of differentiation, and in the whole 

spectrumm of more mature blood cells (lymphocytes, monocytes, granulocytes, throm-

bocytess and erythrocytes), including proliferating T-lymphocytes. Knowledge about the 

activityy of CTP synthetase in non-malignant bone marrow and blood cells is relevant in 

orderr to compare these values with the activity observed in leukemic cells. Moreover, 

byy knowing the enzyme activity in non-malignant bone marrow cells predictions can 

bee made of the hematological toxicity of an in vivo treatment with CPEC in the future. 

22 PEDIATRIC LEUKEMIA 

2.11 General introductio n 

Thee various types of leukemia are characterized by a clonal expansion of a blood proge-

nitorr cell in the bone marrow, leading to an ongoing proliferation and a lack of further 

differentiationn of this malignant clone. As a consequence, the whole bone marrow 

compartmentt becomes invaded by the expansion of the leukemic clone. This expan-

sionn results in a decreased physiological hematopoietic function of the bone marrow, 

whichh is amongst others the production of the various types of myeloid and lymphoid 

(progenitor)) cells, erythrocytes and thrombocytes. Moreover, the expansion of the leu-

kemicc clone can be characterized by the appearance of leukemic cells in the peripheral 

bloodd and the reticuloendothelial system, as well as in other sanctuaries like the cen-

trall nervous system, retina, kidneys, genitals, skin and skeleton (14,15). 

Thee various forms of leukemia can be classified in acute and chronic forms. In chil-

drenn under the age of 15 years the acute forms of leukemia represent > 95% of all 

leukemiass (14). According to international FAB-criteria for morphology (15) and immu-

nophenotypee characteristics (16), the acute leukemias are classified as acute lympho-

cyticc leukemia (ALL), representing 75-85% of all cases of acute leukemia in childhood 

andd acute myeloid leukemia (AML or acute non-lymphocytic leukemia (ANLL)), repre-

sentingg 15-25% of all cases of acute leukemia (14,16-19). This classification has cli-
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nicall implications because these types of leukemia require a different therapeutical 

approachh and have a distinct prognosis. ALL can be further divided into T-ALL and pre-

cursorr B-ALL (16, 18-19), the latter covering a wide spectrum of the very immature 

phenotypee of pro B-ALL to the more mature B-ALL ("Burkitt leukemia"). The majority 

(80-85%)) of all patients with ALL suffers from precursor B-lineage ALL while 12-20 % 

havee T-lineage ALL (16,18-19). The most common form of precursor B-ALL and there-

foree the most common subtype of leukemia in childhood has been named common 

ALLL (cALL) and classically presents a FAB-LI or -L2 morphology and an immunophe-

notypee expressing the cluster of differentiation antigens CD 10 (=common ALL antigen 

(CALLA)),, CD 19 and frequently CD22 or CD34 on the cell membrane. Moreover the 

lymphoblastss often express cytoplasmatic terminal deoxynucleotidyl transferase (TdT) 

activity. . 

Accordingg to the FAB classification (15) AML can be divided into 7 main types (FAB-

Mll to FAB-M7), of which the M3, M4 and M5 type have 2 subtypes. Furthermore, the 

FAB-MOO subtype is used for the undifferentiated leukemic phenotype with few mye-

loidd characteristics. The most common subtypes of AML in childhood are the M2, M4 

andd M5-subtype (17), although each subtype is still rare compared to the prevalence 

off ALL at this age. 

Leukemiaa is the most common malignancy in children below the age of 15 years 

(20),, with an annual incidence of 3.5-4.2 per 100.000 children <15 years in the 

Netherlandss (139) and 4.1 -4.5 per 100.000 white children in the USA (20). In patients 

sufferingg from ALL a peak incidence has been noted between 2-5 years of age (16,18, 

139).. Slightly more boys than girls (sex ratio 1.2 ) are affected (16-18). 

Thee symptomatology of leukemia in children is similar to that observed in adults 

sufferingg from leukemia. Some of the symptoms result from the bone marrow invasion 

byy the leukemic cells, resulting in a depression of any of the erythroid, myeloid, lym-

phocyticc and megakaryocytic lineages. As a consequence, patients may develop a pro-

foundd anemia and/or thrombocytopenia and/or granulocytopenia and/or lymphocy-

topenia,, that may present as clinical symptoms of pallor, fatigue, dyspnea, congestive 

heartt failure, bleeding disorders, excessive bruising, purpura, fever and (opportunistic) 

infectionss (16-19). The white blood cell (WBC) count is increased in almost 50 % of 

thee patients (16). The increase in WBC count that is predominantly due to circulating 

blastss (leukemic cells) may be dramatical with WBC counts of >500.000/ml, which 

increasess the viscosity of the blood. This hyperviscosity syndrome or leucostasis results 

inn signs of pulmonary, cerebral or hepatic hypoperfusion and is life-threatening. 

Patientss with a normal or decreased WBC count may also present acute or insidious 
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neurologicall symptoms like headache, irritability, drowsiness, vomiting, nuchal rigidity, 

blurredd vision and other signs of neurological impairment. These symptoms may re-

veall a leukemic invasion of the central nervous system, which is rare (<5 %) at the ini-

tiall diagnosis of ALL (21). Other systemic symptoms may be the appearance of a 

generalizedd lymphadenopathy including a hepatosplenomegaly. In boys an enlarge-

mentt of a testicle is rare in newly diagnosed cases of ALL (16), although occult testi-

cularr involvement has been diagnosed in 25 % of the cases of ALL (22). Therefore, 

thee testicle is a well-known sanctuary for a relapse of ALL (16,18,19). In girls an ova-

riann and mammary leukemic infiltration has also been described (23). Finally, cuta-

neous,, retinal, orbital, renal, intestinal and skeletal infiltration by the leukemic cells has 

beenn reported (16,18,19,23). 

2.22 Cytogeneti c aspect s 

Manyy different aberrations (translocations, inversions, deletions, insertions, duplica-

tions)) of nearly all chromosomes have been reported in the malignant clonal cells of 

childrenn suffering from ALL (16-18). Some of these aberrations may give rise to a new 

fusionn gene and/or an amplified expression of the fusion protein, which has been 

extensivelyy described for the BCR-ABL fusion gene in the case of a t(9;22) transloca-

tion,, classically known as the Philadelphia chromosome (24). In this t(9;22) chromo-

somall aberration, a fusion occurs between on the one hand the BCR gene, located on 

chromosomee 22ql 1, and on the other hand the ABL gene, that is located on chro-

mosomee 9q34 and that is encoding the Abelson protein, which is a tyrosine kinase 

protein.. Interestingly, the exact localization of the breakpoint in the BCR gene may vary, 

givingg rise to a minor variation in the fusion product. This variation will however have 

severee consequences, since it has been shown that the type of fusion product will in-

fluencee which type of leukemia (CML, AML or ALL) will be present (130). In every leu-

kemicc subtype the t(9;22) translocation is related to a poor prognosis (16-18). The 

t(4;ll I)(q21;q23) translocation is observed in  4% of the cases of pediatric ALL, 

givingg rise to the MLL-AF4 fusion product. The immunophenotypic characteristics are 

mostlyy those of CD 10 negative precursor B-lineage, although myeloid markers may 

alsoo be present, leading to a biphenotypic acute leukemia (131). The presence of a 

t(4;ll 1) translocation has been associated with a poor prognosis, especially in infants 

(131).. The most frequently observed translocation in pediatric ALL is the 

t(12;21)(pl3;q22)) aberration and is observed in  20% of the cases (132) and gives 

risee to the TEL-AM LI mRNA fusion product, which may interfere with the function of 
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thee transcription factor Core Binding Factor. When the t(12;21) aberration is present, 

aa precursor B-lineage phenotype is almost always observed and although myeloid mar-

kerss may be coexpressed, the t(12;21) translocation is associated to a good progno-

siss (16-18), although late relapses have been observed. Other translocations leading 

too detectable gene fusion products may be observed in mature B-ALL (Burkitt leuke-

mia),, where the gene of the oncogene c-myc on chromosome 8q24 is juxtaposed to 

onee of the genes coding for the heavy or light chains of immunoglobulins, localized on 

thee chromosomes 2, 14 or 22. Thus, the frequently observed chromosomal abnor-

malitiess in the lymphoblasts of Burkitt-leukemia are t(8;14), t(8;22) and t(2;8). 

Inn the translocations that are observed in T-ALL, the genes coding for T-cell recep-

tors,, located on chromosomes 7 and 14, are often implicated. These genes become 

juxtaposedd in the leukemic clone to genes encoding transcription factors like HOX11 

andd TALI (133). 

Chromosomall aberrations may also result in loss of heterozygosity (LOH) of a 

tumourr suppressor gene, although few tumour suppressor genes have been clearly 

identifiedd so far in the leukemogenic events. Mutations of the tumour suppressor gene 

codingg for the p53 protein have been described occassionally (25). Aberrations (most-

lyy deletions) of the MTS 1 gene (Multiple Tumor Suppressor gene 1) seemed to be fre-

quentlyy present in T-ALL and precursor B-ALL (134), although no prognostic relevan-

cee has been established yet for this aberration. 

Nott only structural but also numerical aberrations have been described in leukemic 

cells.. These observations have a clinical relevance in precursor B-ALL, since a good cli-

nicall outcome has been correlated with hyperploidy (> n=50 chromosomes) encoun-

teredd in the blasts (26, 135, 136). There is even a better prognosis when the number 

off chromosomes in the leukemic clone is higher than 55, as compared with those 

casess of pediatric ALL where the leukemic cell contains 50-55 chromosomes (26). 

Inn AML several structural chromosomal aberrations have been identified leading to 

fusionn products of genes encoding transcription factors. A frequently observed abnor-

malityy of the AML-M2 subtype is the t(8;21)(q22;q22) translocation giving rise to the 

juxtapositionn of the genes encoding the transcription factors AML1 and ETO. The AML-

M33 subtype is characterized by the t(15;17)(q21;q21) aberration, in which the reti-

noicc acid receptor alpha gene contributes to the fusion gene PML/RAR. 

Rearrangementss of the MLL gene, located on chromosome 1 lq23, that have been 

implicatedd in the t(4;l 1) translocation mentioned in ALL (vide supra), have also been 

observedd in the AML-M4 and AML-M5 subtypes. A variety of other structural chromo-
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somall aberrations have been described in AML. Finally, in pediatric AML, no prognos-

ticc relevance has been attributed to hyperploidy, as was observed in ALL. 

2.33 Treatmen t 

Historically,, a diagnosis of acute leukemia was equal to a fatal outcome. In the 1940's, 

feww cases of acute leukemia have been treated successfully by aminopterine (27). 

However,, the first real progress was made during the second half of the 60's by using 

polychemotherapeuticc approaches. Currently, the most common drugs used for the 

treatmentt of precursor B-ALL are the combination of corticosteroids, vincristine, L-aspa-

raginase,, anthracyclines, cyclophosphamide, 6-mercaptopurine, methotrexate and 

cytarabinee (16,18,19). These combination regimens with a total duration of 2-3 years 

aree also used for the treatment of T-ALL, although specific chemotherapeutic protocols 

havee been designed for T-ALL that have shown good clinical results (28). Craniospinal 

irradiationn (18-24 Gray) has been part of the treatment protocols for both precursor 

B-- and T-ALL, because of the frequent meningeal recurrences in ALL (16,18,19). 

Becausee of the toxicity of this radiotherapy on cognitive and endocrine functions in the 

developingg child, radiotherapy is now selectively applied for patients with a high risk of 

meningeall recurrence. The commonly applied prophylactic treatment of meningeal 

recurrencess consists of intrathecal administrations of methotrexate, cytarabine and cor-

ticosteroidss that are repeated throughout the treatment protocol. Moreover, 3-4 cycles 

off high-dose methotrexate have also been applied as a substitute for craniospinal irra-

diationn (16,18,19). 

Severall adverse prognostic factors have been identified in the population of patients 

sufferingg from ALL: age <1 year and age >10 years, male sex, high WBC count 

(>50*106/L),, mediastinal or CNS involvement at diagnosis, T-phenotype and some 

cytogeneticc aberrations (t(9;22), t(4;l 1), 1 lq23 with MLL-rearrangement)(16,18,19). 

Basedd on these prognostic factors treatment protocols have been stratified into stan-

dard,, (intermediate) and high risk protocols. 

Thee most common drugs that are used in the treatment regimens for AML are 

cytarabine,, anthracyclines, etoposide, 6-thioguanine and corticosteroids (17). Of the-

see drugs, the first two are the main drugs and are being used in most protocols. 

Intrathecall administration of cytostatic drugs is also applied as prophylaxis of CNS 

recurrence,, whereas the indications of craniospinal irradiation differ in the various 

treatmentt protocols. 

Allogeneicc bone marrow transplantation (BMT) has been applied in most treatment 
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protocolss for AML (29), as well as for patients with certain types of high risk ALL and 

forr patients with a relapse of ALL (30). 

2.44 Prognosi s 

Moree than 90% of all patients suffering from ALL will be in complete remission after 

thee first 6-weeks treatment period (16,18,19), meaning that the morphological assess-

mentt of a bone marrow sample after this induction period shows o of lympho-

blasts.. In ALL, persisting, undetected blasts will cause a relapse in approximately 25-

35%% of the patients during or after the 2-year treatment (16,18,19). These relapses 

mayy be localized in the bone marrow (medullary relapse), in other sanctuaries like the 

CNS,, testicles or mediastine (extramedullary relapse) or in both sites (combined relap-

se).. Of these relapses, 20-30% will finally be cured using high-dose chemotherapy

allogeneicc BMT if an HLA-identical bone marrow donor is available. By the improve-

mentt of the combination therapy, the prognosis of ALL and to a minor extent AML has 

muchmuch improved during the past 2-3 decades. Patients suffering from precursor B-ALL 

currentlyy have a 5-year event-free survival of 68-78 % depending on the treatment 

protocoll (19), while patients with T-ALL fare slightly worse with a 5-year event free sur-

vivall ranging from 50-78% (28,31,32). The prognosis of AML patients is moderate with 

ann overall survival of 31-61% (19) for patients that are treated by standard chemo-

therapyy alone and slightly higher (50-60%) for patients treated with chemotherapy and 

allogeneicc BMT (17,33). Therefore, new therapeutic strategies are warranted for the 

treatmentt of AML and certain types of ALL. 

33 RIBONUCLEOTIDES AND 
DEOXYRIBONUCLEOTIDES S 

3.11 Genera l introductio n 

Ribonucleotidess or ribonucleoside phoshates are molecules consisting of one of the 

basess uracil, cytosine, adenine or guanine covalently bound to a ribose-molecule and 

1,, 2 or 3 phosphate ions. One can distinguish nucleoside monophosphates (NMP), 

nucleosidee diphosphates (NDP) and nucleoside triphosphates (NTP), that are inter-

convertiblee by virtue of the phosphorylating enzymes nucleoside monophosphate 

(NMP)) kinase and nucleoside diphosphate (NDP) kinase and by (dephosphorylating) 
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phosphatases.. Ribonucleotides are classified into purine ribonucleoside phosphates on 

thee one hand, consisting of the phosphorylated forms of the nucleosides adenosine 

andd guanosine. On the other hand, the pyrimidine ribonucleoside phosphates consist 

off the phosphorylated nucleosides cytidine and uridine. 

Ribonucleotidess are essential elements for cellular homeostasis. They are precursors 

forr RNA and DNA. Some nucleotides (GTP, cAMP) are involved in signal transduction 

pathwayss (34) and represent an essential source of energy (ATP) (34). Moreover, ribo-

nucleotidess like ATP, GTP and UTP may supply a phosphate-ion to other molecules 

(34)) and some derivatives of nucleotides (CDP choline, CDP ethanolamine, CDP dia-

cylglycerol)) are precursors of phospholipids (34) and therefore play a role in the bio-

synthesiss of cell membranes. 

Thee intracellular concentrations of the various purine and pyrimidine ribonucleoti-

dess differ from each other and depend on several aspects of the cell: 

3.1.11 Cell-typ e 

Soo far, few comparative studies have been performed analyzing the ribonucleotide con-

centrationss in various tissues. In normal rat liver tissue a predominance of purine ribo-

nucleotidee concentrations (predominantly ATP) has been shown (1), which was also 

thee case for skeletal muscle in rats (35). In these non-malignant tissues the concen-

trationn of CTP proved to be the lowest compared with ATP, GTP and UTP. In isolated 

non-malignantt blood cells a comparable pattern of nucleotide concentrations has been 

observedd (36): the adenosine phosphates proved to be the most abundantly present 

ribonucleotides,, followed by the guanosine, uridine and finally the cytidine mono-/di-

andd triphosphates. The ratio between the ATP and CTP concentrations ranged from 23 

too 49, depending on the blood cell type. 

3.1.22 The degree of differentiatio n 

Severall studies have compared the ribonucleotide pools in less mature versus diffe-

rentiatedd cells. In immature rat liver cells a higher concentration of CTP was observed 

inn comparison with normal differentiated liver cells; no differences were observed in 

termss of other ribonucleotide concentrations (1). A decrease in total ribonucleotide 

concentrationss occurred in differentiated compared to undifferentiated neuroblastoma 

cellss (Slingerland et al, unpublished results). In MOLT-3 lymphoblastic cells, that were 

stimulatedd to differentiate, the ratio between purine and pyrimidine ribonucleotides 
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wass higher in differentiated and non-proliferating cells (6.1) versus undifferentiated 

andd proliferating (3.5) MOLT-3 cells, indicating a predominance of purine ribonucleo-

tidess in differentiating or non-proliferating cells (37). Moreover, the CTP concentration 

wass lower in the differentiated compared to undifferentiated MOLT-3 cells (37). In a 

myeloidd leukemic cell-line, the presence of differentiation was accompanied by a 

decreasee of all ribonucleotide concentrations (38), as compared with the proliferating 

HL-600 cells. When comparing (immature) myeloblasts from adults suffering from chro-

nicc myeloid leukemia with normal (differentiated) neutrophils, higher concentrations 

off purine ribonucleotides and a lower concentration of CTP were observed in the neu-

trophilss (39). 

Clearly,, the pattern of ribonucleotide concentrations in differentiated cells shows a 

predominancee of purine ribonucleotides and low concentrations of CTP. However, it is 

difficultt to determine whether the alterations in ribonucleotide concentrations in diffe-

rentiatedd cells are solely due to the process of differentiation or whether the diminished 

capacitiess and needs of proliferation also contribute to these alterations. 

3.1.33 Proliferatio n 

Ann increase in cytosine ribonucleotide concentrations has been observed in rat liver 

hepatomaa compared to normal rat liver, concomitant with a decrease in the ATP con-

centrationn (1, 35, 39). In non-malignant proliferating rat liver tissue increased cytidine 

nucleotidee concentrations have been observed compared with normal liver tissue (1). 

Inn rat rhabdomyosarcoma, the concentrations of the guanosine, uridine and cytidine 

nucleotidess were increased in comparison with normal skeletal muscle, while the con-

centrationss of the adenosine nucleotides were lower (35). When comparing non-

malignant,, proliferating T-lymphocytes with non-stimulated T-lymphocytes, an increa-

see in total ribonucleotide concentrations has been observed in the proliferating 

lymphocytes,, as well as a decrease in the ratios of UTP/CTP, ATP/GTP and 

purine/pyrimidinee ribonucleotides (37). In other words, proliferating T-lymphocytes 

presentt a shift in ribonucleotide concentrations in favour of the pyrimidine ribonucle-

otides,, especially in favour of CTP. 

Takingg into consideration all these factors contributing to the concentrations of the 

variouss ribonucleotides and the ratios between each of them, a general impression in 

mostt tissues leads to the following conclusions: 

Inn non-proliferating tissues a predominance of purine ribonucleotides is observed, 
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consistingg predominantly of adenosine nucleotides (ATP). In addition, CTP is the ribo-

nucleotidee with the lowest concentration (1,35,36), leading to high UTP/CTP and puri-

ne/pyrimidinee ratios. 

Inn proliferating tissues (whether or not of malignant origin) the absolute concen-

trationn of CTP is increased, as compared with the non-proliferating cells. Furthermore, 

thee relative amount of CTP is increased as compared to the other ribonucleotide con-

centrationss (1-3, 35, 37, 39). Concomitantly, the concentration of ATP is decreased, 

leadingg to lower purine/pyrimidine and UTP/CTP ratios in proliferating cells as com-

paredd with non-proliferating cells. One could therefore hypothesize, that the ribonu-

cleotidee showing the lowest concentration in non-proliferating cells (CTP) is more 

abundantlyy present in proliferating cells and becomes more easily available for the 

metabolicc processes that are required for cell proliferation. 

3.22 Deoxynucleotide s 

Deoxynucleotidess can be either synthesized via the salvage pathways of the various 

deoxynucleosidess or by reduction of the ribonucleoside diphosphates (figure 1). The 

firstt pathway represents the phosphorylation in three consecutive steps of the deoxy-

nucleosidess deoxyadenosine, deoxyguanosine, thymidine and deoxycytidine into the 

deoxyribonucleosidee triphosphates (deoxynucleotides) dATP, dGTP, (d)TTP and dCTP, 

respectively.. The first phosphorylation step is catalyzed by the enzymes deoxycytidine 

kinase,, phosphorylating deoxycytidine, deoxyadenosine and deoxyguanosine, or thy-

midinee kinase, phosphorylating (deoxy)thymidine and to a minor extent deoxycytidine. 

Thee subsequent two phosphorylating steps are catalyzed by NMP kinase and NDP kina-

se,, respectively. The second main pathway for the synthesis of deoxynucleotides con-

sistss of the reduction of a ribonucleoside diphosphate into a deoxyribonucleoside di-

phosphatee catalyzed by the enzyme ribonucleotide reductase (RR). Subsequently, the 

deoxyribonucleosidee diphosphates can be phosphorylated into deoxyribonucleoside 

triphosphatess (dNTP) and may be incorporated into DNA. RR has a general catalytic 

sitee and substrate-specific sites and is capable of reducing ADP, GDP, CDP and UDP 

(34).. Therefore, a direct relationship exists between ribonucleotides and deoxyribonu-

cleotides,, and alterations in the concentrations of the former will influence the syn-

thesiss of the latter (40). 

Inn proliferating and/or malignant tissues alterations of the deoxynucleotide (dNTP) 

concentrationss have been observed. Some of these alterations might be responsible 

forr a higher rate of spontaneous mutations occurring in these malignant tissues (40), 
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sincee an excess of a deoxynucleotide may cause an increased incorporation of this 

deoxynucleotide,, leading to a misincorporation and/or mismatching in the replicated 

DNAA strand (40). In rat hepatoma, increased concentrations of dNTP were observed 

andd a correlation was present between the proliferation rate and the degree of incre-

asee of dNTP concentrations (1). The major increase was observed in the dCTP con-

centrations.. Furthermore, a correlation has been observed between the activity of ribo-

nucleotidee reductase and the proliferation rate of tumours (39). In 

phytohaemagglutinin-stimulatedd T-lymphocytes the dNTP concentrations increased 

1.5-3.88 fold compared with unstimulated T-lymphocytes, and the major increase was 

observedd for the pyrimidine deoxyribonucleotides (41). 

Inn conclusion, similar to the observations concerning the ribonucleotide concentra-

tionss in proliferating cells, the balance of deoxyribonucleotides is shifted towards the 

pyrimidinee deoxyribonucleotides, most predominantly towards the synthesis of dCTP. 
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FigureFigure  1: Basic  overview  of  salvage  pathways  of  pyrimidine  nucleosides  (N) and deoxynu-

cleosidescleosides  (dN). The first  phosphorylating  step  into  pyrimidine  (deoxy)nucleoside  monophos-

phatephate  ((d)NMP) is  catalyzed  by uridine/cytidine  kinase  (1) and deocycytidine  kinase  (2) and/or 

thymidinethymidine  kinase  and/or  deoxyguanosine  kinase.  The subsequent  two  phosphorylations  into 

(deoxy)nucleoside(deoxy)nucleoside  diphosphate  ((d)NDP) and (deoxy)nucleoside  triphosphate  ((d)NTP) are 

catalyzedcatalyzed  by NMP kinase  (3) and NDP kinase  (4). The interconversion  of  nucleoside  diphos-

phatesphates  into  deoxynucleoside  diphosphates  is  an important  link  between  the salvage  pathways 

ofof  nucleosides  and deoxynucleoside,  and is  catalyzed  by the enzyme  ribonucleotide  reductase 

(5).(5). The activity  of  this  enzyme  influences  the formation  of  deoxyribonucleoside  di-  and tri-

phosphatesphosphates  and thus  the synthesis  of  DNA. 
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3.33 Pyrimidin e ribonucleotid e synthesi s 

Threee major pathways with several consecutive steps contribute to the synthesis 

off pyrimidine ribonucleotides, while several links exist between these pathways 

(figuree 2): 

-- the pyrimidine de novo pathway 

-- the salvage pathway of uridine 

-- the salvage pathway of cytidine 

3.3.11 The pyrimidine de novo pathway 

Thiss pathway constitutes the formation of UMP via several steps from glutamine (42). 

Thee first step is characterized by the formation of carbamoyl phosphate out of gluta-

minee and HC05", catalyzed by carbamoyl phosphate synthetase type 11 (requiring 2 

moleculess of ATP), and is feedback-inhibited by UMP. The subsequent step yields the 

formationn of N-carbamoyl aspartate and is catalyzed by aspartate transcarbamoylase. 

Thiss enzyme is feedback-inhibited by CTP, while on the contrary ATP activates the enzy-

mee (43), which supplies this enzyme with regulatory properties for the amount of syn-

thesizedd pyrimidine ribonucleotides. In the subsequent step the pyrimidine ring is for-

medd yielding dihydroorotate (catalyzed by dihydroorotase), which is transported into 

thee mitochondrion and is dehydrogenated into orotate by the enzyme dihydroorotate 

dehydrogenase.. Subsequently, orotate is transported from the mitochondrion to the 

cytosoll and acquires a phosphoribosyl moiety in the next step catalyzed by orotate 

phosphoribosyll transferase forming orotidine monophosphate (OMP). The final step 

inn the formation of UMP consists of the decarboxylation of OMP, catalyzed by OMP 

decarboxylase. . 

Inn higher organisms, some of the enzymes are clustered into one complex: in mam-

maliann cells for example, carbamoyl phosphate synthetase, aspartate transcarbamoy-

lasee and dihydroorotase are joined into a multifunctional enzyme, which is called CAD 

(34).. Orotate phosphoribosyl transferase and OMP decarboxylase are also clustered 

intoo a bifunctional enzyme (UMP synthase) in eukaryotes (34). 

3.3.22 The salvage pathway of uridine 

Thiss pathway represents the formation of UTP from the nucleoside uridine. Uridine can 

bee phosphorylated into UMP by the enzyme uridine/cytidine kinase, which is consi-
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deredd to be the rate-limiting step in the pyrimidine salvage pathways (44). The enzy-

mee is feedback-inhibited by UTP and CTP (44,45). All the (deoxy)ribonucleoside 

triphosphatess (UTP and CTP excluded) may serve as a phosphate donor for the phos-

phorylation,, which has even been demonstrated for dCTP (44). The subsequent phos-

phorylatingg steps are catalyzed by the enzymes NMP kinase (forming UDP) and NDP 

kinasee (forming UTP), respectively (figure 2). Obviously, for the phosphorylation cata-

lyzedd by NMP kinase and NDP kinase a phosphate-group is required, that is acquired 

fromm one of the other ribonucleotides (predominantly ATP) (34). 

UMPP that has been synthesized via the pyrimidine de novo pathway as decribed 

previously,, is also phosphorylated into UTP by the subsequent catalytic actions of NMP 

kinasee and NDP kinase. 

3.3.33 The salvag e pathwa y of cytidin e 

Thiss pathway represents the phosphorylation of cytidine via three steps culminating in 

thee formation of CTP. The three steps are catalyzed by the same enzymes as descri-

bedd for the salvage pathway of uridine: uridine/cytidine kinase phosphorylates cytidi-

ne,, NMP kinase phosphorylates CMP and NDP kinase phosphorylates CDP (figure 2). 

Althoughh the enzymes of the cytidine salvage pathway are similar to those of the 

uridinee salvage pathway, the affinities of each enzyme for their respective substrates 

mayy vary, depending on the type of tissue and the state of (malignant) proliferation. 

3.3.44 Link betwee n the salvag e pathway s 
off  uridin e and cytidin e 

Bothh pathways are interconnected by three enzymes. Cytidine deaminase converts cy-

tidinee into uridine, while CMP deaminase catalyzes the conversion of CMP into UMP. 

Thee most important link between the salvage pathways of uridine and cytidine consists 

off the enzyme CTP synthetase, that catalyzes the conversion of UTP into CTP. This enzy-

mee is crucial for the cell, since it supplies a second pathway for the synthesis of CTP. 

Thee enzyme CTP synthetase will be extensively discussed further on in this introduc-

tionn and in this thesis. 

Thee different affinities of the enzymes involved in the salvage pathways of uridine 

andd cytidine for the various substrates originating from uridine or cytidine in different 

tissuess often results in the preference of each tissue to use predominantly either the 

uridinee or the cytidine salvage pathways for the synthesis of the pyrimidine ribonu-
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cleotides.. This may have a clinical relevance since the inhibition of either of the two 

pathwayss may have a tissue-selective effect, resulting in a diminished synthesis of pyri-

midinee ribonucleotides. 
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FigureFigure  2: Scheme  representing  the 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  (I) catalyzes  the conversion  of  UTP into  CTP. The middle 

trunktrunk  represents  the salvage  pathway  of  cytidine  and the right  trunk  represents  the deoxycy-

tidinetidine  salvage  pathway,  where  deoxycytidine  is  phosphorylated  into  dCTP by three  consecutive 

steps,steps,  catalyzed  by dCK (2), NMP kinase  (3) and NDP kinase  (4). (5): uridine/cytidine  kinase. 

TheThe conversion  of  (deoxy)cytidine  into  (deoxy)uridine  (nr.  6) is  catalyzed  by (deoxy)cytidine 

deaminase.deaminase.  (d)CMP deaminase  (nr.  7) converts  (d)CMP into  (d)UMP. 

3.44 The pyrimidin e ribonucleotid e synthesi s 
inn malignancie s 

Inn several hepatoma cell-lines a high activity of nearly all the enzymes of the pyrimi-

dinee de novo pathway has been observed (46). In samples of patients suffering from 

humann colon carcinoma a higher activity of carbamoyl phosphate synthetase type II, 

aspartatee carbamoyltransferase and OMP decarboxylase has been shown compared to 

normall colon mucosa of the same patients (47). In murine leukemia an upregulation 

off the various enzymes of the pyrimidine de novo pathway has been observed (48). 

Concerningg the salvage pathway of uridine, a high activity of uridine/cytidine kina-

see has been observed in various malignancies, including rat hepatoma, rat rhabdo-
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myosarcomaa and human colon carcinoma cells, as compared with their non-malignant 

counterpartss (35,39,47). The highest activity of uridine/cytidine kinase was observed 

inn the hepatoma showing the highest proliferation rate (39). In a MOLT-3 lymphoblastic 

cell-linee the affinity of uridine/cytidine kinase seemed to be higher for uridine than for 

cytidine,, whereas the opposite was true for non-malignant proliferating T-lymphocytes 

(5). . 

Inn an HL-60 myeloid leukemic cell-line high levels of NMP kinase have been obser-

vedd (49). Moreover, it has been demonstrated that the affinity of the enzyme NMP 

kinasee for one of his substrates (CMP) is higher in hepatoma cells than in normal liver 

(50).. In other words, not only the level of the enzyme may be altered in malignant tis-

suess but also it's kinetic properties. UDP kinase has been shown to have a high activi-

tyy in several rat hepatomas, even in those with a slow rate of proliferation and the 

highestt degree of differentiation (39, 51). 

Highh activities in malignancies of the enzymes involved in the various anabolic path-

wayss of the pyrimidine ribonucleotide metabolism will result in an increased synthesis 

off ribonucleotides, especially when the activities of the rate-limiting enzymes are also 

increased. . 

Ass a consequence, an increased pool of precursors of RNA and DNA is synthesized, 

thatt is required for malignant proliferation. Moreover, in tumour cells the link between 

thee salvage pathways of uridine and cytidine seems to be very important: the predo-

minantt pathway for the synthesis of CTP in T-lymphoblasts is via the salvage pathway 

off uridine and/or the pyrimidine de novo pathway (5). The rate-limiting step in this for-

mationn of CTP is catalyzed by CTP synthetase (39,52), and therefore this enzyme is 

ann attractive target for investigations in order to develop therapeutic strategies interve-

ningg in the synthesis of CTP. 

Concerningg the enzyme cytidine deaminase, it has been shown that the activity is 

loww to undetectable in several cell-lines of hematological malignancies (140), and this 

observationn has been confirmed in samples of patients with ALL (141). Moreover, the 

activityy of cytidine deaminase is increased in myeloid cells that have diffentiated (142). 

3.55 CTP synthetas e 

3.5.11 Enzymatic properties 

Thee enzymatic properties of CTP synthetase (EC 6.3.4.2, UTP:ammonia ligase (ADP-

forming))) have been described as early as 1956 (53). The enzyme catalyzes the ATP-
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dependentt transfer of an amide nitrogen from glutamine or NH3 to the C4-position of 

UTPP to form CTP. 

UTPP + ATP + glutamine 

GTP P 

FigureFigure  3: Equation  of  the reaction  catalyzed  by CTP synthetase,  converting  UTP into  CTP with 

thethe  concomitant  deamination  of  glutamine.  CTP and Mg2+ are co-factors  for  this  reaction  while 

ATPATP supplies  the energy  for  the conversion. 

CTPP synthetase has been isolated and/or purified from E.coli (54), S. cerevisiae (55), 

bovinee iiver (56,57), rat liver (52,58) and Ehrlich's ascites cells (59). The enzyme may 

bee present in a monomer, dimer or tetramer configuration (54, 60), with a predomi-

nancee of tetramers in the presence of saturating concentrations of UTP and ATP 

(54,60).. The molecular weight of the CTP synthetase monomer in E. Coli proved to be 

604388 Dalton (61), which is slightly lighter than the molecular weight of 66 kDa obser-

vedd for the enzyme purified from mammalian liver tissue (58). The tetramer of CTP 

synthetasee proved to have the highest specific activity as compared with the dimer and 

monomerr configuration (58,62) and high enzyme concentrations have been shown to 

promotee the formation of tetramers (58,62). This phenomenon might explain the low 

enzymee activity that was observed at low enzyme concentrations in homogenates of 

myeloidd and lymphoblastic leukemic cell-lines (63). 

Previously,, it has been suggested that a second isoform of CTP synthetase might 

bee present in malignant tissues (59). In Ehrlich 's ascites cells CTP synthetase was 

exclusivelyy present as a dimer in the presence of ATP and UTP, while similar conditions 

inducedd a tetrameric enzyme configuration in bacteria, yeast and calf liver (54,55,58). 

Furthermore,, the enzyme showed a sigmoidal kinetic plot in contrast with the charac-

teristicc Michaelis-Menten kinetics, that were observed in bacteria, yeast and calf liver 

(54,55,58).. In a HL-60 human leukemic cell-line, the kinetic properties of CTP syn-

thetasee showed a sigmoidal kinetic plot (138), which is in apparent contrast with the 

Michaelis-Mentenn kinetics that have been observed for CTP synthetase isolated from 

bovinee liver tissue (57). The different kinetic properties could reflect the presence of 

aa second isoform of CTP synthetase in mammals, as has been described in 5. cerevi-
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siaesiae (70, 136). In our laboratory, the cDNA has been isolated coding for a second iso-

formm of CTP synthetase (64). The nucleotide sequence showed 67% of homology with 

thee previously cloned human CTP synthetase, while the predicted amino acid sequen-

cee presented 74% of homology. Expression of this CTP synthetase cDNA in an E.coli 

strain,, lacking endogenous CTP synthetase activity and thus requiring cytidine for its 

growth,, showed that the bacteria could grow in the absence of cytidine (64). 

CTPP synthetase is inhibited by CTP in yeast (55) and mammalian cells (65), and 

thiss feedback inhibition plays an important role in the balance of pyrimidine ribonu-

cleotides.. Some mutant cell-lines lacking this inhibitory effect of CTP, possess high in-

tracellularr concentrations of CTP and dCTP, resulting in an increased rate of sponta-

neouss mutations induced by the imbalance of deoxyribonucleotides (40) and resulting 

inn a resistance to deoxynucleoside analogues (66). 

Inn S. cerevisiae the activity of CTP synthetase is regulated by phosphorylation of the 

enzymee by protein kinases A and C (67,68). Phosphorylation of serine residues of the 

proteinn increased the specific activity of the enzyme in yeast, while treating the isolated 

enzymee with alkaline phosphatase resulted in a decreased activity (68). In yeast, the puri-

fiedd enzyme proved to be predominantly present as a phosphorylated form (68). A 

mutantt strain of S. cerevisiae, containing an alanine instead of a serine-residue on posi-

tionn 424, could not be phosphorylated by protein kinase A, resulting in a decreased Vm a x 

andd higher Km values for UTP and ATP (67). Moreover, the mutant enzyme was more 

sensitivee to inhibition by CTP (67). Whether phosphorylation of the enzyme increases the 

activityy of CTP synthetase in mammalian cells as well, remains to be determined. 

AA recent report described the catalytic effect of CTP synthetase of S. cerevisiae on 

thee conversion of dUTP into dCTP, besides the "classical" effect on the conversion of 

UTPP into CTP (69). Whether this effect on deoxyribonucleotide metabolism exists in 

otherr species as well, remains to be determined. 

3.5.22 Molecula r biologica l aspect s 

CTPP synthetase of £ coli (61) and S. cerevisiae (70) has been cloned, as well as the 

cDNA'ss of the two isoforms of the human enzyme (64,71). The two human CTP syn-

thetasee genes are located on lp34.1 and Xp22 (64, 72). Mutations in the human CTP 

synthetasee gene might result in different kinetic properties of this enzyme, like dimi-

nishedd CTP product inhibition, leading to higher concentrations of CTP and therefore 

too resistance to some nucleoside analogues like cytarabine (araC) (73). However, 

mutationss in one of the CTP synthetase gene as encountered in a chinese hamster 
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ovaryy cell-line have not been found in samples of patients suffering from AML that were 

resistantt to cytarabine (74). 

3.5.33 Activit y of CTP synthetas e in non-malignan t tissue s 

Thee activity of CTP synthetase has been studied in various non-malignant rat tissues 

showingg a high activity in testis (75), thymus and spleen tissue (76), a moderate acti-

vityy in brain, kidney, adipose tissue, bone marrow and lung (75,76), while a low to 

moderatee activity of CTP synthetase was observed in blood, lymph node tissue, heart, 

liver,, skeletal muscle and gut tissue (47,75,76,77). Apparently, some tissues with a high 

proliferationn rate (testis, spleen, thymus) present a high activity of CTP synthetase in 

orderr to fulfil their metabolic requirements. In regenerating and therefore proliferating 

ratt liver tissue, a modestly increased activity of CTP synthetase was observed as com-

paredd with normal liver tissue (52,76). On the contrary, in colon mucosa, which is con-

sideredd as a tissue that is repetitively renewing and therefore dividing, a low activity has 

beenn found (47,76). 

3.5.44 Activit y of CTP synthetas e in malignan t tissue s 

Thee presence of CTP synthetase in a malignant hepatoma cell-line has been described 

ass early as 1960 (120). Extensive studies on the role of CTP synthetase in the pyri-

midinee nucleotide metabolism in malignancies were performed in the 1970's and 

1980'ss by Weber and co-workers (35,39,47,52,76). A high activity of CTP synthetase 

wass observed in several malignancies concomitantly with the increased activities of 

severall other enzymes of the pyrimidine de novo or salvage pathways (35,39,47,52). 

Inn rat hepatomas, a correlation was observed between the doubling-time of the 

tumourss and the activity of CTP synthetase and therefore, the enzyme has been con-

sideredd to be the rate-limiting enzyme for the synthesis of CTP in rat hepatoma 

(39,76).. The CTP synthetase activity in hepatomas with a comparable proliferation rate 

ass in regenerating rat liver tissue was higher in the former than in the latter (76). 

Moreover,, in "neonatal" and therefore immature liver tissue of the rat the enzyme acti-

vityy was lower than in "adult" liver tissue. These observations indicate that a high acti-

vityy of CTP synthetase is not solely due to the state of proliferation of the hepatoma 

andd is not related to the immaturity of the tissue, but is merely related to the process 

off malignant transformation (39,52). 

AA high activity of CTP synthetase was also observed in Ehrlich ascites tumour cells 
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(75),, myeloma (75), rhabdomyosarcoma (35, 75) and renal cell carcinoma of rats and 

humanss (76). In a pheochromocytoma cell-line a high activity of CTP synthetase was 

suspectedd after studying the fluxes of radiolabeled nucleosides (78), showing that a 

considerablee proportion of radiolabeled uridine was incorporated into CTP. The pre-

sencee of a high CTP synthetase activity in neuroblastoma was confirmed by the obser-

vationn that a specific inhibitor of CTP synthetase could strongly deplete the CTP pools 

inn neuroblastoma cell-lines (79). 

Inn hematological malignancies a high activity of CTP synthetase was hypothesized 

becausee of the high concentrations of CTP that were observed in myeloblasts and 

lymphoblastss (2,3). Moreover, by studying fluxes of radiolabeled uridine and cytidine 

inn a MOLT-3 T-lymphoblastic cell-line, it was demonstrated that the majority of CTP is 

synthesizedd via the salvage pathway of uridine and thus via CTP synthetase (5). A high 

activityy of CTP synthetase has been observed in samples of adults suffering from acu-

tee lymphocytic leukemia (ALL) and in some subtypes of non-Hodgkin lymphoma 

(NHL)) as compared to non-malignant control lymphoid tissue (77). In chronic lym-

phocyticc leukemia (CLL) the enzyme activity was not or only moderately higher (77) 

thann in control tissue. In a HL-60 myeloid leukemic cell-line, an essential role for CTP 

synthetasee could be deduced from the observation that by treating the cells with inhi-

bitorss of CTP synthetase the CTP pools were depleted and growth-inhibition occurred 

(6,38).. In the chapter 2, 3 and 4 of this thesis, we will describe our studies on the in 

vitrovitro activity of CTP synthetase in samples of pediatric patients suffering from either 

ALLL or AML The rationale for these investigations was triggered by the observations of 

highh concentrations of CTP in leukemic cells (2,3), suggesting a predominant role for 

CTPP synthetase (5). Whether a high activity of CTP synthetase is indeed present in leu-

kemicc cells obtained from children with ALL or AML is essential information, because 

inhibitionn of a high activity of CTP synthetase could provide a new therapeutical target 

inn order to decrease the pools of CTP in these leukemic cells. 

44 INTERVENING IN THE NUCLEOTIDE 
SYNTHESISS FOR THERAPEUTIC PURPOSES 

4.11 General introductio n 

Duringg the past decades drugs have been developed that interfere with the various 

metabolicc pathways of purine and pyrimidine nucleotide synthesis. Some of these 
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drugss interfere predominantly with the synthesis of deoxynucleotides, leading to an 

inhibitionn of DNA-synthesis. This proved to be the case for inhibitors of ribonucleotide 

reductasee like hydroxyurea and gemcitabine (2',2'-difluorodeoxycytidine, dFdC) (80), 

andd for inhibitors of dihydrofolate reductase (methotrexate) (81). Some deoxynu-

cleoside-analoguess are, after being phosphorylated, incorporated into DNA, leading to 

ann impairment of DNA-replication and/or DNA-repair, which has been described for 

cytarabinee (arabinofuranosyl cytosine, araC) (82), fludarabine (arabinosyl-2-fluoro-

adenine,, F-araA) (83) and 6-mercaptopurine (6-MP) (84). Other drugs have multiple 

metabolicc effects and inhibit both ribonucleotide reductase and/or DNA-replication 

and/orr impair DNA-repair mechanisms, which has been described for gemcitabine 

(80),, cladribine (2-chloro-deoxyadenosine, 2-CdA) (85) and fludarabine (83). 

Thee ribonucleotide synthesis can also be affected at different metabolic pathways. 

Bothh the pyrimidine and the purine ribonucleotide de novo synthesis can be inhibited 

byy drugs like PALA and 6-mercaptopurine, respectively (84,86). This decreased syn-

thesiss of nucleotides will result in a diminished synthesis of RNA, as long as the salva-

gee pathways of the ribonucleosides can not compensate for this decreased synthesis 

off RNA-precursors. On the other hand, the salvage pathway of nucleosides may be inhi-

bited,, as has been described for cyclopentenyl cytosine (11), 3-deazauridine (DAU) 

(87)) and cyclopentenyl uracil (CPEU) (88). Furthermore, specific inhibition of ribonu-

cleotidee interconverting enzymes may also impair the biosynthesis of ribonucleotides. 

Suchh target enzymes are for example inosine monophosphate dehydrogenase 

(IMPDH),, the latter being involved in the guanine ribonucleotide synthesizing path-

ways.. Inhibition of this key-enzyme reduces the amount of newly synthesized GTP, 

resultingg in a decreased synthesis of RNA and DNA. Finally, the RNA and DNA synthe-

siss may be decreased by the production of aberrant (deoxy)ribonucleotides, like 6-thio-

purinee nucleotides (84). 

Thee selectivity of each drug depends of the predominance in a tumour cell of a spe-

cificc metabolic pathway that is inhibited by this drug in comparison with the contribu-

tionn of this specific pathway in the synthesis of ribonucleotides in other non-targeted 

(i.e.. non-malignant) tissues. 

4.22 Inhibitio n of CTP synthetas e 

Ass described previously, studies have demonstrated a high activity of CTP synthetase 

inn malignant tissues (35, 39, 46, 75-77), whereas others have shown that some malig-

nantt tissues synthesize CTP predominantly via the salvage pathway of uridine and thus 
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viaa CTP synthetase (5). The predominant role of CTP synthetase in malignant tissues 

hass been a strong argument to develop inhibitors of this enzyme, that would have a 

specificc anti-tumour effect with less toxicity for non-malignant tissues. In the 1960's 

andd the 1970's DAU was investigated as a competitive inhibitor of CTP synthetase. DAU 

provedd to have a CTP-depleting effect in various cell-lines of solid tumours (89) and 

hematologicall malignancies (87), and decreased the synthesis of RNA and DNA (89) 

inn tumour cell-lines. However, the clinical application of DAU was disappointing, 

showingg hardly any therapeutic efficacy in clinical trials amongst patients suffering from 

colonn carcinoma (90) and hematological malignancies (91). 

4.3.11 Cyclopenteny l cytosin e (CPEC) 

Inn the 1980 's CPEC (NSC 375575) was developed as a novel cytidine analogue 

(88,92),, in which the furan ring of the ribose sugar was replaced by a cyclopentenyl 

moietyy (figure 4). The molecular weight of CPEC is 239,2 (88). 
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FigureFigure  4; Structure  formula  of  CPEC (left)  and cytidine  (right). 

Thee transmembrane transport of CPEC occurs predominantly by facilitated transport 

(8),, that can be inhibited by uridine and cytidine (8). Subsequently, CPEC is phos-

phorylatedd by the enzyme uridine/cytidine kinase (8, 10, 92). The Km of uridine/cy-

tidinee kinase for CPEC proved to be 196 uM (10), which is higher than the Km for cy-

tidinee (67 uM) (10). However, CPEC proved to inhibit the phosphorylation of cytidine 

byy competitive inhibition with an inhibition constant (Kj) of 144 uM (10). CPEC-

monophosphatee (CPEC-MP) is subsequently phosphorylated by NMP kinase and 
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CPEC-diphosphatee (CPEC-DP) by NDP kinase, to form CPEC-triphosphate (CPEC-TP). 

Noo kinetic data are known concerning NMP kinase and NDP kinase for CPEC-MP and 

CPEC-DP,, respectively, but these enzymes do not seem to be rate-limiting for the for-

mationn of CPEC-TP (8,10). CPEC-TP has been found to be the major metabolite of 

CPECC in myeloid and lymphocytic leukemic cell-lines (6,8,11) and in colon carcinoma 

cell-liness (93), showing a 100-fold higher intracellular concentration of CPEC-TP as 

comparedd with the extracellular concentration of CPEC (8,11). Moreover, in colon car-

cinomaa and leukemic cell-lines, the amount of deaminated CPEC-phosphates (CPEU-

MP/-DP/-TP)) is less than 3% of all the phosphorylated CPEC compounds (8,11,93). 

CPEC-TPP is the only metabolite of CPEC that has the (strong) capacity of inhibiting CTP 

synthetasee at low (submicromolar) concentrations (11). In contrast, only very high con-

centrationss of CPEC-MP and CPEC-DP (325-650 uM) could inhibit CTP synthetase 

(11).. CPEC-TP proved to be a non-competitive inhibitor of CTP synthetase (10,11). 

Afterr removal of the drug from the cells, the inhibitory effect on the CTP concentration 

remainss for 24-96 h, the duration depending of the cell type and incubation time and 

concentrationn (6,8,11,92,93). The half-life of CPEC-TP in a MOLT-4 lymphoblastic cell-

linee was shown to be approximately 9-14 hours (8). The elimination of CPEC can be 

throughh deamination of CPEC into cyclopentenyl uracil (CPEU) (8,94,95), a process 

catalyzedd by cytidine deaminase. CPEU itself has an inhibitory effect on uridine/cyti-

dinee kinase (96,97). However, the affinity of uridine/cytidine kinase is much higher for 

CPECC than for CPEU (96). Although the deamination contributes to the elimination of 

CPECC (94), the majority of the elimination in humans and other mammals is through 

renall clearance (95,98). 

Incubationn experiments with CPEC have shown that CPEC-TP induces a depletion of 

CTPP and dCTP in several cell-lines of solid tumours (colon carcinoma, neuroblastoma, 

glioblastoma)) and hematological malignancies (myeloid and lymphocytic leukemia) 

(6-11,79,93,, 99,100). The decreased concentrations of CTP and dCTP were paralleled 

byy a diminished synthesis of DNA and RNA (6,8) and/or a growth-inhibiting effect 

(6-9,11,79,93,99,100).. It has been shown in a colon carcinoma cell-line that CPEC-TP 

iss incorporated into RNA but not into DNA (93). In mice, CPEC proved to have an anti-

tumourr effect in vivo (7,100,101). The CPEC-induced toxicity in mice could be rever-

sedd by administrating cytidine 4 h after the CPEC-infusion, while the anti-tumour effect 

wass not compromised by the addition of cytidine (100). 

Anotherr application of CPEC proved to be the virostatic effect of this cytidine ana-

loguee against a variety of DNA- and RNA viruses (10) and this virostatic effect could 

35 5 



C H A P T E RR 1 

alsoo be reversed by cytidine and to a lesser extent uridine (10). 

4.3.22 Pharmacokineti c studie s of CPEC 

CPECC has been studied in mice, rats (98), beagle dogs (102) and monkeys (94). In 

beaglee dogs increasing doses (200-800 mg/m2) of CPEC resulted in macroscopic oral 

lesionss and a variety of microscopic changes in lung, heart, blood vessel, lymphoid 

organs,, gastrointestinal tract, liver, pancreas, adrenal glands, testes, prostate and mam-

maryy glands (102). In monkeys, a bolus of 100 mg/m2 of CPEC was well tolerated 

whilee a continuous infusion of CPEC leading to a steady-state plasma concentration of 

1.255 uM resulted in moderate neutropenia only (94). 

CPECC has been studied in humans in a phase I trial in adults suffering from solid 

tumours,, predominantly colon carcinoma (95). The hematological toxicity was dose-

limitingg at steady state plasma concentrations > 2.5 uM and was mild to absent at plas-

maa concentrations < 1.5 uM. The gastrointestinal toxicity was mild to moderate and 

reversible.. The major toxicity in the phase I clinical trial in humans consisted of severe 

cardiovascularr effects that occurred at steady-state plasma concentrations > 1.5 uM 

(95).. Two of the 26 patients deceased of irreversible hypotension, and 3 others expe-

riencedd reversible (orthostatic) hypotension. These symptoms of cardiovascular toxici-

tyy occurred 24-48 h postinfusion, and were characterized by low voltages on the elec-

trocardiogramm (without signs of myocardial infarction) and vigorous ventricular 

contractions.. The symptoms did not respond to intravenous cristalline fluid adminis-

trationn or dopamine in two patients. Post-mortem examination was performed in one 

patient,, revealing subendocardial necrosis (95). The pathogenetic mechanism of the 

cardiovascularr toxicity has not been elucidated yet, but when analyzing the clinical data 

fromm the phase I trial, the symptoms are probably more caused by cardiac toxicity than 

byy a dysregulation of the vascular tone. A biochemical explanation may be that uridi-

ne/cytidinee kinase from human cardiomyocytes has a lower affinity for cytidine com-

paredd with cytidine deaminase. Moreover, cytidine deaminase has a high activity in 

humanhuman cardiomyocytes, resulting in a deamination of cytidine into uridine (Smolenski 

RT,, 1997, personal communication). Therefore, CTP would predominantly be synthe-

sizedd by the salvage pathway of uridine and via CTP synthetase, which would explain 

thee toxicity of CPEC. This hypothesis has still to be confirmed by further experiments, 

andd no data exist concerning the role of high concentrations of cytidine on the salva-

gee pathway and the deamination of cytidine in human cardiomyocytes. A second ex-

planationn for the cardiac toxicity of CPEC results from the observation that rat cardio-
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myoblastss that were treated with CPEC showed an alteration of the cardiolipin meta-

bolism,, which is a major phospholipid in heart cells, and which is an essential element 

off the inner membrane of mitochondria (103). This alteration of cardiolipin metabo-

lismm could be reversed by the addition of cytidine (103). 

4.3.33 Resistanc e to CPEC 

Experimentss have been performed with cell-lines of human (MOLT-4) and murine 

(LI210)) lymphocytic leukemia, with an acquired resistance to CPEC by culturing the 

cellss for several months in the presence of CPEC (104,105). The results concerning 

thee transmembrane transport are contradictory. Both studies provide evidence of a 

higherr mRNA expression and activity of CTP synthetase in the resistant cells as com-

paredd with the wild-type cells, resulting in increased concentrations of CTP and dCTP 

(104,105).. Furthermore, a decreased phosphorylation of CPEC was observed conco-

mitantlyy with a decreased activity of uridine/cytidine kinase, which is compatible with 

feedback-inhibitionn of uridine/cytidine kinase by high concentrations of CTP 

(104,105). . 

4.3.44 Therapeuti c potential s of CPEC 

4.3.4.11 The cytostati c effec t of CPEC 

Ass described previously in this introduction, CPEC can induce a depletion of CTP and 

dCTPP in a variety of malignant cell-lines, resulting in an anti-proliferative effect on 

thesee cell-lines (6-9,11,79,93,99,100). It must be emphasized that most studies have 

shownn a cytostatic rather than a cytotoxic effect The anti-tumour effect has been 

demonstratedd in vivo in mice (7,9,101). After the pharmacokinetic studies had been 

accomplishedd in animals (94,98,102), pharmacokinetics and toxicity was studied in a 

phasee I clinical trial in humans, as was described previously (95). The major toxicity 

consistingg of (fatal) hypotension, occurred after using high doses of CPEC. The num-

berr of patients in this trial was moderate and therefore a dose-dependency of the toxi-

cityy of CPEC could not be established in a statistically reliable way. However, the data 

presentedd by Politi et al. are convincing that at lower doses of CPEC (< 3.0 mg/m2 /h, 

correspondingg to a steady-state plasma concentration of 1.5 uM) the toxicity is low or 

absent.. It would therefore be interesting and useful to study the anti-leukemic effect 

inin vitro at concentrations of CPEC below 1.5 uM, as preclinical studies have shown that 
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CPECC has cytostatic properties using concentrations in the nanomolar range (6-9, 

11,79,93,99,100).. An in vitro CTP- and dCTP-depleting effect of low concentrations of 

CPECC on leukemic cells obtained from patients, resulting in a decreased synthesis of 

RNAA and/or DNA, would provide strong arguments of an in vivo application of CPEC 

4.3.4.22 CPEC as modulato r of araC metabolis m 

Anotherr application of CPEC might be the enhancement of the cytotoxic effects of 

cytarabinee (1-R-D-Arabinofuranosyl cytosine, cytosine arabinoside, araC). This nu-

cleosidee analogue has been widely used for the treatment of acute leukemia for more 

thann three decades (106,107). It constitutes the main drug of virtually all treatment 

protocolss for acute myeloid leukemia (AML) in both adults and children, and has also 

provenn it's benefit in precursor-B acute lymphocytic leukemia (ALL) and T-ALL (108). 

Dependingg on the treatment protocols, different dosages of araC are used. One can 

distinguishh low-dose (LD-AraC) regimens, applying doses of 75-100 mg/m2, from 

high-dosee (HD-AraC) regimens where 1-3 g/m2 are used. In both regimens araC has 

aa cytotoxic effect, which is due to an inhibition of DNA synthesis (109-111). The cyto-

toxicc effect depends on several intra- and extracellular mechanisms, each of them in-

fluencingg the metabolization of the administered (pro)drug araC into the active comp-

oundd araC-triphosphate (araCTP). After having been administered, araC can be subject 

too deamination and thus inactivation in the liver (112), with subsequently renal elimi-

nation.. On the other hand, araC can be taken up by the target cells and other host 

cells,, which occurs primarily by facilitated transport (113,114). AraC is subsequently 

metabolizedd into araCTP by three consecutive phosphorylating steps, catalyzed by 

deoxycytidinee kinase (dCK), NMP and NDP kinase, respectively (figure 5). The first 

enzymee (dCK) seems to be rate-limiting in human leukemic cells (66). The phospho-

rylationn of araC into araCTP can be counteracted by the enzyme (deoxy)cytidine 

deaminase,, which converts araC into araU, and deoxycytidylate (dCMP) deaminase, 

whichh converts araCMP into araUMP (figure 5). AraCTP is eventually incorporated into 

DNAA (figure 5) as a deoxynucleotide-analogue, where it exerts it's cytotoxic properties 

byy inhibiting DNA replication by interfering with the process of DNA-chain elongation 

(110).. Furthermore, araCTP has been shown to inhibit DNA polymerase alpha (115) 

andd beta (116), although in a previous study doubt has been raised whether this inhi-

bitionn contributes much to the cytotoxicity of araC (117). Moreover, high concentra-

tionss of araCMP in association with the presence of a Regulatory Protein C have been 

shownn to inhibit DNA polymerase alpha in samples of HL-60 (118). Finally, high con-
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centrationss of araCTP may inhibit DNA-repair mechanisms (119). 
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FigureFigure  5: 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  DNA-

polymerasepolymerase  (2). NMP kinase  (3) and NDP kinase  (4) catalyze  the second  and third  phosphory-

lationlation  step  of  araC. Phosphatases  (5), deoxycytidine  deaminase  (6) and dCMP deaminase  (7) 

areare catabolic  enzymes  of  the araC metabolism. 

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

adversee clinical outcome (121). Various mechanisms of resistance have been postu-

latedd among which an increased hepatic (112) and intraleukemic deaminating activi-

tyy (122), a decreased dCK activity (123-125), a decreased formation or retention of 

araCTPP (107,123,126) and a decreased incorporation of araCTP into DNA (109). 

dCKK is considered as the rate-limiting enzyme for the phosphorylation of araC (114) 

andd the enzyme is inhibited by deoxycytidine triphosphate (dCTP) (114,127) and to 

aa minor extent by araCTP (128). Moreover, dCTP competes with araCTP for the incor-

porationn into DNA (115). As mentioned previously, dCTP can be either synthesized via 

thee salvage pathway of deoxycytidine or can be indirectly synthesized from CTP via 

ribonucleotidee reductase. Inhibition of CTP synthetase by CPEC results in a depletion 

off CTP and dCTP pools. Thus, by lowering the dCTP concentration, the formation of 

cytotoxicc araC metabolites may be enhanced, which has been shown in a human colon 

carcinomaa cell-line and a murine leukemic cell-line (9,128,129). 
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55 AIMS AND SCOPE OF THE STUDY 

Inn this study, the analysis of the pyrimidine ribonucleotide metabolism is described in 

sampless of children suffering from precursor-B ALL, T-ALL and AML and of lymphocy-

ticc and myeloid leukemic cell-lines. The emphasis was laid on the synthesis of CTP 

becausee it has previously been shown that in leukemic cells the balance in ribonu-

cleotidee concentrations has been shifted towards CTP, as compared with non-malig-

nantt cells. Moreover, strong indications suggest that the increase in CTP concentration 

inn tumour cells is predominantly due to a high activity of the enzyme CTP synthetase. 

Forr these reasons, one of the principal aims of this study was to determine the activi-

tyy of CTP synthetase in leukemic cells obtained from children with ALL or AML. This 

knowledgee would be essential information, because inhibition of a high activity of CTP 

synthetasee could provide a new therapeutical target in order to decrease the pools of 

CTPP and dCTP and the synthesis of RNA and DNA in these leukemic cells. To date, the 

inhibitoryy effect of CPEC on CTP synthetase has been described only for leukemic cell-

lines,, but never for samples of patients suffering from ALL or AML Therefore, the in 

vitrovitro effect of CPEC on the synthesis of pyrimidine (deoxy)ribonucleotides was inves-

tigatedd in samples obtained from patients with leukemia. A CTP- and dCTP depleting 

effectt of CPEC on these leukemic cells, using low CPEC concentrations (<1.5 uM) as 

comparedd with the steady state plasma concentrations (1.5-3 uM) that were accom-

paniedd with toxicity in the phase I trial, would provide arguments for a clinical applica-

tionn of CPEC. 

Inn chapter 2, the activity of CTP synthetase in the various non-malignant blood 

cells,, that were isolated from healthy volunteers, is described. These investigations pro-

videe information about the enzyme activity in the non-malignant and differentiated 

bloodd cells, that can be compared with the activity of CTP synthetase as observed in 

thee malignant and immature leukemic cells. In chapter 3 and 4, the activity of CTP syn-

thetasee in samples of children with ALL is reported in comparison with the CTP syn-

thetasee activity as measured in resting and proliferating lymphocytes and in non-malig-

nantt CD34+ bone marrow fractions. The CD34+ bone marrow cell population 

representss non-malignant cells at a comparable stage of differentiation as leukemic 

cells.. A higher activity of CTP synthetase in the leukemic cells as compared with the 

non-malignantt CD34+ cells would provide further evidence in favour of a transforma-

tion-relatedd increase of the activity of CTP synthetase in leukemic cells. Knowledge 

aboutt the enzyme activity in proliferating lymphocytes could provide arguments to dif-

ferentiatee between a high activity of CTP synthetase in leukemic cells, that is either due 
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too proliferation or to immaturity, as leukemic cells have both characteristics, while proli-

feratingg T-lymphocytes are mature cells. In chapter 4 the concentrations of the various 

ribonucleotidess are reported for the ALL samples and related to the activity of CTP syn-

thetase.. Furthermore, a correlation between the enzyme activity and the mRNA expres-

sionn of CTP synthetase was investigated in ALL samples. In chapter 4 and 5, the in vitro 

CTP-depletingg effect of CPEC is described on samples of children suffering from ALL 

andd AML, using concentrations that are below the steady-state plasma concentrations, 

thatt were sometimes accompanied with signs of toxicity in vivo in adults with solid 

tumours.. By studying fluxes of radiolabeled uridine in the patients' ALL samples, it was 

demonstratedd for the first time in patients' samples that CTP synthetase was inhibited 

inin situ by CPEC. In chapter 6, the results are described concerning the increased for-

mationn of araC metabolites, the increased incorporation of araCTP into DNA and the 

longerr retention of araCTP by a preincubation with CPEC in a MOLT-3 T-lymphoblastic 

cell-line.. These investigations confirmed our hypothesis that a decreased concentration 

off dCTP would increase the anabolism of araC. The consequences of an incubation of 

culturedd lymphoblasts with CPEC in terms of cell survival are reported in chapter 7. In 

thiss part of the thesis the process of apoptosis caused by CPEC is described for MOLT-

33 cells. Apoptosis or "programmed cell-death" is the intracellular cascade of processes 

leadingg to a characteristic type of cell-death. The cytotoxic effects of many chemothe-

rapeuticc drugs culminate in the induction of apoptosis. The knowledge whether CPEC 

iss also capable of inducing apoptosis is important, because until recently only the cyto-

staticc effect of CPEC has been highlighted, while few data exist concerning the cyto-

toxicityy of CPEC. In chapter 7, the synergistic effect of CPEC and araC on the process 

off apoptosis in MOLT-3 cells is described, confirming our hypothesis that CPEC may 

increasee the cytotoxicity of araC. In chapter 8 the effects of a preincubation with CPEC 

onn the araC metabolism on samples of a myeloid leukemic cell-line and on samples 

off patients suffering from AML are presented. In chapter 9, the effects of a preincuba-

tionn of CPEC on the formation of araC metabolites, on the incorporation of araCTP into 

DNAA and on the inhibition of DNA synthesis in leukemic samples from pediatric 

patientss with ALL are reported, providing evidence that CPEC may also alter the meta-

bolismm of araC in these patients'samples. Finally, in chapter 10, the conclusions of the 

investigationss are summarized and recommendations are given for the future. 
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SUMMARY Y 

Cytidinee triphosphate (CTP) synthetase is one of the key-enzymes in the pyrimidine 

nucleotidee anabolic pathways. The activity of this enzyme is increased in various malig-

nanciess including acute lymphocytic leukemia (ALL). In this study we investigated the 

activityy of CTP synthetase in various human blood cells isolated from healthy volun-

teerss by density centrifugation and elutriation centrifugation. We also investigated the 

mRNAA expression of CTP synthetase in lymphocytes and monocytes. The highest acti-

vityy of CTP synthetase was found in thrombocytes (6.48 nmol CTP/mg/hr), followed 

byy that of monocytes (2.23), lymphocytes (1.69), granulocytes (0.52) and erythrocy-

testes (0.42). The activity of CTP synthetase in whole blood samples was intermediate 

(1.27).. The mRNA expression of CTP synthetase in monocytes was comparable to that 

observedd in lymphocytes. 
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INTRODUCTION N 

CTPP synthetase (EC 6.3.4.2) catalyzes the formation of CTP from uridine triphosphate 

(UTP)) with the concomitant deamination of glutamine to glutamate. CTP synthetase is 

regardedd as the rate-limiting enzyme for the synthesis of CTP via both the pyritnidine 

nucleotidee de novo pathway and the uridine salvage pathway. In addition, CTP can also 

bee synthesized directly via the cytidine salvage pathway catalyzed by uridine/cytidine 

kinasee and nucleoside mono- and diphosphate kinases (figure 1). 

Cytosinee nucleotides play an essential role in various metabolic processes, inclu-

dingg the synthesis of membrane phospholipids and the intracellular signal transduction 

pathways.. Furthermore, cytosine nucleotides provide the necessary precursors for the 

synthesiss of RNA and DNA. Tumour cells in general exhibit a high need for nucleotides 

ass the overall cell metabolism is enhanced to facilitate cell proliferation. Therefore, the 

activitiess of many anabolic key-enzymes controlling the purine and pyrimidine meta-

bolismm are increased in tumour cells compared to non-malignant cells (1). The activi-

tyy of CTP synthetase proved to be closely related to cellular proliferation in malignant 

andd certain non-malignant tissues (1). In addition the activity in tumour cells was sub-

stantiallyy higher compared to their non-malignant counterparts with an equal prolife-

rationn rate (1). Therefore, the increased activity of CTP synthetase in tumour cells 

seemss to be linked not only to the proliferation rate of the cells, but also to the pro-

cesss of malignant transformation (1). CTP synthetase activity has been measured in 

variouss malignant tissues in humans and animals and a high activity has been found 

inn rat hepatoma, human renal cell carcinoma, Hodgkin's disease and some types of 

Non-Hodgkinn lymphoma (1-3). The enzyme activity was also found to be increased in 

leukemicc cells of adults with ALL (3). This observation is in line with an in situ study of 

fluxess of radiolabeled uridine and cytidine in a MOLT-3 lymphoblastic cell line (4), 

demonstratingg that the preferential pathway for the synthesis of CTP proved to be via 

CTPP synthetase, whereas proliferating non-malignant T-lymphocytes (with an equal 

proliferationn rate) predominantly utilized the cytidine salvage pathway for the synthe-

siss of CTP (4). In a previous study we studied the enzyme activity in leukemic cells of 

childrenn with ALL, and showed the presence of a high CTP synthetase activity in these 

lymphoblastss (6.76 nmol CTP/mg protein/hr) compared to non-malignant quiescent 

lymphocytess (1.69 nmol CTP/mg protein/hr) (27). Since the enzyme activity seems 

too be specifically increased in malignancies, CTP synthetase might be an attractive tar-

gett for a new therapeutic approach. Inhibitors of CTP synthetase have been developed 

andd proved to have a growth-inhibiting effect on several malignant cell-lines, amongst 
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otherss an acute non-lymphocytic leukemia (ANLL) cell-line (5) and a T-lymphocytic 

leukemicc cell-line (6). 
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FigureFigure  1. A schematic  overview  of  pyrimidine  de novo  synthesis  and salvage  pathways. 

ClutamineClutamine  is  a pyrimidine  precursor,  which  can be metabolized  via  several  steps  into  UMP, 

whichwhich  in  turn  can be phosphorylated  to  UDP and UTP. CTP synthetase  (nr.  1 in  the figure)  cata-

lyzeslyzes  the conversion  of  UTP into  CTP (predominant  pathway  in  various  malignancies).  The right 

trunktrunk  represents  the cytidine  salvage  pathway,  where  cytidine  is  phosphorylated  into  CTP by 

threethree  consecutive  steps,  catalyzed  by uridine/'cytidine  kinase  (nr.  2), nucleoside  monophos-

phatephate  kinase  (nr.  3) and nucleoside  diphosphate  kinase  (nr.  4). 

Ribonucleotidee concentrations have been determined in the various non-malignant 

bloodd cell types (7). The highest CTP concentrations were found in monocytes and 

(eosinophilic)) granulocytes, an intermediate concentration in lymphocytes and a very 

loww CTP concentration in erythrocytes and platelets (7). So far, the activity of CTP syn-

thetasee in normal non-malignant blood cells has not been studied in detail. Therefore, 

wee determined the activity of CTP synthetase and mRNA expression in various blood 

cellss from healthy volunteers. The level of enzyme activity in the various cell types 

mightt indicate to some extent the degree of expected toxicity of inhibitors of CTP syn-

thetasee on these cell types. 
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MATERIALL AND METHODS 

Chemical s s 

Alll chemicals were of analytical grade. Percoll was purchased from Pharmacia (Uppsala, 

Sweden).. NaH2P04, K2C03, HCIO4, Tris, L-glutamine, EGTA, MgCI2, D-glucose, triso-

diumcitrate,, NH4CI, KHCO3 were obtained from Merck (Darmstadt, Germany). 

Phosphoenolpyruvatee (PEP), pyruvate kinase, dithiotreitol were purchased from 

Boehringerr Mannheim GmbH Biochemica (Mannheim, Germany). Phenylmethyl-

sulphonyll fluoride, ATP, UTP, GTP, CTP, and BSA were obtained from Sigma Chemicals 

Coo (St. Louis, MO, USA). Isoton was obtained from Coulter Diagnostics (Krefeld, 

Germany)) and Triton X-100 and saponine were obtained from BDH Biochemicals 

(Poole,, England). CD 11 b microbeads for magnetic cell sorting were purchased from 

Miltenyii Biotec (Bergisch Gladbach, Germany). The human plasma solution was obtai-

nedd from CLB (Amsterdam, The Netherlands). 

Isolatio nn of bloo d cell types 

Bloodd samples of five healthy donors were separated by Percoll density centrifugation. 

AA Percoll 1.077 g/ml solution was made by the following procedure: 7.5 ml of a 1.44 

MM NaCl-0.1 M NaH2P04 solution was added to 92.5 ml Percoll (1.13 g/ml). Of this 

solutionn 57.2 ml was added to 10 ml of human plasma solution, 10 ml of 147 mM tri-

sodiumcitratee (Na3C6H507) and 22.8 ml phosphate buffered saline (PBS) (140 mM 

NaCl,, 9.2 mM Na2HP04, 1.3 mM NaH2P04) yielding a final pH, density and osmo-

larityy of the Percoll solution of 7.4, 1.077 g/ml and 290 mOsm, respectively. After col-

lectionn the EDTA-anticoagulated blood samples of 5 healthy volunteers were diluted 

1:11 with "supplemented PBS"", pH 7.4, containing 140 mM NaCl, 9.2 mM Na2HP04, 

1.33 mM NaH2P04, 5 mM glucose, 0.2% (w/v) bovine serum albumin, 13 mM triso-

diumcitrate,, 5 mM EDTA. The diluted cell suspension was centrifuged at 200 g at room 

temperaturee for 10 min, after which the platelet-enriched plasma was discarded. The 

remainingg cell pellet was again diluted 1:1 with the "supplemented PBS" and was care-

fullyy layered on top of a 1.077 g/mL Percoll solution with a 2:1 volume ratio. After cen-

trifugationn at 800 g at room temperature for 20 min, the interphase containing the 

mononuclearr cells was collected, diluted with "supplemented PBS" to a final volume 

off approximately 12 ml and centrifuged at 800 g for 8 min. The pellet was resuspen-

dedd in 5 ml icecold lysis buffer (8.29 g/L NH4CI, 1.0 g/L KHCO3, 37.2 mg/L EDTA, pH 
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7.4)) in order to lyse the contaminating erythrocytes. After 5 minutes of lysis, 9 ml of 

coldd ) "supplemented PBS" was added and the solution was centrifuged at 200 g 

att C for 8 min. The cell pellet was washed once with "supplemented PBS" and a 

secondd time with PBS containing 5 mM glucose, and the final cell pellet was resus-

pendedd in PBS containing 5 mM glucose. Cells were counted with a Coulter Counter 

ZFF cellcounter, in isoton solution, which contained 3.3 * 10"5 % (v/v) Triton X-100 and 

6.77 * TO"3 % (w/v) saponine for the counting of granulocytes, lymphocytes and mono-

cytes. . 

Thee mononuclear cell suspension was further separated into monocytes and lym-

phocytess by magnetic cell sorting (MACS, Miltenyi, Germany) using anti-CD 11 b mono-

clonall MACS beads (8,9). The cells, that were bound to the coiumn in the magnetic 

field,, consisted of monocytes and the unbound eluting cells were the lymphocytes. 

Granulocytess were isolated by lyzing twice the erythrocytes of the cell pellet, obtained 

afterr centrifugation of the blood sample on Percoll, as described above. The solution 

wass centrifuged at 200 g at 4 C for 5 min. and the resulting pellet was washed once 

withh "supplemented PBS" and once with PBS containing 5 mM glucose. Viability of the 

variouss cell types was assessed by the trypan blue exclusion test (10) and cell purity 

wass assessed by microscopic examination of cytospin preparations stained with Jenner 

Giemsa. . 

Inn addition to these five purified monocyte, lymphocyte and granulocyte samples, 

bloodd cell types (monocytes, lymphocytes, granulocytes, erythrocytes and thrombocy-

tes)) were isolated from the buffy coats of additional 8 healthy adult blood donors by 

aa Percoll density (1.077 g/ml) centrifugation step followed by elutriation centrifugation 

(11). . 

Afterr separation, cell samples for the determination of the CTP synthetase activity 

(5-100 * 106 cells) were shortly centrifuged (11000 g, , 7 sec), after which the 

supernatantt was discarded and the cells were frozen in liquid N2 and stored at C 

CTPP synthetas e assay 

Cellss were solubilized by sonicating three times (10 sec, output 8.5 Watt, Vibracell, 

Sonicss & Materials, Inc., Danbury, Massachusetts, USA) at a concentration of 30 * 106 

cells/mll for monocytes, 40 * 10^ cells/ml for granulocytes and lymphocytes, 200 * 

1066 cells/ml for erythrocytes, 500 * 106 cells/ml for full blood and 1 * 109 cells/ml 

forr thrombocytes in a buffer containing 35 mM TrisMops (pH 7.9), 1 mM EGTA, 2.5 

mMM phenylmethylsulphonyl fluoride and 10 mM dithiotreitol. The samples were kept 
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onn ice, after which the homogenate was centrifuged and the CTP synthetase activity 

wass measured in the supernatant by the method described by Van Kuilenburg et al. 

(12). . 

Usingg this assay, the nucleoside triphosphates were separated by anion-exchange 

highh performance liquid chromatography (HPLC), on a Whatman Partisphere SAX 4.6 

** 125 mm column (5 urn particles) and Whatman 10 * 2.5 mm SAX guard column, 

underr isocratic elution conditions using a 0.594M NaH2P04 (pH 4.55) buffer at a flow 

ratee of 1 ml/min. The retention times were 2.9, 4.2, 5.1 and 6.9 minutes for UTP, CTP, 

ATPP and GTP, respectively. Response factors were calculated using an external standard 

containingg these compounds. The detection of the ribonucleotides was performed at 

aa wavelength of 280 nm (12). The HPLC system consisted of a Gilson 231 XL and 402 

samplingg device, a Perkin Elmer Binary LC 250 pump, a model 480 Waters LambdaMax 

LCC Spectrophotometer, a Nelson 900 series Interface and Nelson PC Integrator 

Softwaree (version 5.1.5). 

Thee protein content of the cell homogenate was determined using the modified 

Lowryy method (13) with bovine albumin as the standard. 

Preparatio nn of RNA and hybridisatio n condition s 

Totall cellular RNA was isolated with the guanidinium thiocyanate method (14). RNA 

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

dee gel using standard conditions (15) and transferred to a Qiabrane filter, which was 

incubatedd overnight in a buffer containing 1.5 M NaCl and 0.15 M Na3C5H507, pH 

7.0.. Fixating of the RNA was performed by baking at C for 2 h. The Northern blots 

weree hybridised to 32P-CTP labelled probes, obtained via random priming labeling. 

Thee human CTP synthetase 5' probe consisted of the Hindlll-EcoRI fragment from the 

pBluescriptt SK- plasmid coding for the nucleotides 1-712 of the cDNA sequence. The 

glyceraldehyde-3-phosphatee dehydrogenase probe containing the full length coding 

regionn consisted of the 1.4 kb EcoRI-Hindlll fragment cloned in a pBlue-script SK- pla-

smid.. The Northern blots were prehybridised at C for 30 min in the presence of 0.5 

MM Na2HP04 (pH 7.2), 7% SDS and 1 mM EDTA. Hybridisation of the Northern blots 

withh the radiolabelled cDNA probes was performed in the presence of single stranded 

herringg testis DNA at a final concentration of 100 ug/ml at 65 C for 16 h. The filters 

weree washed twice with SSC (0.15 M NaCl; 0.015 M Na3C6H507 , pH 7.0) at C for 

200 min. Signals corresponding to either CTP synthetase or GAPDH expression were 

quantifiedd using a phosphoimager (Molecular Dynamix). 
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Statistic s s 

Thee differences between the mean activities of CTP synthetase of the various blood 

cellss were analyzed by the non-parametric Mann-Whitney test for 2 independent sam-

ples,, using the Statistical Package for the Social Sciences (SPSS 6.0.1 software version). 

RESULTS S 

Thee specific activity of CTP synthetase, expressed as nmol CTP/mg protein/hr  1 SD, 

whichh is independent of cell volume, showed the highest value in thrombocytes (6.48 

 0.64, n=8), followed by monocytes (2.23  1.97, n=l 1), lymphocytes (1.69  0.92, 

n=13),, granulocytes (0.52  0.35, n=13) and erythrocytes (0.42  0.20, n=8) (figu-

ree 2). A large variation was observed in all cell types, except thrombocytes. Regarding 

thee mean specific activity of each cell type (figure 2), significant differences exist 

betweenn thrombocytes on the one hand and monocytes (p=0.0007), lymphocytes 

(p=0.0001),, granulocytes (p=0.O002) and erythrocytes (p=0.0008) on the other 

hand,, and between monocytes on the one hand and granulocytes (p=0.0059) and 

erythrocytess (p=0.0064) on the other hand and between lymphocytes on the one 

handd and granulocytes (p=0.0001) and erythrocytes (p=0.0002) on the other hand. 

However,, the differences between lymphocytes and monocytes, and between granu-

locytess and erythrocytes are not statistically significant. 

8 .. P - 0 . 0 0 8 
^ 0 0 

V V 
?•--
c. . 

5 --

È È 

< < 
1111 3 -

So o 

( ( 

^ _ „„ , , ^» 
• • •• • 

- • —— 6.48 • • 
•• • 

PP < 0.001 * . 

^^ w • 

••• • 
• • 2.23 3 

••• • 
## ^-a.  1.69 

•• • • • • •* 
-ffc-0.422 - i l 0 - 5 2 •• • " 

)) 1.05 

Bloodd Erythrocytes Granulocytes Lymphocytes Monocytes Thrombocytes 
(n«S)) (n-8) <n=13) (n-13) (n-11) <n«8) 

60 0 



C T PP S Y N T H E T A S E A C T I V I T Y I N H U M A N B L O O D C E L L S 

AA Figure  2. The CTP synthetase  activity  of  the various  blood  cells  expressed  as nmol  CTP/mg 

protein/hr.protein/hr.  The arrows  with  p-values  represent  the major  significant  differences  of  CTP syn-

thetasethetase  activity  between  several  cell  types. 

Thee CTP synthetase activity in non-separated full blood samples yielded an inter

mediatee enzyme activity of 1.27  0.17 nmol CTP/mg protein/hr (n=5)f compared to 

thee activity of CTP synthetase in the separated cell types. This phenomenon is in accor

dancee with the blood cell distribution and the relative contribution of each cell type to 

thee estimated CTP synthetase activity in full blood. 

Purifiedd lymphocytes and monocytes obtained from 4 healthy volunteers were stu

diedd by Northern blot analysis. CTP synthetase mRNA expression was related to gly-

ceraldehyde-3-phosphatee dehydrogenase (GAPDH) mRNA as a marker of total cellu

larr mRNA expression. This ratio showed a similar mRNA expression of CTP synthetase 

inn both lymphocytes (mean CTPS/GAPDH ratio of 3.23  0.32) (mean  1SD, expres

sedd in arbitrary units) and monocytes (3.20  0.27) (figure 3), which is in line with 

thee equality of specific activity of CTP synthetase in both cell types. 

DISCUSSION N 

Majorr differences exist in the CTP synthetase activity of the various blood cell types of 

healthyy blood donors. The lowest CTP synthetase activity was observed in erythrocy

tes,, which is compatible with the fact that cytosine ribonucleotides are hardly detecta

blee in these cells (7), and that erythrocytes do not contain either a nucleus or mito

chondriaa (16). Lacking the facilities and the needs for DNA- and RNA-synthesis, mature 

erythrocytess probably do not need high levels of CTP. Surprisingly, a high CTP synthe

tasee activity was observed in platelets, which seems to be in apparent contrast with the 

loww CTP concentration (12 pmol/107 cells) that has been found in platelets (7). 

However,, it should be noted that the cell volume of platelets is much smaller compa

redd to that of leukocytes. When expressed per ug of protein, and thus independent of 

celll number and cell volume, a significant amount of CTP (0.31 pmol CTP/ug protein), 

appearss to be present in platelets, which is still lower than the CTP-concentration in 

lymphocytess (0.52 pmol CTP/ug protein) (7). The ratio of 0.6 of the CTP concentra

tionss in platelets and lymphocytes observed by De Korte et al. is much lower than the 

ratioo of 3.8 of the CTP synthetase activity of platelets and lymphocytes observed in our 

study.. However, in lymphocytes the synthesis of CTP occurs predominantly via the sal-
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vagee of cytidine and not via CTP synthetase (4). 

FigureFigure  3: Northern  blot  analysis  of  CTP synthetase  mRNA expression  compared  to  CAPDH-

mRNA.mRNA.  Each lane represents  either  mRNA isolated  from  lymphocytes  (L) or  monocytes  (M) of  4 

differentdifferent  donors.  The ratio  of  CTP synthetase  versus  CAPDH mRNA is  similar  in  monocytes  and 

lymphocytes. lymphocytes. 

Severall hypotheses may exist for a high CTP synthetase activity and a high CTP-turn-

overr in platelets. Firstly, the CTP synthetase activity, that we observed in anucleated pla

telets,, might be a remaining activity of the precursors of platelets, i.e. megakaryocytes, 

thatt do contain a nucleus. This hypothesis is in line with the observed short decay of 

thee mRNA encoding for CTP synthetase (24-48 hours) (17) and the relatively long 

lifespann of platelets (9-13 days) (18). Secondly, CTP might be rapidly utilized for the 

CTP-dependentt production of certain phospholipids, like phosphatidylcholine and 

phosphatidylethanolaminee (19,20), that are continuously being synthesized in plate

letss (21). Finally, although the fact that platelets do not contain a nucleus, it was 

demonstratedd that platelets contain 4 molecules of mitochondrial DNA per cell (16), 

andd proved to be capable of mitochondrial DNA- and RNA-synthesis (1), and therefo

ree require (deoxy)ribonucleotides. 
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Whetherr a high activity of CTP synthetase in platelets predicts an increased or decre

asedd susceptibility towards inhibitors of CTP synthetase, remains the question. In two 

differentt lymphoblastic cell-lines, resistance to the CTP synthetase inhibitor cyclopen-

tenylcytosinee (CPEC) was associated with a higher activity of CTP synthetase (23,24). 

Thiss might be in line with the phase I clinical trial with CPEC, where only a mild throm

bocytopeniaa was observed with the highest CPEC plasma concentration (25). In con

trast,, the incubation of leukemic samples of pediatric patients with CPEC showed a sig

nificantt linear correlation between the activity of CTP synthetase in these leukemic cells 

andd the sensitivity to CPEC, as measured by the degree of CTP depletion (26). 

Thee low CTP synthetase activity in granulocytes was surprising. Their nucleotide 

contentt per 10^ cells and per mg protein is comparable to the other types of leuco

cytess (7). Granulocytes certainly have high ribonucleotide needs in order to fulfil their 

RNA-synthesizingg duties, as granulocytes produce various proteolytic proteins. 

Probably,, granulocytes synthesize CTP predominantly by means of the cytidine salva

gee pathway and hardly require the CTP synthetase pathway. Whether or not this salva

gee pathway is also preferred by myeloid precursors in the bone marrow, remains to be 

determined.. The haematologic toxicity in the phase I trial with CPEC (25) showed only 

moderatee neutropenia with the higher treatment dosages, which might be in agree

mentt with a low CTP synthetase activity. 

Thee high CTP synthetase activity found in monocytes is in agreement with the rela

tivelyy high CTP concentration found in monocytes (7). However, the wide variation in 

enzymee activity is remarkable. This interperson variation might indeed exist, but we 

cannott rule out the possibility that this variation has been caused by a temporary in

creasee in enzyme activity, due to in vivo activation or to ex vivo activation, as monocy

tess might easily become activated during the isolation process. 

Activationn is probably not the sole explanation for the observed variation in CTP 

synthetasee activity in lymphocytes, for the enzyme activity is not as high as the activi

tyy of CTP synthetase that we observed in T-lymphocytes isolated from healthy donors, 

andd activated in vitro by anti-CD3 monoclonal antibody and 11-2 stimulation (27). The 

meann enzyme activity in these proliferating T-lymphocytes was 5.0 nmol CTP/mg pro-

tein/hr. . 

Soo far, the mRNA expression of CTP synthetase has never been published. The obser

vedd mRNA expression in monocytes is equal to that measured in lymphocytes, which 

iss in agreement with the fact that the activity of CTP synthetase is comparable in both 

celll types. 
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Thee CTP synthetase activity of all types of blood cells, except thrombocytes, proved to 

bee much lower than the CTP synthetase activity that was observed in leukemic cells of 

childrenn with ALL (6.8 nmol/mg/h) or ANLL (5.3 nmol/mg/h) (27,28), which might 

implyy a low toxicity of inhibitors of CTP synthetase on leukocytes. In a clinical trial with 

CPECC (25), it was shown that the overall haematologic toxicity was only mild to mode

rate.. Unfortunately, no information is available about the CTP synthetase activity in non-

malignantt bone marrow (BM) cells, and thus the potentially toxic effect of CPEC on 

humann BM. Large quantities of BM samples are necessary to measure the activity of 

CTPP synthetase in the various BM cell types, and these quantities are not easy to obtain. 

Thee in vitro proliferation inhibitory effect of CPEC on human BM cells has been studied 

(29)) showing that CPEC concentrations, that induced a (reversible) neutropenia in vivo 

(25),, inhibited the process of myeloid colony forming units (CFU) in vitro (29). Lower 

CPECC concentrations might have a mild or no myelotoxic effect, but a sufficient thera

peuticc anti-leukemic effect. The large differences in CTP synthetase activity between 

malignantt and non-malignant blood white blood cells (27) suggest that inhibition of 

CTPP synthetase may provide a new therapeutic approach for the treatment of children 

withh either ALL or ANLL. 

Concluding,, this report is the first to describe the CTP synthetase activity and mRNA 

expressionn in the various blood cells. Thrombocytes proved to have a high CTP syn

thetasee activity, reflecting their high needs for cytosine ribonucleotides. In the leuco

cytess the enzyme activity is low, reflecting a low CTP requirement or a preference for 

thee cytidine salvage pathway. Finally, the mRNA expression of CTP synthetase is simi

larr in lymphocytes and monocytes. 
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INTRODUCTION N 

Childrenn suffering from acute lymphoblastic leukemia (ALL) possess an increased con

centrationn of cytidine triphosphate (CTP) in their lymphoblasts compared to resting 

lymphocytess (1). This might be due to either an enhanced flux through the pyrimidi-

nee de novo and/or uridine salvage pathway or to an increased flux through the cytidi

nee salvage pathway. By studying ribonucleotide fluxes in a MOLT-3 lymphoblastic cell 

linee it has been shown that the increased CTP concentration is the result of an enhan

cedd activity of CTP synthetase (CTPS) (2). We now analyzed the in vitro CTPS activity 

inn lymphoblasts of children with ALL If increased, CTPS might be inhibited by drugs 

likee cyclopentenyl cytosine (CPEC). 

PATIENTSS AND METHODS 

Celll  isolatio n 

Thee CTPS activity was measured in lymphoblasts of 16 pediatric patients with ALL at 

diagnosiss and compared with proliferating and quiescent lymphocytes. Leukemic cells 

weree obtained by bonemarrow aspiration of the posterior iliac crest or by venapunctu-

ree in case of a white blood cell count exceeding 100 * 106 mononuclear cells/ml. The 

materiall was anticoagulated by EDTA. After collection, the cell suspension was diluted 

1:11 with a "supplemented phosphate-buffered saline" (supplemented PBS) solution 

(9.22 mM Na2HP04, 1.3 mM NaH2P04r 140 mM NaCl, 5 mM glucose, 0.2% bovine 

serumm albumin, 13 mM trisodiumcitrate and 5 mM EDTA, pH 7.4) and centrifuged (200 

g,, 10 min) after which the platelet-enriched plasma was discarded. The remaining cell 

pellett was again diluted 1:1 with supplemented PBS and was carefully layered on top 

off a 1.077 gr/mL Percoll solution with a 2:1 volume ratio. After centrifugation for 20 

minutess at 800 g the interphase was collected and washed with supplemented PBS, 

afterr which the pellet was resuspended in 5 ml icecold erythrocyte-lysis buffer (8.29 

gr/LL NH4CI, 1.0 gr/L KHCO3, 37.2 mg/L EDTA, pH 7.4); after 5 minutes of lysis 9 ml 

off supplemented PBS was added. The cells were washed twice and the final cell pel

lett was resuspended in a buffer containing PBS (9.2 mM Na2HPC>4, 1.3 mM 

NaH2P04,, 140 mM NaCl, pH 7.4) and 5 mM glucose. Cells were counted with a Coulter 

Counterr ZF cellcounter. Viability was assessed by the trypan blue exclusion test and cell 

purityy was assessed morphologically by Jenner Giemsa staining and light microscopy. 
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Lymhocytess were isolated in the same way, but after collection of the mononuclear 

cells,, lymphocytes were purified by magnetic cell sorting (Miltenyi, Germany), using 

CD11 lb microbeads or the pan-T isolation microbeads, and washed with PBS supple

mentedd with 5 mM glucose. Proliferation of lymphocytes was achieved using round-

bottomm culture plates coated with anti-CD3 monoclonal antibody (CLB 16A9, 1:1000, 

44 hr, , after which lymphocytes were cultured for 72 hours in RPMI 1640 con

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

ug/mll gentamycine, 0.125 ug/ml amphotericin B, 2 mM glutamine, 100 uM fê-mer-

captoethanoll and 50 U/ml 11-2. 

CTPP synthetas e assay 

Thee enzyme activity was measured by the method described by Van Kuilenburg (3) et 

al.al. Briefly, a cell homogenate was obtained by sonication, after which the homogena-

tee was centrifuged and the supernatant was used for the assay. The protein content of 

thee supernatant was determined with a modified Lowry method (4). 

Thee assay-mixture contained 1 mM UTP, 4 mM ATP, 10 mM glutamine, 1 mM GTP, 

200 mM MgCl2, 17 U/ml pyruvate kinase, 15 mM PEP, 10 mM dithiotreitol, 2.5 mM 

phenylmethylsulphonyll fluoride, 1 mM EGTA. After a 10 minute preincubation, the 

assay-mixturee and cell homogenate were coïncubated for 2 hours, after which the 

nucleosidee triphosphates were extracted by 0.55 N perchloric acid and neutralized with 

0.355 M K2CO3. The nucleoside triphosphates were separated by anion-exchange high 

performancee liquid chromatography (HPLC), under isocratic elution conditions using a 

0.5944 M NaH2P04 buffer, pH 4.55. The retention times were 2.90, 4.15, 5.05 and 

6.855 minutes for UTP, CTP, ATP and GTP respectively. Response factors were calcula

tedd using an external standard solution containing authentic nucleotides UTP, CTP, ATP 

andd GTP. Absorption was measured at a wavelength of 280 nm. 

Thee HPLC system consisted of a Gilson 231 XL and 402 sampling device, a Perkin 

Elmerr Binary LC 250 pump, a Whatman Partisphere SAX 4.6 x 125 mm column (5 urn 

particles)) and Whatman 10 x 2.5 mm AX guard column, Waters UV detector, a Nelson 

9000 series Interface and Nelson PC Integrator Software version 5.1.5. 

RESULTS S 

Theree were 11 cases of precursor B-lymphocytic leukemia (common ALL) and 5 cases 
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off T-lymphocytic leukemia. Ages ranged from 14 months to 15 years (mean 5.6 years). 

Whitee blood cell counts ranged from 2.4 * 109/L to 610 * 109 /L 

Thee purified leukemic cells of the patients showed a purity of at least 80%. The con

troll lymphocytes were > 95% pure and > 90% viable. 

Thee mean activity of CTP synthetase proved to be significantly higher in lymphoblasts 

comparedd to quiescent lymphocytes (6.8 versus 1.8 nmol CTP/mg protein/hr, 

p=0.002)) (fig. 1). The activity in lymphoblasts seemed slightly higher compared to pro

liferatingg lymphocytes although not yet significant (6.8 versus 5.0 nmol CTP/mg pro

tein/hr,, p=0.17) (fig.1). 
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FigureFigure  1: The specific  CTPS activity  is  shown  for  ALL  lymphoblasts  (column  1), quiescent  lym-

phocytesphocytes  (column  2) and proliferating  lymphocytes  (column  3). The difference  in  CTPS activity 

betweenbetween  column  1 and!  is  significant  (p = 0.002). 

Noo correlation could be observed between the activity of CTP synthetase and the whi

tete blood cell count, nor with the percentage of lymphoblasts of the peripheral blood. 

AA comparable mean enzyme activity was observed in T-ALL and B-ALL. 
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Preliminaryy results of incubation experiments with lymphoblasts of a patient with CPEC 

(kindlyy provided by the National Cancer Institute, Bethesda, Maryland) showed that 

CPECC is metabolized to it's active triphosphate form, which inhibited CTP5 activity and 

ledd to a CTP depletion (fig.2). 

Att a CPEC concentration of 1.25 uM a CTP depletion was observed with an incre

asedd UTP concentration, reflecting inhibition of CTPS. At higher CPEC concentration 

(>55 uM) both CTP and UTP concentrations decreased, which could be attributed to 

competitionn of CPEC with uridine and cytidine at the uridine/cytidine kinase level, in 

additionn to CTPS inhibition. Similar patterns were observed in two other patients. 

CPECC incubation experiments with proliferating T-lymphocytes also showed a profound 

CTPP depletion, which was paralelled by a decreased proliferation rate. Therefore, CTP 

synthetasee plays an important role not only in malignant lymphoblasts but probably 

alsoo in proliferating T-lymphocytes. 

FigureFigure  2: Incubation  experiments  of  ALL  lymphoblasts  using  increasing  CPEC concentrations 

showingshowing  the effects  on intracellular  CTP (black  squares),  UTP (triangles),  CPEC-TP (diamonds), 

andand  ATP (open  squares)  concentrations,  depicted  as the relative  percentages  of  ribonucleotide 

concentrationsconcentrations  compared  to  the control  sample  without  CPEC. 

DISCUSSION N 

AA high CTP synthetase activity in lymphoblasts of pediatric patients is in line with stu

diess of other types of malignancies (hepatoma, renal cell carcinoma, colon carcinoma, 
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lymphoma)) (5-7). Adults suffering from ALL also showed an increased enzyme activi

tyy (7). However, the mean activity of CTPS observed in lymphoblasts of children with 

ALLL was two-fold higher compared to that observed in lymphoblasts of adults with ALL 

(7).. This phenomenon might be explained by the profound effect of protein concen

trationn on the specific activity of CTPS (4). 

Proliferatingg lymphocytes also showed a high CTPS activity, which might reflect the 

higherr needs for nucleotides as their metabolism is accelerated to facilitate cell proli

feration.. Surprisingly, no correlation between the enzyme activity and the white blood 

celll count was observed in pediatric patients with ALL. This could suggest that the high 

enzymee activity is independentt of the leukemic cells' proliferation rate, but it should be 

notedd that lymphoblasts do not proliferate anymore in vitro. 

CTPSS inhibition was accomplished in our experiments since CTP depletion occur

redd in our patients' lymphoblasts treated with CPEC, concurrent with an increased UTP 

concentration.. CPEC also seemed to cause CTP depletion in proliferating T-lymphocy-

tes,, suggestive of CTPS inhibition. However, a direct effect of CPEC on cytidine salva

gee in proliferating lymphocytes can not be excluded since the majority of CTP seems 

too be produced by salvage of cytidine in proliferating T-lymphocytes (2), and CPEC 

mightt compete with cytidine as a substrate for uridine/cytidine kinase. 

CPECC is not only a potential cytotoxic drug, but is also capable of enhancing the cyto

toxicc effect of conventional drugs like arabinofuranosyl cytosine (AraC)(7)f which is cur

rentlyy being used for the treatment of pediatric ALL AraC must be phosphorylated to 

AraCTPP in order to become cytotoxic, and a high dCTP concentration, that results from 

highh CTP levels, will inhibit the first phosphorylation step of AraC (catalyzed by deoxy-

cytidinee kinase). Furthermore dCTP and AraCTP compete with each other in their affini

tyy for DNA polymerase. Lowering the CTP concentrations by inhibition of CTPS, might 

thereforee lead to lower dCTP levels and enhance the cytotoxic effect of AraC. 

CONCLUSION N 

Ourr results provide the first evidence of an increased CTPS activity in pediatric ALL. 

Therefore,, inhibiting CTPS by a drug like CPEC might be promising, and may cause a 

directt cytotoxic effect on leukemic cells, as well as a modulating effect on the cyto

toxicityy of AraC. 
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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 vitro and in situ effect of CPEC on lymphoblasts 

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 
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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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SUMMARY Y 

Cytidinee triphosphate (CTP) synthetase is a key enzyme in the anabolic pathways of 

cytosinee and uracil ribonucleotide metabolism. The enzyme catalyses the conversion 

off uridine triphosphate (UTP) into CTP, and has a high activity in various malignancies, 

whichh has led to the development of inhibitors of CTP synthetase for therapeutic pur

poses.. We studied both CTP synthetase activity and ribonucleotide concentrations in 

leukaemicc cells of 12 children suffering from acute nonlymphocytic leukaemia (ANLL), 

andd performed incubation experiments with cyclopentenyl cytosine (CPEC), a nu

cleosidee analogue that is capable of inhibiting CTP synthetase.The CTP synthetase acti

vityy in ANLL cells (5.1 3 nmol CTP/mg/h) was significantly higher compared with 

granulocytess of healthy controls 4 nmol CTP/mg/h, p=0.0002), but was not 

differentt from the CTP synthetase activity in non-malignant CD34+ bone marrow 

cellss 4 nmol CTP/mg/h). Major shifts were observed in the various ribonu

cleotidee concentrations in ANLL cells compared with granulocytes: the absolute 

amountt of ribonucleotides was increased with a substantial rise of the CTP (2.4 ver

suss 0.4 pmol/ug protein, p=0.0007) and UTP (8.7 versus 1.6 pmol/ug protein, 

p=0.0007)) concentrations in ANLL cells compared with granulocytes. Treatment of 

ANLLL cells in vitro with CPEC induced a major depletion (77% with 2.5 uM of CPEC) 

inn the concentration of CTP, whilst the concentrations of the other ribonucleotides 

remainedd unchanged. Therefore, the high activity of CTP synthetase in acute non

lymphocyticc leukaemic cells can be inhibited by CPEC, which provides a key to a new 

approachh for the treatment of ANLL. 
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INTRODUCTION N 

CTPP synthetase (E.C. 6.4.3.2) is an important enzyme for the synthesis of cytosine 

nucleotidess and is considered as the rate-limiting step for the biosynthesis of cytidine 

triphosphatee (CTP) in some malignant and non-malignant tissues (1,2). CTP synthe

tasee catalyses the conversion of uridine triphosphate (UTP) into CTP, which is one of 

onlyy two mechanisms of synthesising CTP. The other mechanism is the cytidine salva

gee pathway catalysed by uridine/cytidine kinase and nucleoside mono- and diphos

phatee kinases (fig 1). 
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FigureFigure  1. A schematic  overview  of  pyrimidine  de novo  synthesis  and salvage  pathways. 

GlutamineGlutamine  can be metabolised  via  several  steps  into  uridine  monophosphate  (UMP), which  in 

turnturn  can be phosphorylated  to  uridine  diphosphate  (UDP) and uridine  triphosphate  (UTP). CTP 

synthetasesynthetase  (nr.  1 in  the figure)  catalyses  the conversion  of  UTP into  CTP (a predominant  path-

wayway  in  various  malignancies).  The right  trunk  represents  the cytidine  salvage  pathway,  where 

cytidinecytidine  is  phosphorylated  into  CTP by three  consecutive  steps,  catalysed  by uridine/cytidine  kina-

sese (nr.  2), nucleoside  monophosphate  kinase  (nr.  3) and nucleoside  diphosphate  kinase  (nr.  4). 

TheThe conversion  of  cytidine  into  uridine  (nr.  5) is  catalysed  by cytidine  deaminase,  which  has a 

lowerlower  activity  in  myeloid  leukaemic  cells  compared  with  granulocytes.  CMP deaminase  (nr.  6) 

hashas  a variable  activity  in  myeloid  leukemic  cells. 

CTPP synthetase activity has been analysed in various malignant and non-malignant 

tissuess in humans and animals and a high activity has been found in rat hepatoma (1), 

humann renal cell carcinoma (3), Hodgkin's disease and some types of Non-Hodgkin's 
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lymphomass (NHL) (4). The in vitro enzyme activity proved to be increased in leukae-

micc cells of adults with acute lymphocytic leukaemia (ALL) (4), which has been con

firmedd by studying fluxes of ribonucleotides in situ in a MOLT-3 lymphoblastic cell line 

(5).. In MOLT-3, the preferential pathway for the synthesis of CTP proved to be via CTP 

synthetase,, whereas proliferating T-lymphocytes (with an equal proliferation rate) 

mainlyy utilised the cytidine salvage pathway (5). In addition, we have shown that a high 

CTPP synthetase activity was also present in lymphoblasts of paediatric patients with ALL 

(6). . 

Soo far, in paediatric haematological malignancies of myeloid origin the CTP synthe

tasee activity and pyrimidine ribonucleotide concentrations have not been investigated. 

However,, the presence of a high CTP synthetase activity was suspected because of an 

increasedd concentration of CTP that has been observed in myeloblasts obtained from 

adultss suffering from chronic myeloid leukaemia (7). If the activity of CTP synthetase 

iss increased in ANLL cells, chemotherapy targeted against CTP synthetase might lead 

too more successful therapeutic regimens, as children suffering from ANLL have a 

moderatee prognosis with the currently available combination therapy (8). In this 

respect,, it is noteworthy that cyclopentenyl cytosine (CPEC), which is an inhibitor of 

CTPP synthetase, and which has been under clinical investigation (9), proved to have a 

growth-inhibitingg effect on a HL-60 promyelocytic cell-line (10). CPEC has not only a 

cytostaticc effect per se (10-12) but might also enhance the cytotoxicity of cytarabine 

(13-15)) which is one of the main drugs currently used for the treatment of ANLL. 

Increasedd concentrations of ribonucleotides have been shown in a variety of malig

nanciess (7,16-19), the most pronounced rise being found in the cytosine ribonucleot

ides.. If this pattern also exists in leukaemic cells of patients suffering from ANLL, then 

inhibitionn of CTP synthetase will most probably lead to decreased cytosine ribonu

cleotidee concentrations in the leukaemic cells with a consequent antiproliferative 

effect,, comparable with the effect of CPEC on HL-60 cells (10). 

Forr these reasons, we analysed the ribonucleotide concentrations and the CTP syn

thetasee activity of bone marrow (BM) samples of paediatric patients suffering from 

ANLLL at diagnosis, of non-malignant CD34+ BM cells and of neutrophilic granulocytes 

off healthy donors. In vitro treatment of the leukaemic cells with CPEC showed a major 

decreasee in the concentrations of CTP in the leukaemic cells, reflecting the inhibition 

off CTP synthetase. Our study is the first to describe this CTP-depleting effect of CPEC 

onn non-cultured human leukemic cells. 

102 2 



C P E CC I N H I B I T S C T P S Y N T H E T A S E I N P A E D I A T R I C A N L L 

PATIENTSS AND METHODS 

Patient s s 

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

weree studied. They were classified according to the international FAB classification, 

basedd on morphology and immunophenotyping as assessed by flow cytometry. As 

controll samples two different cell populations were studied. One population consisted 

off non-malignant CD34+ BM cells, that represent control cells with a capacity to pro

liferatee and at the same stage of differentiation as the ANLL cells. The CD34+ BM 

cellss were obtained after informed consent from healthy orthopaedic patients (ages 

15,, 17 and 33 years) or from paediatric patients (ages 2 and 3 years) with stage IV 

neuroblastoma,, who had been treated with vincristine, teniposide, carboplatin and ifos-

famide,, after which an autologous bone marrow transplantation (ABMT) was intended, 

butt who died before ABMT could be performed. The second control population con

sistedd of granulocytes, that are non-proliferating myeloid cells, but that do need CTP 

forr their RNA synthesis. The granulocytes were obtained from healthy adult volunteers 

chosenn amongst the hospital personnel. For ethical reasons, these controls could not 

bee age-matched, because 20ml of blood was required for the isolation of the granu

locytes,, which might induce anaemia in small children. 

PATIENTS S 

] ] 

2 2 

3 3 

44 • » 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

AGE E 
(months) ) 

26 6 

124 4 

182 2 

29 9 

16 6 

28 8 

15 5 

28 8 

27 7 

16 6 

62 2 

65 5 

GENDER R 

F F 

F F 

M M 

F F 

M M 

M M 

M M 

F F 

F F 

F F 

F F 

M M 

BB-TYPE E 

M5 5 

M5 5 

M4 4 

M4 4 

M4 4 

M5 5 

M6 6 

M7 7 

M7 7 

M7 7 

M4 4 

M5 5 

WBC C 
(** 10E9/L) 

54.7 7 

35.4 4 

52.7 7 

126.0 0 

48.7 7 

23.8 8 

40.9 9 

13.2 2 

48.7 7 

12.4 4 

50.0 0 

39.0 0 

BLASTT % 
(peripheral) ) 

57 7 

85 5 

85 5 

71 1 

61 1 

23 3 

29 9 

10 0 

69 9 

3 3 

86 6 

85 5 

CTPP SYNTHETASE ACTIVITY 
(fimoll CTP/mg protein/hr) 

2.33 * 

9.2* * 

4.3* * 

9.11 * 

3.11 * 

5.2 2 

4.11 * 

4.1 1 

6.2 2 

3.3* * 

6.0* * 

6.7* * 

TableTable  1: Patients'  caracteristics  and cytidine  triphosphate  (CTP) synthetase activity  of  the leu-

kaemickaemic  cells  at time  of  diagnosis  (*: Ribonucleotide  concentrations  were determined). 
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Celll  separatio n and purificatio n 

Leukaemicc cells and granulocytes were isolated as previously described (6,20). 

Patients'' samples that initially contained less than 80% of blasts were further purified 

byy magnetic cell sorting (MACS, Miltenyi, Germany) using anti-CD33 Microbeads 

(21,22)) and washed with phosphate buffered saline (PBS) containing 5 mM glucose. 

Thee CD34+ BM samples of the orthopaedic patients were obtained by puncturing the 

posteriorr iliac crest until 50-75 ml of BM was harvested. The CD34+ cells were isola

tedd by the same procedure as previously described for the leukaemic cells (6,20), with 

thee final purification step being magnetic cell sorting using CD34 Multisort Microbeads 

(21).. The BM samples obtained from the two paediatric patients, were harvested by 

routinee procedures (23), and the mononuclear fraction was isolated and cryopreser-

vedd as described by the group of Slaper-Cortenbach (23). After thawing and washing 

thesee samples, the CD34+ cells were isolated by MACS procedures using CD34 

Multisortt Microbeads (21,22). Cells were counted with a Coulter Counter ZF cell coun

ter,, in Isoton containing 3.3 * 10~5o/o (v/v) Triton X-100 and 6.7 *10~3 o (w/v) saponi-

ne.. Vitality of the various cell types was assessed by the trypan blue exclusion test (24) 

andd initial cell purity was assessed by microscopic examination of cytospin preparations 

stainedd with Jenner Giemsa and by flowcytometric analysis (FACScalibur, Becton 

Dickinson,, USA). Cell samples for the determination of CTP synthetase activity (5-10 

** 10^ cells) were briefly centrifuged (11000 * g), after which the supernatant was dis

cardedd and the cells were frozen in liquid N2 and stored in C Cell samples for the 

nucleotidee extraction were kept on ice for In after the isolation (25). Ribonucleotides 

weree extracted by adding 150 |jl of ice-cold 0.4 N perchloric acid to a cell pellet (11000 

** g, , 7 sec) of 5 * 106 cells. After 10 min at C this suspension was centrifuged 

(110000 * g, , 5 min) after which the ribonucleotide containing supernatant was 

neutralisedd with 7.5 ul of 5.0 M K2CO3. These ribonucleotide samples were stored at 

.. The protein content of the cell pellets after ribonucleotide extraction was meas

uredd according to Smith et al. (26), using human albumin as a standard. 

CTPP synthetas e assay 

Cellss were solubilised by sonicating three times (10 sec, output 8.5 Watt, Vibracell, 

Sonicss & Materials, Inc., USA) at a concentration of 40 * 106 cells/ml in a buffer con

tainingg 35 mM Tris-Mops (pH 7.9), 1 mM EGTA, 2.5 mM phenylmethylsulphonyl fluo

ridee (PMSF) and 10 mM dithiothreitol (DTT). The samples were kept on ice, after which 
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thee homogenate was centrifuged and the CTP synthetase activity was measured in the 

supernatantt by the method described by Van Kuilenburg et al. (27). The nucleoside 

triphosphatess were separated by anion-exchange high performance liquid chromato

graphyy (HPLC), on a Whatman Partisphere SAX 4.6x125 mm column (5 urn particles) 

andd Whatman 10x2.5 mm SAX guard column, under isocratic elution conditions using 

aa 0.594 M NaH2P04 (pH 4.55) buffer at a flow rate of 1 ml/min (27). The HPLC sys

temm consisted of a Gilson 231 XL and 402 sampling device, a Perkin Elmer Binary LC 

2500 pump, a model 480 Waters Lambda-Max LC Spectrophotometer, a Nelson 900 

seriess Interface and Nelson PC Integrator Software (version 5.1.5). The protein con

tentt of the cell homogenate was determined using the modified Lowry method (28) 

withh human albumin as the standard. 

Ribonucleotid ee analysi s 

Thee cell extracts were centrifuged for 5 min at 11000 g, , after which the superna-

tantss were injected into the same HPLC system as described above. However, the elu

tionn conditions were different: after equilibrating the column with 100% buffer A (9 

mMM NH4H2P04 , pH 3.50) for 10 min, the run was started with 100% buffer A for 2 

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

NH4H2P04 ,, 500 mM KCl, pH 4.70) after 25 min. This was followed by a change to 

90%% B to be reached in 10 min and then maintained at 90% B for a further 10 min. 

Thee gradient was then changed back to 100% A in 1 min, and this was kept for 10 

min.. Absorption was measured at a wavelength of 280 nm. Response factors were cal

culatedd using external standards. 

Incubatio nn experiment s 

Thee leukaemic cells were incubated in DMEM-Nut F12 culture medium containing 

10%% fetal bovine serum, 100 lU/ml penicillin, 100 ug/ml streptomycin, 200 ug/ml 

gentamycin,, 0.125 ug/ml amphotericin B, 2 mM L-glutamine, 5 ug/ml transferrin and 

55 ng/ml sodium selenite. Cells were incubated in T25 culture bottles at a density of 2 

** 10^ cells/ml in humidified air containing 5% C02 at 37CC for 18h with concentra

tionss of CPEC, ranging between 0.63 and 5 uM, using a 750 uM stock solution of CPEC 

inn 0.9% NaCl. CPEC was kindly provided by the Drug Synthesis & Chemistry Branch, 

Developmentall Therapeutics Program, Division of Cancer Treatment, National Cancer 

Institute,, Bethesda, MD, U.S.A. The samples were harvested, centrifugated (200 * g, 7 
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min,, , washed with PBS containing 5 mM glucose and kept on ice for 1 h after 

thee isolation (20). 

Statistic s s 

Thee differences between ANLL cells and granulocytes of the mean activities of CTP 

synthetasee and the ribonucleotide concentrations were analysed by the non-parame

tricc Mann-Whitney test for two independent samples, using the Statistical Package for 

thee Social Sciences (SPSS 6.0.1 software version), as were the differences in CTP syn

thetasee activity between the ANLL cells and the non-malignant BM cells.The correla

tionn between the CTP synthetase activity and the CTP concentration or UTP/CTP ratio 

wass studied by determination of Pearson's correlation coefficients. P-values of <0.05 

weree considered as statistically significant. 

RESULTS S 

Patients ''  characteristic s 

Materiall from 7 girls and 5 boys was obtained, their age ranging from 15 months to 

155 years and 2 months (mean 5 years and 2 months). Using the FAB classification 

theree were 4 cases of M4, 4 cases of M5, 1 case of M6 and 3 cases of M7 ANLL. White 

bloodd cell counts varied from 12.4 to 126 * 109/ml (mean=31.8). The patients' 

characteristicss are shown in table 1. 

CTPP synthetas e activit y 

Thee patients' leukaemic cells and the non-malignant CD34+ BM fractions (n=5) 

showedd a cell purity of at least 80%. The granulocytes of healthy volunteers (n=9) 

weree at least 95% pure. The viability of all cells was higher than 85%. 

Thee CTP synthetase activity is expressed as the specific enzyme activity, i.e. the 

amountt of CTP that is produced per hour and per mg protein. The CTP synthetase acti

vityy in the cells of each patient is shown in table 1 and ranged from 2.3 to 9.2 nmol 

CTP/mg/h.. As shown in figure 2, the mean specific activity of CTP synthetase in the 

leukaemicc cells proved to be 5.1 3 nmol CTP/mg/h, which was significantly higher 

(p=0.0002)) than the mean enzyme activity detected in granulocytes of healthy 
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volunteerss 4 nmol CTP/mg/h). Although the series is not sufficiently large to 

bee conclusive, the enzyme activity did not seem to be influenced by age, gender or 

leukaemicc subtype. In addition, there was no correlation between the enzyme activity 

andd the white blood cell count (Pearson's correlation coefficient (r=0.444, p=0.231), 

norr with the blast percentage of the peripheral blood mononuclear cells (r=0.425 , 

p=0.254). . 
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FigureFigure  2: The CTP synthetase  activity  of  the patients'  leukaemic cells  (left),  granulocytes  of  heal-

thythy  volunteers  (middle)  and the non-malignant CD34+  bone marrow  cells  (right). 

Thee activity of CTP synthetase in non-malignant CD34+ bone marrow cells proved 

too be 4 nmol CTP/mg/h (fig 2), which was significantly higher (p=0.009) than 

thee enzyme activity of granulocytes of healthy persons, but was not statistically diffe

rentt from the activity of CTP synthetase encountered in the ANLL cells (p=0.84). 

Ribonucleotidee concentrations 

Fromm only 9 patients (table 1) could we obtain a sufficient number of cells to analyse 

thee ribonucleotide concentrations. These ribonucleotide concentrations were also 

determinedd in granulocytes, but not in the CD34+ bone marrow fractions, due to a 

shortagee of cells. The total amount of ribonucleotides expressed per ug protein is sig

nificantlyy higher in leukaemic cells compared with granulocytes 0 pmol/ug pro

teinn versus 41 8 pmol/ug protein, p=0.0008). A significant increase of both purine 

andd pyrimidine ribonucleotides was observed in comparison with granulocytes. Since 
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thee relative increase in pyrimidine ribonucleotide concentrations is more pronounced 

thann in the purine ribonucleotides, a significantly (p=0.0008) decreased purine/pyrimi-

dinee ratio of 4.6 was found in ANLL cells compared to 16.7 in granulocytes. The cyto-

sinee ribonucleotide concentrations were 6-fold higher in ANLL cells 3 pmol/ug 
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FigureFigure  5: Panel  A shows  the correlation  (non  significant)  between  the CTP synthetase  activity 

andand  CTP concentration  of  the patients 1 leukemic  cells.  Panel  B shows  the significant  inverse  cor-

relationrelation  between  the CTP synthetase  activity  and the UTP/CTP ratio,  that  was observed  in  the 

leukaemicleukaemic  cells.  Each square  represents  the data of  one patient 
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protein)) compared with granulocytes 1 pmol/|jg protein, p=0.0007), which 

wass paralleled by a more than 5-fold increase of uracil ribonucleotides in ANLL cells 

88 pmol/ug protein) compared with granulocytes 4 pmol/pg protein, 

p=0.0007),, leading to a comparable uracil/cytosine ribonucleotide ratio in leukaemic 

cellss compared with granulocytes (3.6 versus 4.0). Considering the purine ribonucleo

tidee concentrations, an increase in both ATP (43+10 versus 7 pmol/ug protein, 

p=0.0009)) and GTP 1 versus 6.411.3 pmol/ug protein, p=0.08) is observed 

inn leukaemic cells compared with granulocytes, but the increase in ATP is slightly higher. 

Thus,, an increase in adenine/guanine ribonucleotide ratio is observed in leukaemic 

cellss (5.5), compared with granulocytes (4.2), which was significant (p=0.002). 

Inn leukaemic cells, no significant correlation could be observed yet between the CTP 

synthetasee activity and the CTP concentration (Pearson's coefficient r=0.47, p=0.20) 

(Figg 3A), although a trend seemed to exist. Nevertheless, the CTP synthetase activity 

andd the UTP/CTP ratio are inversely correlated (r=-0.70, p=-0.035) (Fig 3B). 

PATIENTS S 

5 5 

11 1 

12 2 

13 3 

14 4 

•.:: 1 ^ 

16 6 

17 7 

18 8 

MEANN  SD 

M4 4 

M4 4 

M5 5 

Ml l 

M3 3 

M5 5 

RECC ALL 

REC.. ALL 

LEUKEMOID D 

REACTION N 

CTP-CONCENTRATiONN AFTER TREATMENT WITH CPEC OF: 

0 . 6 3 J J M M 

50% % 

970/0 0 

13% % 

533  42% 

1.25pM M 

39% % 

260/0 0 

860/0 0 

140/0 0 

411  32% 

25pM M 

3 2 % % 

3 1 % % 

410/0 0 

90/0 0 

13% % 

13% % 

233  130/0 

5(lM M 

170/0 0 

320/0 0 

28"/o o 

520/0 0 

311  I30/0 

TableTable  2: Patients'  samples  that  were incubated  with  various  concentrations  of  CPEC. Cytidine 

triphosphatetriphosphate  (CTP) concentrations  are percentages  of  CTP in  untreated  samples.  Patients  16 

andand  17 had recurrent  ALL  with  myeloid  features. 

CPECC incubatio n experiment s 

Celll samples of 9 other patients (Table 2) were used for incubation experiments with 

variouss concentrations of CPEC (0.63-5 uM). Of these patients, 6 suffered from ANLL, 

22 had a relapse of ALL with a biphenotypic immunological aspect, and one was a 
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patientt with Down syndrome suffering from a leukaemoid reaction with a myeloid phe-

notypee (CD13+/CD33+/CD34+). CPEC induced a depletion of CTP (Fig. 4 and Table 

2)) in all of the leukaemic samples. After incubating the cells with 2.5 uM of CPEC for 

18hh (n=6), we observed a mean CTP depletion of o leaving a concentration 

off CTP of 23% compared with the samples that were not treated with CPEC. There 

weree no significant differences between the effect of 0.63, 1.25, 2.5 or 5 uM of CPEC, 

inducingg a CTP depletion of ; , 3 and 3 respectively (Fig. 

5A),, but the numbers of treated samples were too low to provide sufficient statistical 

power.. We could unfortunately not use every concentration of CPEC for each sample 

duee to a shortage of cells. At a concentration of 2.5 uM of CPEC, there were practical

lyy no changes in the concentrations of UTP (89%), ATP (93%) and GTP (98%) (Fig. 
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FigureFigure  4: A chromatogram  (panel  A) showing  a ribonucleotide  profile  of  an ANLL  sample  at 

diagnosis.diagnosis.  Panel  B shows  the ribonucleotide  profile  of  the same ANLL  sample  after  incubation 

withwith  0.63 pM of  CPEC for  18h, showing  the CPECTP peak after  35.3 min.  The CTP peak (33.6 min) 

waswas  reduced  by 87% compared  with  the untreated  sample  (A). 
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5B).. The cells of the patient suffering from a leukaemoid reaction proved to be very 

sensitivee to CPEC, showing a depletion of CTP (87%) after 0.63 uM of CPEC. 

OO 20 _ÉJ J 
CTPP ATP 

[CPEC]] = 2.5 (jM (n=6) 

FigureFigure  5: (A) Mean CTP-concentration  in  the leukaemic  cells  as a function  of  the concentration 

ofof  CPEC that  was used.  (B) Effect  of  2.5 yM of  CPEC on the concentrations  of  UTP, CTP, ATP and 

CTPCTP in  the leukaemic  cells  of  6 patients. 

DISCUSSION N 

Ann increased CTP synthetase activity has been observed in adults (4) and children (6) 

sufferingg from ALL but so far the activity of CTP synthetase has never been studied in 

paediatricc patients with ANLL. The present study provides firm evidence of a high CTP 
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synthetasee activity in blasts of children suffering from ANLL, which is substantially 

higherr compared with that observed in neutrophilic granulocytes. The latter are non-

dividingg cells but possess protein-synthesising capacities, requiring ribonucleotides 

suchh as CTP for RNA synthesis. A high CTP synthetase activity in ANLL is in line with 

thee increased activities that have been found in various malignancies, e.g hepatoma 

(1),, renal cell carcinoma (3), Hodgkin's disease and NHL (4), ALL (4,6) and colon car

cinomaa (29). A high CTP synthetase activity might be due to an increased anabolic sta

tee of the tumour cell, for increased activities of pyrimidine de novo and salvage enzy

mess have been observed, reflecting an increased synthesis of nucleic acid precursors 

(29).. However, the high activity of CTP synthetase that we found in the leukaemic 

cellss of myeloid origin is not higher compared with the activity encountered in non-

malignantt CD34+ BM cells, that represent the most undifferentiated BM fraction and 

thee best obtainable non-malignant counterpart of leukaemic cells. Therefore, the high 

activityy of CTP synthetase in ANLL cells could also be due to the proliferative and/or 

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

nantt transformation. 

CTPP synthetase inhibition might be obtained by experimental drugs such as 3-

deazauridinee and CPEC. Inhibition of CTP synthetase decreases the conversion of UTP 

intoo CTP, leading to a CTP depletion. When a promyelocytic HL-60 cell line was incu

batedd with 3-deazauridine, an impressive differentiation occurred, which was preceded 

byy a CTP depletion and a decrease in c-Myc mRNA expression (30). A similar effect 

wass observed when HL-60 cells were incubated with CPEC, which induced growth inhi

bitionn and induction of differentiation (10). CPEC also proved to have an anti-leukae-

micc effect on cell-lines of human and murine lymphocytic leukaemia (11,12), increa

singg the life span of mice with ALL (11). Mice inoculated with tumour cells derived 

fromm a colon carcinoma cell-line and that were subsequently treated with CPEC 

showedd a reduction in the size of their tumours (31). Our study provides the first evi

dencee that non-cultured human leukaemic cells are capable of metabolizing CPEC to 

it'ss active triphosphate form, which induces a depletion of CTP in the blasts. We were 

nott able yet to demonstrate a dose-response effect, but this is probably due to the 

smalll number of samples, for a trend seemed visible. 

Ourr results showed high CTP and UTP concentrations in blasts of paediatric patients 

sufferingg from ANLL, concurrent with a decreased purine/pyrimidine ratio. Alterations 

inn ribonucleotide pools have been observed in various malignancies (16-19), including 

lymphoblastss of paediatric patients with ALL (7). One of our most striking observations 

iss the proportionally similar increase of the CTP and UTP concentrations in leukaemic 
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cells,, giving rise to a comparable mean UTP/CTP ratio in leukemic cells and granulo

cytes.. The increased activity of CTP synthetase in ANLL cells is therefore linked to an 

efficientt salvage of uridine. The observation that inhibition of CTP synthetase in HL-60 

cellss does lead to CTP depletion and an increased UTP/CTP ratio (10,30) proves that 

CTPP synthetase is essential for the synthesis of CTP in malignant myeloid cells. Whether 

thee pathway via CTP synthetase or the salvage pathway of cytidine is the most essen

tiall pathway for the synthesis of CTP in non-malignant CD34+ BM cells could not be 

determined,, because of the difficulties in isolating a sufficient number of CD34+ BM 

cellss to perform multiple experiments (75-125ml of BM was already required to ana

lysee the activity of CTP synthetase in non-malignant CD34+ cells). Our results suggest 

thatt CTP synthetase plays a major role in the synthesis of CTP in these non-malignant 

BMM cells, and that CPEC might be toxic to CD34+ BM cells. However, the low to mode

ratee haematological toxicity that was observed in the phase I trial of CPEC [9] may indi

catee that these non-malignant BM progenitor cells are capable of using an alternative 

pathway,, that is the cytidine salvage pathway, for synthesizing CTP. The in vitro myelo

toxicityy of CPEC has been studied by Volpe et at. (32), by analysing the colonyforming 

capacityy of human CFU-GM. They observed a 70% inhibition of colony formation at an 

area-under-the-curvee (AUC) of 40.8 uMh (32). In our experiments we achieved a 

comparablee AUC of 45 uMh, when incubating the leukaemic cells with 2.5 uM. 

However,, our results indicate that with lower concentrations of CPEC (e.g. 0.63 uM lea

dingg to an AUC of 11.2 uMh), that would have a low haematological and cardiovascu

larr toxicity according to the phase I trial with CPEC (9), a comparable CTP depletion of 

47%% was observed. In myeloid (HL-60) and T-lymphoblastic (Molt-3) leukaemic cell-

liness a CTP depletion of 54 % and 36%, respectively was sufficient to induce growth 

inhibitionn (data not shown). 

Severall biochemical consequences might ensue from an increased CTP syntheta

see activity. Although we were not as yet able to demonstrate a direct correlation 

betweenn the enzyme activity and the CTP concentration in each patient, an inverse 

relationshipp existed between the CTP synthetase activity and the UTP/CTP ratio. 

Furthermore,, an overall increased CTP concentration was demonstrated in our patient 

population.. An increased CTP concentration influences the intracellular CDP pools, 

which,, in turn can be converted to deoxycytidine diphosphate (dCDP) by the enzyme 

ribonucleotidee reductase. dCDP is subsequently converted into deoxycytidine tri

phosphatee (dCTP). These conversions all represent steady-state equilibriums, and the

reforee an increased CTP concentration will lead to a higher dCTP concentration (33). 

Alterationss in dCTP pools were found to be related to increased mutation rates in vitro 
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byy means of disturbing the normal deoxyribonucleotide equilibrium (33). Furthermore, 

thee dCTP concentration influences the sensitivity of tumour cells to some cytotoxic 

drugss that are frequently used in the treatment of ANLL For example, an increased 

dCTPP concentration proved to be correlated with arabinofuranosyl cytosine (cytarabi-

ne,, AraC) resistance in a T-lymphocytic cell line (34) by feedback inhibition of the enzy

mee deoxycytidine kinase. This enzyme is not only responsible for the phosphorylation 

off deoxycytidine but also for the first phosphorylating step of AraC (that needs three 

phosphorylatingg steps to become AraCTP, the active AraC metabolite). Furthermore, 

competitionn between AraCTP and dCTP arises in matters of affinity for DNA polymera

see (34). Therefore, by decreasing the intracellular dCTP pools in the blasts, the sensi

tivityy of the leukaemic cells to AraC might be increased by either of two ways, and this 

wass shown to occur in murine lymphocytic leukaemia and a human colon tumour cell 

linee (13-15). AraC is still one of the key drugs for the treatment of paediatric ANLL, and 

inin vitro resistance to AraC is related to a poorer prognosis (35). 

Inn conclusion, this study demonstrates a high CTP synthetase activity and high 

pyrimidinee ribonucleotide concentrations in leukaemic cells in paediatric ANLL. We 

showedd that the inhibition of CTP synthetase by CPEC is feasible in ANLL cells, and we 

providee the first evidence that CPEC has a CTP-depleting effect in non-cultured human 

leukaemicc cells. CTP synthetase inhibition might form an approach in the future com

binationn regimens for ANLL, as it could bear a direct cytotoxic effect or modulate the 

cytotoxicityy of AraC. 
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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 
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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. 

124 4 



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 

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. 
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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%. 
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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. 

130 0 



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 

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 dependency of araC modulation 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 
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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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SUMMARY Y 

Cyclopentenyll cytosine (CPEC) is a nucleoside-analogue that decreases the concen

trationss of cytidine triphosphate (CTP) and deoxycytidine triphosphate (dCTP) in leu

kemicc cells by inhibiting the enzyme CTP synthetase, resulting in a decreased synthe

siss of RNA and DNA. Low concentrations of dCTP facilitate the phosphorylation of 1 -li-D 

arabinofuranosyll cytosine (araC) and the incorporation of arabinofuranosyl cytosine 

triphosphatee (araCTP) into DNA. Apoptosis and necrosis were analyzed by flowcyto-

metricc detection of fluorescence-labeled Annexin Vina human T-lymphoblastic MOLT-

33 cell-line after incubations with CPEC and/or araC. CPEC induced apoptosis and 

necrosiss in a concentration- (50-300 nM) and time-dependent (8-16h) way. The 

observedd necrosis proved to be secondary to apoptosis as the caspase inhibitor 

benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketonee (zVAD-fmk) completely blocked 

thee CPEC-induced apoptosis and necrosis. Coincubation of various concentrations of 

CPECC and araC for 16h showed a significant additive effect on the occurrence of apop

tosiss and (secondary) necrosis. In contrast, a preincubation with 37.5 nM of CPEC for 

24h,, which by itself caused only minor apoptosis (4%), followed by a coincubation for 

16hh with 62.5 nM of araC (7% of apoptotic cells), showed a synergistic effect on the 

inductionn of apoptosis , p<0.001). Growth-inhibition experiments with CPEC and 

araCC under various conditions showed an additive effect on the araC-induced growth-

inhibitionn after 48h. Our results indicate that the cytotoxicity of araC can be increased 

inn T-lymphoblasts by CPEC. 
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INTRODUCTION N 

Cytarabinee (1-R-D arabinofuranosyl cytosine, AraC) is a nucleoside analogue that is 

beingg used in the treatment protocols for AML, precursor-B-ALL and T-ALL (1,2). The 

cytotoxicc effect of araC depends on several intracellular mechanisms: araC is metabo

lizedd into araCTP (arabinofuranosyl cytosine triphosphate) by three consecutive phos-

phorylatingg steps, catalyzed by the enzymes deoxycytidine kinase (dCK), nucleoside 

monophosphatee kinase (NMP kinase) and nucleoside diphosphate kinase (NDP kina

se),, respectively (Figure 1). AraCTP is subsequently incorporated into DNA as a deoxy-

nucleotide-analogue,, where it exerts it's cytotoxic properties by inhibiting DNA replica

tionn (3,4). The phosphorylation of araC into araCTP can be counteracted by the 

enzymee (deoxy)cytidine deaminase which converts araC into arabinofuranosyl uracil 

(araLI),, deoxycytidine monophosphate (dCMP) deaminase converting araCMP into 

arabinofuranosyll uracil monophosphate (araUMP) and by phosphatases, that degrade 

nucleotidess (Figure 1). 
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DNAA <«— 

1 1 

t t 
-- I 
dCTP P 

I I 

'1 1 
2 2 

AraUMP P 

t--
->-> AraCMP 

# # 
AraCDP P 

it--
—— AraCTP 

FigureFigure  7; Scheme  representing  the intracellular  araC metabolism.  The interrupted  lines  repre-

sentsent  the inhibitory  effects  ofdCTP  on dCK dCK  (1) and the competition  ofdCTP  and araCTP for  DNA-

polymerasepolymerase  (2). NMP kinase  (3) and NDP kinase  (4) catalyze  the second  and third  phosphory-

lationlation  step  ofaraC.  Phosphatases  (5), deoxycytidine  deaminase  (6) anddCMP  deaminase  (7) are 

cataboliccatabolic  enzymes  of  the araC metabolism. 

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

ann adverse clinical outcome (5). Various mechanisms of resistance have been postu

latedd among which an increased hepatic and intraleukemic deaminating activity (6), a 

decreasedd dCK activity (7,8), a decreased formation or retention of araCTP (2,7-9) and 

aa decreased incorporation of araCTP into DNA (3). A high mRNA expression of dCK 
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hass been observed in T-lymphoblastic cell-lines (10), and may contribute to the high 

concentrationn of araCTP detected in non-resistant T-lymphoblasts (11). dCK activity is 

inhibitedd by deoxycytidine triphosphate(dCTP) (12,13), which can be either synthesi

zedd via the salvage pathway of deoxycytidine or can be indirectly synthesized from 

cytidinee triphosphate (CTP, Figure 2). High concentrations of dCTP (14) and CTP (15) 

havee been observed in human leukemic cells, that can be correlated to a high activity 

off the enzyme CTP synthetase (16) which is responsible for the conversion of uridine 

triphosphatee (UTP) into CTP (figure 2). Cyclopentenyl cytosine (CPEC) is capable of 

inhibitingg CTP synthetase and has been under (pre)clinical investigations. CPEC pro

vedd to deplete the CTP and dCTP pools in several cell-lines of solid tumors and hema

tologicc malignancies (17-20), which was accompanied by a decreased synthesis of 

DNAA and RNA (18-20). Furthermore, we have shown that CPEC depletes the CTP and 

dCTPP pools in vitro in leukemic cells obtained from children with ALL (16). Thus, by 

decreasingg the dCTP concentration via inhibition of CTP synthetase, not only the 

phosphorylationn of araC would be facilitated, but also the incorporation of araCTP into 

DNA,, as dCTP and araCTP compete as a substrate for DNA polymerase (21). 
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FigureFigure  2: 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  (1) catalyzes  the conversion  of  UTP into  CTP. CTP can also 

bebe synthesized  by the salvage  pathway  of  cytidine  which  is  phosphorylated  into  CTP by three 

consecutiveconsecutive  steps,  catalyzed  by uridine/cytidine  kinase  (5), NMP kinase  (3) and NDP kinase  (4). 

TheThe right  trunk  represents  the deoxycytidine  salvage  pathway,  where  deoxycytidine  is  phos-

phorylatedphorylated  into  dCTP by dCK (2), NMP kinase  (3) and NDP kinase  (4). The conversion  of 

(deoxy)cytidine(deoxy)cytidine  into  (deoxy)uridine  (nr.  6) is  catalyzed  by (deoxy)cytidine  deaminase.  (d)CMP 

deaminasedeaminase  (nr.  7) converts  (d)CMP into  (d)UMP. 

dUMP P 

dUridine e 

148 8 



C P E CC I N C R E A S E S C Y Y TA R A B I N E -1 N D U C E D A P O P T O S I S I N M O L T - 3 

Thee cytotoxic effects of many antimetabolites cumulate in a process of apoptosis, 

whichh has also been described for araC in leukemic cells (22). T-lymphoblasts are also 

sensitivee to apoptosis-inducing agents (23,24), including nucleoside-analogues like 

araCC (24). In the present study, we describe the effect of CPEC on the induction of 

apoptosiss in a MOLT-3 T-lymphoblastic cell-line. Furthermore, we hypothesized that by 

facilitatingg the phosphorylation of araC and the incorporation of araCTP into DNA by 

creatingg a depletion of dCTP after treating the cells with CPEC, the process of araC-

inducedd apoptosis could be increased. 

Wee chose a T-lymphoblastic cell-line model for our hypothesis, because dCK seems 

too be involved in araC resistance in T-ALL (10). Moreover, children with T-ALL had a 

moderatee prognosis (25), and although it has improved during the past 5-10 years 

(25),, it still needs further amelioration. 

MATERIALL AND METHODS 

Chemical s s 

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

&& Chemistry Branch, Developmental Therapeutics Program, Division of Cancer 

Treatment,, National Cancer Institute, Bethesda (Maryland), U.S.A. Arabinofuranosyl 

cytosine,, CTP and dCTP were obtained from Sigma-Aldrich Chemie, Zwijndrecht, The 

Netherlands. . 

Celll  cultur e 

MOLT-33 is a human T-lymphoblastic cell-line and the MOLT-3 cells were used in loga

rithmicc growth for the incubation experiments. The cells were cultured in DMEM-Nut 

F122 culture medium containing 10% fetal bovine serum, 100 lU/ml penicilline, 100 

ug/mll streptomycine, 200 ug/ml gentamycine, 0.125 ug/ml amphotericin B and 2 mM 

glutamine.. Cells were cultured in T75 flasks at an initial cell density of 0.3 * 10^ 

cells/mll in humidified air containing o CO2 at . The incubation experiments 

weree performed with various concentrations of CPEC and araC, using a 750 uM stock 

solutionn of CPEC and a 10 uM stock solution of araC in o NaCl, respectively. During 

thee first experiments for the analysis of apoptosis and necrosis the incubation times 

weree varied, after which the standard incubation time of 16h was chosen (unless spe-

149 9 



C H A P T E RR 7 

cifiedd differently in the "Results" section). A mature B-lymphoblastic RAMOS cell-line, 

treatedd with a final concentration of 10 uM dexamethasone, was used as a positive 

controll for the detection of apoptosis and necrosis. 

Incubationn experiments with araC or CPEC were also performed on MOLT-3 cells 

thatt were pretreated for Ih with 100 uM of benzyloxycarbonyl-Val-Ala-Asp-fluoro-

methylketonee (zVAD-fmk), which is a broad spectrum caspase inhibitor (26). ZVAD-

fmkk is thus an inhibitor of apoptosis and of necrosis secondary to apoptosis. 

Thee immunophenotype of the MOLT-3 cells was analyzed by flowcytometry 

(FACScalibur,, Beckton-Dickinson, San José, CA, USA) using fluorescence-labeled 

monoclonall antibodies directed against the membranic expression of CD 1, CD3, CD4, 

CD5,, CD8, CD25 and CD34. Intracellular expression of terminal deoxynucleotidyl trans

ferasee (TdT) was analyzed by a fluorescence-labeled monoclonal antibody after a lysis 

stepp using FACS Lysing Solution (Beckton-Dickinson, San José, CA, USA). 

Inhibitio nn of cell-proliferatio n 

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

measuringg the cell counts after 24, 48 and 72h. Cells were counted with a Coulter 

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

X-1000 and 6.7 * 10~3 % (w/v) saponine. Viability was assessed by the trypan blue 

exclusionn test. Each drug concentration was tested in duplicate, samples of each cul

turee flask were taken in duplicate and counted thrice. 

Detectio nn of apoptoti c and necroti c cell s 

Apoptosiss and necrosis were assessed by flowcytometry by using FITC-labeled-Annexin 

VV and propidium iodide (27) using the APOPTEST-FITC Kit (Nexins Res., The 

Netherlands),, with some modifications to the manufacturer's APOPTEST-FITC protocol 

(A-700):: 12.5 ul instead of 5 ul of 10-fold diluted Annexin V-FITC stock solution was 

addedd to a cell suspension containing 500.000 cells in 500 pi of 10-fold diluted bin

dingg buffer (APOPTEST-FITC), after which the cell suspension was kept at , for 10 

min,, and shedded from the light. Subsequently, 12.5 ul of a 0.1 mg/ml propidium 

iodidee stock solution was added to this cell suspension, which was then analyzed by 

FACS.. Detection of fluorescence was performed using the channels 1 0 nm) 

andd 3 (>620 nm), respectively. 

150 0 



C P E CC I N C R E A S E S C Y TA R A B I N E -1 N D U C E D A P O P T O S I S I N M O L T - 3 

(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 * 

1066 cells for ribonucleotides and of 40-50 * 106 cells for deoxyribonucleotides, 

respectively.. After 10 minutes at C this suspension was centrifuged (11000 * g, , 

55 min) after which the nucleotide containing supernatant was discarded and neutrali

zedd with 7.5 ul of 5.0 M K2CO3 and stored at . The protein content of the cell 

pelletss obtained after the perchloric acid extraction was measured according to Smith 

ett al. (28), using human albumin as the standard. Prior to the analysis of the ribonu

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

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

describedd previously (30). 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. 

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 (30) with some modifications. 125 pi 

off the cell extract was incubated with 5 pi 0.5 M Nal04 and 7 pi 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 (29), using the 

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

ann external standard containing the various (deoxy)ribonucleotides. 

Statistic s s 

Thee differences in percentages of apoptosis and necrosis and the differences in 

growth-inhibitionn of Molt-3 cells treated with various concentrations of araC and-/or 

CPECC were analyzed by the t-test for paired samples, using the Statistical Package for 

thee Social Sciences (SPSS 6.0.1 version). A p-value < 0.05 was considered as statisti

callyy significant. 
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RESULTS S 

Molt- 33 characteristic s 

Thee immunophenotype of MOLT-3 as determined by standard flowcytometry expres

sedd CD1, CD4, CD5 and CD8, whereas TdT expression was low (20%). CD3, CD25 

andd CD34 were hardly expressed on the cell surface. The MOLT-3 cells have a dou

blingg time of approximately 24h, showing an exponential growth at cell concentrations 

betweenn 0.1 - 1.8 * 106 cells/ml. In untreated MOLT-3 cells no spontaneous apopto-

siss could be detected, while the percentage of necrotic cells was  3%. The concen

trationss of CTP and dCTP in untreated cells are approximately 4.9 and 0.2 pmol/ug 

protein,, respectively. 

1000 200 300 400 500 600 700 800 

[CPEC]] (nM) 
100 15 20 25 

TIMEE OF INCUBATION (hrs) 

FigureFigure  3: Effect  of  increasing  concentration  (panel  A, 24h incubation)  and incubation-time 

(panel(panel  B, 400 nM) of  CPEC on the concentrations  of  CTP (squares),  dCTP (triangles)  and UTP 

(crosses). (crosses). 
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Thee effec t of CPEC on CTP and dCTP concentration s 

Withh increasing concentrations of CPEC from 50 to 800 nM (n=2) we observed a 

progressivee decline in the concentrations of CTP and dCTP measured after 24h (Figure 

3A).. 50 nM of CPEC induced a depletion of CTP and dCTP by 45% and 67%, respec

tively.. A time-dependency in the CTP- and dCTP-depleting effect of CPEC was obser

vedd when incubating Molt-3 cells forr 2,4,6 and 24h with 400 nM of CPEC (Figure 3B). 
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FigureFigure  4: Effect  of  increasing  concentrations  of  CPEC (panel  A) and araC (panel  B) on the occur-

rencerence  of  apoptosis,  necrosis  and total  of  apoptosis  and necrosis  cumulatively.  The increase  in 

apoptoticapoptotic  cells  after  16h is  significant  between  each successive  concentration  for  the range  of 

50-20050-200 nM of  CPEC and 31-125 nM of  araC. 
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Thee inductio n of apoptosi s and necrosi s by CPEC 
andd araC 

Bothh CPEC and araC induced apoptosis and necrosis in a concentration-dependent 

mannerr (Figure 4) using submicromolar concentrations. A time-dependency in the pro

cesss of apoptosis and necrosis was observed between 8 and 24h when using 200 nM 

off CPEC with an optimal detection of the percentages of apoptotic (20%) and necro

ticc (23%) cells after 16h of incubation. To determine whether the observed necrosis 

wass secondary to the process of apoptosis, the cells were pretreated with 100 uM of 

zVADD for lh, followed by an incubation with 100 nM of CPEC and 62.5 nM of araC 

respectively.. Both drugs at these concentrations proved to induce apoptosis and necro

siss in the absence of zVAD, but these phenomenons could not be observed anymore 

inn the presence of zVAD (n=2). These obervations prove that the necrosis that was obser

vedd in our experiments with CPEC and araC was secondary to the process of apoptosis. 

A A 

DRUGG CONCENTRATION 

1000 NMCPEC(N=9) 

31,255 NMARA-C(N=10) 

31,255 NM ARA-C+100 NM CPEC (N-5) 

62,55 NM ARA-C (N=14) 

62.5NMM ARA-C+100 NM CPEC (N=8) 

1255 NM ARA-C (N=8) 
1255 NM ARA-C+100 NM CPEC (N=5) 

APOPTOSISS {MEAN 

9%%  6% 

2%  1% 

12%%  10% 

40/00 + 2 % 

15%% % 

8%%  4% 
17%%  10% 

SD) ) NECROSISS (MEAN-SD) 

9%%  6% 

3%%  2% 
8%%  3% 

8%%  4% 

15%% % 

12%% + 5% 
19%% % 

B B 

DRUGG CONCENTRATION 

62,55 NM ARA-C (N=14) 

25NMCPEC(N=11) ) 

255 NM CPEC+62,5 NM ARA-C (N=l 1) 

500 NM CPEC (N=4) 
500 NM CPEC+62,5 NM ARA-C (N=4) 

1000 NM CPEC (N=9) 

1000 NM CPEC+62,5 NM ARA-C (N=8) 

2000 NM CPEC (N=4) 
2000 NM CPEC+62,5 NM ARA-C (N=4) 

APOPTOSIS S 

4%% + 2% 

0%%  0% 
4%  1% 

2%%  3% 

5%%  2% 

9%% + 6% 
15%% % 

18%% % 

19%% % 

NECROSIS S 

8%%  4% 

0%%  0% 
11%  2% 

3%%  6% 

8%%  2% 

9%%  6% 
15%  5% 

32%%  6% 

33%%  5% 

TableTable  1: Co-incubation  with  CPEC and araC for  16h. A:  Cells  were treated  with  a constant  con-

centrationcentration  of  100 nM CPEC and concentrations  of  araC, ranging  from  31.25 nM to 125 nM. B: 

CellsCells  were exposed  to  a concentration  of  62.5 nM araC in  combination  with  concentrations  of 

CPEC,CPEC, ranging  from  25 nM to 200 nM. 
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Coincubatio nn of CPEC and araC and the inductio n of 
apoptosi ss  and necrosi s 

Variouss concentrations of CPEC and araC were used in coincubation experiments. In 

thee presence of 100 nM CPEC, and varying the concentrations of araC, an additive 

effectt was observed for each concentration tested (table 1A). The cytotoxicity of 125 

nMM araC was comparable to the percentage of apoptotic and necrotic cells observed 

withh 31.25 nM araC and 100 nM CPEC. Thus, by using CPEC the concentration of araC 

couldd be reduced 4-fold to obtain a comparable cytotoxic effect as in experiments with 

araCC alone. When using a fixed concentration of araC and varying the concentrations 

off CPEC, an additive effect on the induction of apoptosis and necrosis was also obser

vedd (Table 1 B). 
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FigureFigure  5: Detection  of  apoptosis,  necrosis  and sum  of  apoptosis  and necrosis  after  16h of  incu-

bationbation  with  CPEC only  (25nM, far  left),  araC only  (62.5 nM, middle  left),  CPEC and araC (co-tre-

atment,atment,  middle  right)  and CPEC and araC that  was preceded  by a 24h preincubation  with  CPEC 

(pre-treatment,(pre-treatment,  far  right)  showing  a significant  increase  in  apoptosis  and necrosis  (p<0.005) in 

thethe  pre-treated  cells  as compared  with  the co-treated  cells. 

Thee effect of araC-induced apoptosis was further studied by comparing the results 

off simultaneous addition of CPEC (25 nM) and araC (62.5 nM) (coincubation) with a 

preincubationn of CPEC for 24h, followed by the addition of araC for 16h (pre/coincu-

bation).. While 25 nM of CPEC (depleting the CTP concentration by 35% after 24h) 

hardlyy induced any apoptosis by itself the simultaneous combination of CPEC and araC 
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(coincubation)) resulted in a cumulative percentage of apoptosis and secondary necro

siss of . In contrast, the pre/coincubation showed a significantly (p<0.005) 

higherr cumulative percentage of apoptosis and necrosis , Figure 5). A prein

cubationn with 37.5 nM of CPEC for 24h, which by itself did only cause minor apopto

siss , followed by a coincubation for 16h with 62.5 nM of araC % of apop-

toticc cells), also showed a synergistic effect on the induction of apoptosis (27+4%, 

p<0.001). . 

120% % 

100% % 

sg g 
J 3 3 
g oo  40% -• 
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DCPEC C 

•• co-treatment 

HOURS S 

FigureFigure  6: Cell  proliferation  after  treatment  with  25 nM of  CPEC and/or  4 nM of  araC for  24, 48 

andand  72h. Proliferation  is  expressed  as percentage  of  untreated  cells.  A significant  additive 

effecteffect  of  CPEC is  observed  after  48h when  comparing  the growth-inhibition  induced  by the com-

binationbination  of  both  drugs  as compared  with  the araC-induced  growth  inhibition  (p=0.002). 

Thee effect of CPEC and araC on cell proliferation 

CPECC proved to inhibit cell-proliferation at concentrations as low as 25 nM, which was 

apparentt after 48 and 72h, but not after 24h. The growth-inhibition was o and 

17+5%% after 48 and 72h, respectively as compared with the untreated cells (n=5 

experiments)) with a cell viability > 90% after 48 and 72h. At CPEC concentrations 

abovee 50 nM cellular growth was completely arrested after 24h onwards, and the cell 

viabilityy (89% after 48h of CPEC 50 nM) decreased concentration-wise (n=2 experi

ments).. With respect to araC, proliferation was inhibited after 48 and 72h when using 

concentrationss as low as 2 nM. Growth completely stagnated and cell viability (82% 

afterr 48h of araC 16 nM) decreased further when using araC concentrations > 16 nM 

(n=2).. The simultaneous addition of 25 nM CPEC o growth inhibition after 

156 6 



C P E CC I N C R E A S E S C Y TA R A B I N E -1 N D U C E D A P O P T O S I S I N M O L T - 3 

48h)) and 4 nM araC ) showed a significant additive effect ) on 

cellularr growth inhibition (Figure 6, n=5). When using CPEC with varying concentra

tionss and lengths of preincubation time before the addition of araC, an additive effect 

couldd be observed after 48h in terms of inhibition of cell proliferation. For example, a 

24h-preincubationn with CPEC 25 nM, followed by a coincubation for another 48h of 

CPECC (16% growth-inhibition after 48h) and araC 4 nM (16% growth-inhibition after 

48h),, showed an additive effect on growth-inhibition (37% growth-inhibition after 

48h).. Similarly, preincubation of the cells with higher concentrations of CPEC (150 nM) 

forr a shorter time period (4h) followed by incubation of the cells with only araC (4 nM) 

forr 48h also produced an additive effect. 

DISCUSSION N 

Thee rationale behind our study was to investigate whether the depletion of the in

tracellularr pools of CTP and dCTP, leading to an increased phosphorylation of araC and 

ann increased incorporation of araCTP into DNA, would result in an increased cytotoxi

cityy of araC in this "["-lymphoblastic leukemic cell-line. We studied this modulation of 

araCC cytotoxicity by CPEC through the analysis of apoptosis, secondary necrosis and 

growth-inhibitionn at various concentrations of CPEC and araC, with the concomitant 

determinationn of the concentrations of CTP and dCTP. 

Bothh CPEC and araC proved to induce apoptosis and necrosis in our MOLT-3 cell-

line.. The necrosis that was observed in our experiments was secondary to the process 

off apoptosis, because both the apoptosis and necrosis could be completely inhibited 

byy a preincubation with ZVAD. This compound is an inhibitor of the caspase cascade 

(26)) that is part of the apoptotic effector mechanisms. 

Byy treating the MOLT-3 cells simultaneously with CPEC and araC, an additive effect 

onn the process of apoptosis and secondary necrosis was obtained as compared with 

thee araC-induced apoptosis and necrosis. This proved to be the case for various con

centrationss of CPEC and araC A preincubation with CPEC, followed by a coincubation 

withh CPEC and araC, showed a synergistic increase in terms of apoptosis and secon

daryy necrosis as compared with the coincubation conditions. This difference may pro

bablyy be explained by the observation that the CTP and dCTP-depleting effect of CPEC 

aree time-dependent (Figure 3B) and therefore some time is required before the CTP-

andd dCTP pools are sufficiently depleted by CPEC to facilitate the anabolism of araC. 

Thiss phenomenon is in line with the observation that in MOLT-3 cells a preincubation 
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withh CPEC for 2h significantly increased the formation of araC nucleotides (especially 

araCMP)) and the incorporation of araCTP into DNA (Verschuur ef al., submitted). 

Off special interest is our observation that by treating cells with a concentration of 

CPECC as low as 25 nM, depleting the CTP concentration by 35% after 24h, hardly any 

apoptosiss or necrosis was detected, whereas this low concentration of CPEC produced 

aa synergistic effect with araC in terms of apoptosis and necrosis when added 24h pri

orr to the administration of araC. 

Inn terms of proliferation, an additive effect of CPEC was observed on the araC-indu-

cedd growth-inhibition after 48h, which was independent of the timing of CPEC addi

tion.. In other words, a preincubation with CPEC under various conditions, did not show 

aa synergistic effect in terms of growth-inhibition measured after 48h. In contrast, on a 

shorterr time frame (16h) a synergistic effect of CPEC and araC was observed in terms 

off cytotoxicity (apoptosis and necrosis) and hence growth-inhibition. The synergistic 

effectt on growth-inhibition observed after 16h and the observed additive effect of 

CPECC and araC on the cellular growth-inhibition after 48h indicate that the timing of 

thee drug combination is essential in order to obtain a synergistic cytostatic and cyto

toxicc effect. 

Severall consequences may arise from the results of our experiments. First, the fact 

thatt CPEC induces apoptosis and secondary necrosis, creates a new insight into the 

cytotoxicc properties of this nucleoside analogue. The CTP- and dCTP-depleting effect 

off CPEC on lymphocytic leukemic cell-lines has been reported previously (17-20) lea

dingg to a decreased RNA- and DNA-synthesis. How these mechanisms are related to 

thee process of apoptosis is unknown, but clearly the appearance of apoptotic cells 

occurss later (8-16h) compared to the depletion of CTP and dCTP (l-6h) (data not 

shown).. Second, the synergistic effect of CPEC on the araC-induced apoptosis and 

necrosis,, provides firm evidence that the cytotoxicity of araC can be increased by a 

preincubationn with CPEC. Third, the combination of CPEC and araC has a stronger cyto

staticc effect as compared with the araC-induced growth-inhibition in T-lymphoblasts. 

Thesee observations may have several clinical implications: in the case of araC-refrac-

toryy or resistant lymphoblasts it will probably be beneficial to increase the cytotoxicity 

off araC by means of CPEC. Furthermore, the combination of CPEC and araC may pre

ventt the development of multi-drug resistance, as both drugs have different modes of 

action.. Finally, anotherr clinical implication may be the reduction of the applied dose of 

araCC in order to reduce the host toxicity, while maintaining at least a comparable anti

leukemicc effect. This has been studied in an in vivo modell in mice suffering from leu

kemiaa where pre-/coincubation experiments with CPEC and a palmitoyl derivative of 
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araCC were performed. The intermediate and lower doses of araC could be reduced 2-

foldd when the mice were pretreated with CPEC resulting in a slight increase in the num

berr of long-term survivors amongst the CPEC-treated mice (31). However, the anti

tumorr effect caused by the maximal tolerated dose of palmitoyl-araC was comparable 

too the reduction of tumor-burden with the maximally tolerated combination of palmi-

toyl-araCC and CPEC. This observation suggests that the modulation of the cytotoxicity 

off araC by CPEC has only a benefit in vivo in mice when CPEC is used in combination 

withh the intermediate or low doses of araC. 

CPECC has been studied in a phase I clinical trial in adults with colon carcinoma 

showingg severe cardiovascular toxicity at higher steady state plasma concentrations 

(>> 1.5 uM) (32). The hematological toxicity was minor at steady-state plasma con

centrationss of < 1.5 uM, but increased to moderate toxicity at higher concentrations. 

Wee have shown by in vitro experiments on samples of patients suffering from (T)-ALL 

thatt CPEC at a concentration of 0.63 uM caused a significant depletion of CTP and 

dCTPP (15). Recently, we have shown that even lower concentrations of CPEC induce 

aa depletion of CTP and a reduction of DNA synthesis (preliminary results). 

Consequently,, CPEC may be useful in a clinical perspective either by it's own cytotoxic 

propertiess or by the araC-modulating effect, using doses of CPEC that are well bene

athh the toxic plasma concentrations observed in the phase I trial (31). Obviously, 

furtherr (pre)clinical research is warranted to determine which clinical approach would 

bee the best and the safest 

Inn conclusion, CPEC induces apoptosis and secondary necrosis and augments 

synergisticallyy the araC-induced apoptosis and secondary necrosis in a T-lymphoblas-

ticc cell-line, which provides further arguments for the addition of CPEC to the future 

treatmentt protocols for (relapsed) T-ALL. 
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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-
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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 

•• OnMCPEC 

D 2 5 n M C P E C C 

HSOnMCPEC 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). 

2>> ' 
o o 

O))  2,0 0 • 

~5 ~5 
^^  1,5 0 

z: : 
j == 1,0 0 • 

< < 
! zz  0.5 O • 
LU U 
O O 

o o 

DD -CPE C 
..  •  +CPEC 

: J . ~ . . 
ARACMPP ARACDP 

•• * ri. . 1 1 1 1 
ARACTPP ARACP INCORP. 

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 

173 3 



C H A P T E RR 8 

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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SUMMARY Y 

Thee predominant factors that contribute to the cytotoxicity of 1-R-D-arabinofuranosyl 

cytosinee (araC) are the intracellular phosphorylation of araC into it's active compound 

araCTP,, the degree of degradation of araCTP and the incorporation of araCTP into DNA. 

Deoxycytidinee triphosphate (dCTP) inhibits the phosphorylation of araC, by feedback 

inhibitionn of deoxycytidine kinase and competes with araCTP incorporation into DNA. 

Byy in vitro experiments on leukaemic samples of paediatric patients suffering from ALL, 

wee studied whether the metabolism of araC could be modulated by decreasing the 

concentrationn of dCTP, using the nucleoside-analogue cyclopentenyl cytosine (CPEC), 

ann inhibitor of the enzyme CTP synthetase. 

AA preincubation with 0.63 uM CPEC for 18h followed by a coincubation of CPEC 

withh either 20 nM or 2 uM of araC increased the anabolism of araC in leukemic cells 

off 9 patients with ALL as compared with the CPEC untreated cells. For both concen

trationss of araC, we observed a significant increase in the concentration of araCMP of 

++ 84 o and + 70 , respectively. The incorporation of araCTP into DNA seemed to 

increasee by 26 o and 39 %, after a coincubation for 6h of CPEC and 20 nM or 2 uM 

araC,, respectively. The increase in araCTP incorporation in DNA nearly reached statis

ticall significance when using 20 nM of araC (p=0.06). The incorporation of araCTP into 

DNAA was higher when taking into account the decreased synthesis of DNA. As a con

sequencee the [3H]-araC/[14C]-thymidine ratio in DNA increased by 63 % (p<0.01) 

andd 102 % (p=0.20), after using araC concentrations of 20 nM and 2 uM, respecti

vely,, as compared with the CPEC-untreated cells. 

Wee conclude that an in vitro preincubation with CPEC may increase the cytotoxici

tyy of araC by increasing the phosphorylation of araC and the incorporation of araCTP 

intoo DNA in lymphoblasts of patients suffering from ALL. 
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INTRODUCTION N 

Arabinofuranosyll cytosine (araC) has been used for the treatment of paediatric acute 

lymphocyticc leukaemia (ALL) as first-line therapy and has a predominant role in the 

combinationn chemotherapeutic regimens used for recurrent ALL. AraC by itself is not 

cytotoxicc and requires three consecutive intracellular phosphorylation steps leading to 

thee formation of the cytotoxic metabolite araCTP. The three phosphorylation reactions 

aree catalyzed by deoxycytidine kinase (dCK), nucleoside monophosphate (NMP) kina

see and nucleoside diphosphate (NDP) kinase, respectively (1) (figure 1). After the 

phosphorylationn of araC into araCTP, the drug exerts it's cytotoxic effects by the incor

porationn of araCTP into DNA (2), catalyzed by DNA polymerase (3). The incorporation 

off araCTP into DNA results in an inhibition of the DNA-elongation and DNA-repair 

mechanismss (2,4,5), with as a consequence an impaired synthesis of DNA. The first 

phosphorylationn step of araC, catalyzed by dCK (6), is considered to be rate-limiting 

(5,7).. The activity of dCK is under negative feedback-control of dCTP (6) (figure 1). 

Moreover,, dCTP competes with araCTP for the incorporation into DNA (8). A decreased 

dCKK activity (9) and a decreased incorporation of araCTP into DNA (6) are some of 

thee mechanisms leading to resistance to araC, that has been correlated with a poor cli

nicall outcome in patients with acute leukaemia (10). 

AraU U 

•t t 
AraCC — 

DNAA +-

1 1 

t t 
-- I 
dCTP P 

I I 

2 2 

AraUU MP 

I--
- •• AraCMP 

•If--
AraCDP P 

tf tf 
—— AraCTP 

FigureFigure  1: Scheme  representing  the intracellular  araC metabolism.  The interrupted  lines  repre-

sentsent  the inhibitory  effects  ofdCTP  on dCK (1) and the competition  ofdCTP  with  araCTP forDNA-

polymerasepolymerase  (2). NMP kinase  (3) and NDP kinase  (4) catalyze  the second  and third  phosphory-

lationlation  step  of  araC, respectively.  Phosphatases  (5), (deoxy)cytidine  deaminase  (€) and dCMP 

deaminasedeaminase  (7) are catabolic  enzymes  of  the araC metabolism. 
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FigureFigure  2: Scheme  representing  the 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  (1) catalyzes  the conversion  of  UTP into  CIV. The middle 

trunktrunk  represents  the salvage  pathway  of  cytidine  and the right  trunk  represents  the deoxycy-

tidinetidine  salvage  pathway,  where  deoxycytidine  is  phosphorylated  into  dCTP by three  consecuti-

veve steps,  catalyzed  by dCK (2), nucleoside  monophosphate  kinase  (3) and nucleoside  diphos-

phatephate  kinase  (4). (5): uridine/cytidine  kinase.  The conversion  of  (deoxy)cytidine  into 

(deoxy)uridine(deoxy)uridine  (nr.  6) is  catalyzed  by (deoxy)cytidine  deaminase.  (d)CMP deaminase  (nr.  7) con-

vertsverts  (d)CMP into  (d)UMP. 

Cyclopentenyll cytosine (CPEC) is a cytidine-analogue which has been shown to 

inhibitt growth in cell-lines of haematological malignancies (11-13). Moreover, CPEC 

provedd to increase the life-span of mice suffering from ALL (14). The predominant bio

chemicall effect of CPEC results from the inhibition of the enzyme cytidine triphospha

tee (CTP) synthetase, catalyzing the conversion of the ribonucleotide uridine triphos

phatee (UTP) into CTP (figure 2). Besides, CPEC itself inhibits the enzyme 

uridine/cytidinee kinase (13), thus interfering with the synthesis of UTP and CTP (figu

ree 2). It has been shown that CPEC can induce a depletion of CTP (11-17) and 

deoxyCTPP (dCTP) (12,17) in several cell-lines leading to a decrease of DNA- and/or 

RNA-synthesiss (11,12,16). Moreover CPEC proved to induce apoptosis and seconda

ryy necrosis in a T-lymphoblastic cell-line (18). CPEC has been studied in a phase I cli

nicall trial showing cardiovascular toxicity at steady-state plasma concentrations > 1.5 

uMuM and dose-limiting haematological toxicity was observed at steady-state plasma con

centrationss of nearly 3 uM (19). Previously, we have shown that a low concentration 
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off CPEC (0.63 LIM) was able to reduce the CTP and dCTP pools in leukaemic samples 

off paediatric patients with ALL and AML (20,21). Moreover, we observed a synergistic 

effectt by CPEC on the phosphorylation of araC, the incorporation of araCTP into DNA 

andd the araC-induced apoptosis in a MOLT-3 T-lymphoblastic cell-line (manuscript sub

mitted). . 

Therefore,, we hypothesized that an in vitro preincubation with CPEC of leukaemic 

cellss obtained from patients suffering from ALL, might increase the phosphorylation of 

araCC and the incorporation of araCTP into DNA by decreasing the dCTP pools in these 

lymphoblasts. . 

MATERIALSS AND METHODS 

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. [3H]-arabi-

nofuranosyll cytosine (1.04 Gbq/mmol) and [14C]-thymidine (2.04 Gbq/mmol) were 

obtainedd from Amersham International, Buckinghamshire, UK. 

Leukaemi cc cell separatio n and purificatio n 

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

weree studied at time of diagnosis or at relapse. Leukaemic cells were isolated as descri

bedd previously (20,21). Patients' samples with an initial cell purity of less than 80% 

lymphoblastss were further purified by magnetic cell sorting (MACS, Miltenyi, Germany) 

usingg anti-CD34, anti-CD 10 (indirect labeling) or pan-T monoclonal MACS beads 

(23,23)) after which the purified cell suspension was washed with phosphate-buffered 

salinee (PBS) containing 5 mM glucose. Cells were counted with a Coulter Counter ZF 

cellcounter,, in isoton solution, which contained 3.3x10"5 % (v/v) Triton X-100 and 

6.7x10"33 % (w/v) saponine. Viability was assessed by the trypan blue exclusion test 

(24)) and initial cell purity was assessed by microscopic examination of cytospin pre

parationss stained with Jenner Giemsa and by flowcytometric analysis (FACScalibur, 

Bectonn Dickinson, USA). The type of ALL was classified according to the international 

FABB classification, based on morphology and immunophenotyping. 
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Incubatio nn experiment s 

Thee incubation experiments were performed with cells either immediately after isola

tionn or after standard thawing procedures of cell samples that had been cryopreserved 

inn medium containing 10% DMSO. After thawing these cell samples, the non-viable 

cellss were separated from the viable cells by a magnetic-based cell separation, using a 

commerciall Dead Cell Removal kit (Miltenyi Biotec, Bergisch Gladbach, Germany). The 

culturee conditions have been described previously (20). Lymphoblasts were incubated 

forr 18h either with or without 0.63 uM CPEC, using a 750 uM stock solution of CPEC 

inn 0.9% NaCI. After this 18h incubation period araC was added for 6h to the CPEC-tre-

atedd and untreated cell samples using mixtures (1:1, 10:1 and 2:1, respectively) of 

radiolabelledd araC (stock concentration of 35.58 pM) and non-radiolabelled araC 

(stockk concentration of 8.22 pM) resulting in a final araC concentration of 20 nM/ 0.5 

pMM and 2 uM. 

DNAA synthesis was analyzed by [14C]-thymidine incorporation into DNA by adding 

[14C]-thymidinee to a final concentration of 0.25 pM at the start of the 24h incubation 

experimentss with CPEC and/or araC. Subsequently, cells were harvested and the nu

cleotidess were extracted with perchloric acid, as described previously (21). The pellet 

obtainedd after the perchloric acid extraction was used for determination of the protein 

contentt and for analysis of the amount of radioactivity incorporated into DNA. 

Nucleotid ee analysi s 

Thee detection of non-radiolabelled ribonucleotides has been described previously 

(20).. The determination of radiolabelled nucleotides was performed with an identical 

HPLCC system and elution conditions as used for the detection of non-radiolabelled 

ribonucleotidess (20) with the exception of using a LDC/Milton Roy CM 4000 pump 

andd a Shimazu UV detector 5PD/10A for the analysis of the radiolabelled nucleotides. 

Thee radioactivity was detected on-line with a Radiomatic 525TR Flow Scintillation 

Analyserr with a 500 pi TR-LSC cell (Packard Instrument, Meriden, CT, USA). A scintilla

tionn fluid (Ultima Flo AP, Packard, Dowers Grove, IL, USA) was used at an effluent to 

scintillationn fluid ratio of 1:1. Radioactivity (either [3H]-araC or [14C]-thymidine) was 

analyzedd in the acid-precipitated material after washing the pellet with 0.4N perchloric 

acidd followed by adding 10 ml of scintillation fluid to the pellet, after which the counts 

weree measured on a R-counter. The araCTP incorporation into DNA was either expres

sedd as an absolute amount (fmol/ug protein) incorporated or was expressed relative-
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lyy to the DNA synthesis as determined by the [14C]-thymidine incorporation. This rela

tivee amount of incorporated araCTP is indicated as ''[3H]-araC/[14C]-thymidine ratio". 

Statistic s s 

Thee percentual changes in concentrations of CTP, araCMP, araCDP, araCTP and araCXP 

(=totall of araC nucleotides) between the leukemic cell samples that had been pretre-

atedd with or without CPEC were analyzed by the Student's t-test for paired samples, 

usingg SPSS 6.0.1 software. A Student's t-test for paired samples was also applied to 

comparee the mean araCTP incorporation into DNA as well as the mean [3H]-

araC/[14C]-thymidinee ratios in DNA between the CPEC-treated and -untreated cells. 

RESULTS S 

Patients ''  characteristic s 

Sampless were obtained from 9 patients suffering from ALL. Ages ranged from 20-136 

months.. All patients suffered from precursor B-ALL Leukemic samples were obtained 

att relapse in three of the nine patients. Samples of 7 patients were used for the incu

bationn experiments immediately after the cell isolation, while samples of 2 patients 

weree used after thawing the cryopreserved leukemic cells. 

Thee CTP-depletin g effec t of CPEC 

Thee mean concentration of CTP after an 18 hr preincubation with 0.63 uM CPEC was 

622  24 o (n=9 samples) as compared with the lymphoblastic samples that had not 

beenn treated with CPEC. This CTP depletion of 38 % is similar to the CTP depletion 

thatt we had observed after 0.63 uM CPEC for 18 hr in a previous series (20) of patients 

(411 %), which was paralleled by a mean depletion of dCTP of 27 %. For technical reas

ons,, we could not analyze the concentrations of dCTP in this current study. 

Modulatio nn of araC nucleotid e formatio n and 
incorporatio nn by CPEC 

Thee results of the preincubation/coincubation experiments with CPEC and/or araC on 
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thee samples of the patients were compared with the patients' samples that were only 

treatedd with araC. All 9 samples were treated with 2 uM of araC, while 5 and 3 patients' 

sampless could also be treated with 20 nM and 0.5 uM of araC, respectively. These con

centrationss were chosen as such because from our previous experiments with leuka-

emicc cell-lines we had observed that low concentrations of araC ranging from 2-20 nM 

enabledd us to study the fluxes thru phosphorylation of araC and incorporation of 

araCTPP into DNA (unpublished results). Higher concentrations of araC led to a largely 

inhibitedd synthesis of DNA and thus did only allow a proper analysis of fluxes of araC 

metabolitess thru phosphorylation. We used 0.5 uM of araC, because this concentration 

iss comparable to the steady state plasma concentrations observed in low dose araC-

regimenss (100 mg/m2 /d) (9,25). Finally we used 2 uM of araC to exclude the possi

bilityy that transmembrane transport would be rate-limiting in our experiments as has 

beenn described for araC concentrations < 1 uM (26). 

AraCC metabolit e 
(Fmol/p gg protein ) 

Araa CMP 

AraCDP P 

AraCTP P 

AraCXP P 

AraCTPP in DNA 

00 pM CPEC 
20nMAra C C 

0.5 5 

0.14 4 

4.9 9 

5.5 5 

0.18 8 

% % 
9 9 

2 2 

86 6 

97 7 

3 3 

0.633 j)M CPEC 

200 N« AraC 

1.0 0 

0.15 5 

4.8 8 

6.0 0 

0.23 3 

% % 
16 6 

3 3 

77 7 

96 6 

4 4 

00 MM CPEC 

0.55 jjM AraC 

7.1 1 

3.5 5 

87.9 9 

98.5 5 

0.61 1 

.<*> > 
7 7 

4 4 

88 8 

99 9 

1 1 

0.633 pM CPEC 
0.55 pM ARAC 

11.2 2 

1.7 7 

78.1 1 

91.0 0 

0.67 7 

% % 
11 1 

2 2 

76 6 

99 9 

1 1 

00 pM CPEC 
2pMAra C C 

63.8 8 

15.0 0 

461 1 

540 0 

3.8 8 

% % 
12 2 

3 3 

84 4 

99 9 

1 1 

0.633 pM CPEC 

22 pM AraC 

11 15.0 

17.0 0 

443 3 

575 5 

4.7 7 

* * 
20 0 

3 3 

76 6 

99 9 

1 1 

TableTable  I ; Effect  of  a preincubation  with  CPEC on the distribution  of  concentrations  of  each araC 

metabolite.metabolite.  The concentration  of  each metabolite  is  expressed  as fmol/pg  protein  (first 

column),column),  as well  as percentage  (second  column)  of  the total  amount  of  araC metabolites. 

Thee absolute concentrations of the various araC metabolites (fmol/ug protein) 

showedd a predominance of araCTP (table 1). The araCMP pool represented 7-12 % 

off the total amount of araC metabolites in the CPEC-untreated cells. In the leukaemic 

cellss that had been pretreated with CPEC, the mean concentrations of araCMP repre

sentedd a larger proportion (11-20 ) of all araC metabolites. We observed that the 

cryopreservedd samples showed 3- to 5-fold lower concentrations of araC metabolites 

(dataa not shown) after the incubation experiments (with or without CPEC), resulting in 

aa high standard deviation of the absolute concentrations of the araC metabolites. 

Therefore,, the results of the incubation experiments with 0.63 uM CPEC and araC are 

expressedd as the mean (  SD) of the relative percentages of the concentration of each 

araCC metabolite of each CPEC-pretreated sample in comparison with the CPEC un

treatedd sample (figure 3 and 4). 

Whenn using 2 uM of araC (n=9 samples), a relative increase in araCMP concen-
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trationn of + 70 % (p< 0.001) was observed in the CPEC pretreated cells (figure 3). 

Thee concentrations of araCDP and araCTP and the total of araC metabolites did hard

lyy change after a preincubation with CPEC as compared with the CPEC untreated 

cells.. The incorporation of araCTP into DNA (n=6 samples) seemed to increase relati

velyy by 39 % after a preincubation with 0.63 uM CPEC, which was however not signi

ficantt (p=0.24). The [3H]-araC/[14C]-thymidine ratio in the CPEC pretreated cells was 

2022 % as compared with the lymphoblasts that had not been treated with CPEC, but 

thiss difference was not statistically significant (p=0.20). 
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FigureFigure  J ; The effect  of  a preincubation  with  0.63 pM of  CPEC for  18h on the concentrations  of 

thethe  various  araC-nucleotides  and of  the incorporation  of  araCTP into  DNA after  using  2 pM of 

araCaraC for  6h, compared  with  cells  that  were not  pretreated  with  CPEC. Only  the increase  in 

araCMParaCMP concentration  (p<0.001) is  significant  AraCXP:  total  amount  ofaraC  nucleotides. 

Whenn using lower concentrations of araC (20 nM) (n=5 samples) a similar pattern 

off modulation of araC metabolism by CPEC was observed (figure 4). The mean relati

vee concentration of araCMP was increased by 84 % (p=0.02) in the CPEC pretreated 

cellss compared with the lymphoblasts that had been treated with araC only. The con

centrationss of araCDP, araCTP and total amount of araC nucleotides hardly changed 

afterr a preincubation with CPEC. The incorporation of araCTP into DNA was increased 

byy 26 % (p=0.06) in the CPEC-pretreated cells, while the [3H]-araC/[14C]-thymidine 

ratioo increased by 63 % (p<0.01) as compared with the CPEC-untreated cells. 

DISCUSSION N 

OurOur in vitro experiments with leukemic samples of children suffering from ALL showed 

thatt a preincubation with low concentrations of CPEC can increase the phosphoryla

tionn of araC in these lymphoblasts, which was apparent when using both low (20 nM) 
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andd intermediate (0.5 - 2 uM) concentrations of araC. The increased phosphorylation 

off araC can be attributed to the CPEC-induced decrease of the dCTP concentration, as 

dCTPP has proved to be an inhibitor of dCK (6). Therefore, the decreased concentra

tionn of dCTP resulted in an enhanced activity of dCK, which is considered to be the 

rate-limitingg enzyme in the formation of araCTP (5,7). The increased concentration of 

araCMPP after a preincubation with CPEC, may suggest that nucleoside monophospha

tee (NMP) kinase is rate-limiting at higher concentrations of araCMP. However, a high 

proteinn level and activity of NMP kinase has been demonstrated in leukemic cells (26). 

Thee increased phosphorylation of araC by depleting the dCTP pools has been demon

stratedd previously in a rat hepatoma cell-line (7), a human colon carcinoma cell-line 

(17)) and a human T-lymphoblastic cell-line (Verschuur et al., manuscript submitted). 

Inn myeloid leukemic cells (HL-60 cell line) a synergistic effect has been observed in 

termss of growth-inhibition when using araC and 3-deazauridine, which is an inhibitor 

off CTP synthetase (27). 

3H-A?CMPP 3H-AaCDP 3H-jSraCTP 3H-AaCXP P AaCin n 
UNA A 

Ratioo 3H/ 

FigureFigure  4: The effect  of  a preincubation  with  0.63 pM of  CPEC for  18h on the concentrations  of 

thethe  various  araC-nucleotides  and of  the incorporation  of  araCTP into  DNA followed  by 20 nM 

ofof  araC for  6h, compared  with  cells  that  were not  pretreated  with  CPEC. The increase  in  con-

centrationscentrations  of  araCMP (p=0.02) and the [3H]araC/[14C]thymidine  ratio  (p<0.01) after  a prein-

cubationcubation  with  CPEC is  statistically  significant  The increased  incorporation  of  araCTP into  DNA 

asas compared  with  the CPEC-untreated  cells  is  nearly  significant  (p=0.06). AraCXP:  total  amount 

ofof  araC nucleotides. 

Ourr in vitro experiments on the patients' lymphoblasts also showed that a prein

cubationn with CPEC may increase the incorporation of araCTP into DNA. Previously, we 

observedd that the optimal conditions to study the incorporation of araCTP into DNA of 

lymphoblasticc and promyelocyte leukemic cell-lines was by using very low concentra

tionss of araC (2-20 nM). Higher concentrations of araC resulted in a more than 90% 
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inhibitionn of DNA, thus preventing flux studies. In the patients' samples, a preincuba

tionn with 0.63 uM CPEC showed an increased incorporation of araCTP into DNA that 

wass nearly significant when using the low (20 nM) concentration of araC. The incre

asedd incorporation of araCTP into DNA was unambiguously shown when expressed 

relativee to the decreased synthesis of DNA, as was reflected by the increase in [3H]-

araC/[14C]-thymidinee ratio in the CPEC-pretreated cells as compared with the CPEC-

untreatedd cells. The increased incorporation of araCTP into DNA was not significant yet 

afterr using 2 uM of araC being a concentration that is slightly higher than the in vivo 

plasmaa concentrations observed in the 100 mg/m2 /d araC regimens (25). 

Wee want to emphasize that the cytotoxicity of araC is predominantly due to the incor

porationn of araCTP into DNA (2). From our results, it can therefore be expected that a 

preincubationn with CPEC increases the cytotoxicity of araC on lymphoblasts. This would 

bee in line with our observations in T-lymphocytic and myeloid leukemic cell-lines 

showingg the synergistic effect of CPEC on the araC-induced cytotoxicity (manuscripts 

submitted).. The modulation of araC metabolism in the in vitro experiments with the 

patients'' samples was observed after using 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 (19). 

Thiss modulatory effect of CPEC on araC-metabolism and cytotoxicity may provide 

severall tools to enhance the efficacy of araC in the various clinical applications. First, 

CPECC may enhance the phosphorylation of araC used in the low-dose regimens (75-

2000 mg/m2/d), as can be expected from our results. A second application of CPEC 

mayy be to modulate the metabolism and cytotoxicity of araC when using high-dose 

araCC regimens. These regimens are mostly applied for patients with recurrent ALL or 

forr patients that are at very high risk of relapse. These patients have the common deno

minatorr of resistance to chemotherapy. In the case of resistance to araC, a preincuba

tionn with CPEC, may circumvent part of this resistance, as we have explained previously. 

Moreover,, the fact that CPEC by itself has cytostatic and cytotoxic properties that are 

differentt from those of araC, may also be of clinical oncological benefit in the case of 

resistancee to araC. With this respect, it has been demonstrated that murine lymphocy

ticc leukemic cells that had become resistant to araC, possessed a higher sensitivity to 

CPECC as the wild-type leukaemic cells that were not resistant to araC (14). 

Inn conclusion, our experiments provide evidence that CPEC may enhance the phos

phorylationn of araC and the incorporation of araCTP in lymphoblasts obtained from 

childrenn suffering from ALL Therefore, the modulation of araC metabolism by CPEC 

mayy be beneficial to increase the araC-induced cytotoxic effect. 
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DISCUSSIONN AND RECOMMENDATIONS 

Inn this thesis several studies are described concerning the activity of CTP synthetase in 

leukemicc cells of lymphocytic and myeloid origin, in non-malignant human blood 

cellss and blood progenitor cells. The enzyme CTP synthetase is the rate-limiting enzy

mee for the synthesis of CTP through the pyrimidine ribonucleotide de novo synthesis 

pathwayy and the salvage pathway of uridine. CTP synthetase plays an essential role in 

thee synthesis of RNA and as a consequence in the transcriptional and translational pro

cessess leading to protein synthesis. Since the concentration of cytosine deoxyribonu-

cleotidess is dependent on the amount of CTP, the activity of CTP synthetase also in

fluencess the concentration of dCTP and thus influences the balance of 

deoxyribonucleotidess required for an adequate DNA synthesis. 

Becausee of the essential role of CTP synthetase in RNA- and DNA-synthesis, the 

activityy of the enzyme has been studied in various tissues. Since the enzyme is consi

deredd to be rate-limiting for the synthesis of CTP, via the salvage pathway of uridine 

andd pyrimidine de novo pathway, many studies have shown a relation between the 

activityy of CTP synthetase and proliferation and/or malignant transformation. 

Thee studies that are described in this thesis were mainly focused on the activity of CTP 

synthetasee in human leukemic cells. A high activity of CTP synthetase proved to be pre

sentt in samples of children suffering from ALL or AML The high enzyme activity was 

correlatedd to the concentration of CTP in these patients' leukemic cells. In addition, 

theree proved to be an inverse correlation between the activity of CTP synthetase and 

thee UTP/CTP ratio and the purine/pyrimidine ribonucleotide ratio. In other words, the 

highh CTP synthetase activity in the leukemic cells was accompanied by a shift towards 

thee synthesis of pyrimidine ribonucleotides and especially the cytosine ribonucleotides. 

Thee high activity of CTP synthetase might therefore be an explanation for the altered 

ribonucleotidee balance, that was observed in leukemic cells. The shift in ribonucleoti

dee concentrations in favour of the cytosine ribonucleotides concomitantly with a high 

activityy of CTP synthetase might facilitate the synthesis of RNA in leukemic cells, becau

see in non-malignant cells the concentration of CTP is the lowest as compared with ATP, 

GTPP and UTP. 

Wee did not find any correlation between the enzyme activity and the mRNA expres

sionn of CTP synthetase, although this was only studied in a limited number of samples. 

AA conceivable possibility would be that the activity of the enzyme is merely regulated 

att the posttranslational level, e.g. by phosphorylation of the CTP synthetase protein. 
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Thee regulatory properties of protein kinases on the activity of CTP synthetase have in

deedd been established in yeast cells. 

Thee activity of CTP synthetase was also studied in non-malignant blood cells. A low 

too moderate enzyme activity was present in erythrocytes, granulocytes, lymphocytes 

andd monocytes as compared with the activity observed in leukemic cells, which is con

sistentt with the fact that these mature peripheral blood cells generally spoken do not 

proliferatee (lymphocytes excluded). We were surprised to observe a high activity of CTP 

synthetasee in platelets, and the explanations for this observation have been discussed 

inn chapter 2. A three-fold increase of the activity of CTP synthetase was observed in 

stimulatedd and thus proliferating T-lymphocytes, as compared with the activity obser

vedd in non-stimulated lymphocytes. 

AA high activity of CTP synthetase was present in non-malignant CD34+ fractions of 

humann bone marrow. Whether this high activity is related to the proliferative state of 

thesee hematopoietic cells or is related to the immature state of these bone marrow 

cellss is a question that remains to be settled, as both immaturity and proliferation are 

characteristicss of CD34+ bone marrow cells. 

Thee high activity of CTP synthetase in leukemic cells obtained from patients prompted 

uss to study the effect of the nucleoside analogue CPEC, an inhibitor of CTP syntheta

se.. CPEC proved to inhibit CTP synthetase in a T-lymphoblastic and a myeloid leuke

micc cell-line, leading to decreased concentrations of CTP and dCTP and as a conse

quence,, a decreased DNA-synthesis and growth-inhibition in these cells. Furthermore, 

thee pools of CTP and dCTP in leukemic cells isolated from patients were depleted by 

incubatingg these blasts in vitro with CPEC. A correlation was observed between the acti

vityy of CTP synthetase and the extent of CTP depletion, after incubating the patients' 

leukemicc cells with CPEC. These observations indicate that, in vitro, these leukemic 

cellss are capable of incorporating CPEC into the cell, phosphorylate CPEC to it's active 

compoundd CPEC-TP which subsequently inhibits CTP synthetase in situ. The inhibition 

off CTP synthetase was clearly demonstrated in situ by the decreased amount of radio-

labelledd synthesized from radio-labelled uridine. Moreover, by treating the leukemic 

cellss with CPEC, the imbalance of ribonucleotide concentrations could be partially res

tored,, almost resembling those of non-malignant mature blood cells. In addition, a 

majorr reduction of DNA-synthesis was observed in vitro by incubating the leukemic 

cellss of patients with concentrations of CPEC in the submicromolar range (0.63 uM). 

Thiss observation indicates that CPEC has in vitro cytostatic properties on leukemic 

cellss of patients, using concentrations of CPEC that are three-fold lower than the lowest 
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steady-statee plasma concentration (1.75 uM) that was accompanied by severe toxici

tyy in the phase I clinical trial. Even lower concentrations of CPEC than 0.63 uM could 

bee used in vivo, since in general, lymphoblasts and myeloblasts obtained from patients 

havee a decreased rate of metabolism in vitro as compared to the in vivo situation. 

Therefore,, the results observed in the patients' samples probably underestimate the 

resultss that may be obtained in vivo. CPEC may thus have an anti-leukemic effect in 

vivovivo using doses of CPEC that would cause little or no toxicity. 

AA new aspect of CPEC that has been revealed is the property of CPEC to induce apop-

tosiss and necrosis. While most previous studies have shown a cytostatic effect of CPEC, 

thee investigations on the MOLT-3 T-lymphoblastic cell-line have shown that CPEC is 

alsoo cytotoxic by inducing apoptosis and secondary necrosis in a concentration- and 

time-dependentt way. No significant role could be ascertained for CPEC on the induc

tionn of apoptosis in samples of patients with ALL or AML, although a trend seemed to 

existt (preliminary results). Further investigations are therefore warranted. 

Majorr parts of this thesis describe the modulating effect of CPEC on the metabolism 

off araC. In both T-lymphoblastic and myeloid leukemic cell-lines, a preincubation with 

loww concentrations of CPEC (25-400 nM) caused a depletion of dCTP, which increased 

thee phosphorylation of araC. This observation is compatible with an increased activity 

off the enzyme deoxycytidine kinase due to a depletion of the dCTP pools. Moreover, 

thee incorporation of araCTP into DNA was increased by a preincubation with CPEC, 

whichh led to an enhanced inhibition of DNA synthesis. Depending on the concentra

tionss of CPEC and araC that were used, the formation of araCTP was also increased by 

aa preincubation with CPEC. Finally, the retention of araCMP, araCTP and the incorpo

ratedd araCTP was also enhanced by a preincubation with CPEC. These alterations in 

thee metabolism of araC, that were induced by CPEC, contribute to an increased cyto

toxicityy of araC, since a synergistic effect was observed of CPEC and araC on the induc

tionn of apoptosis and necrosis in samples of both lymphocytic and myeloid leukemic 

cell-lines.. This phenomenon was even observed when using low concentrations of 

CPECC (25 nM) that by itself did not induce any apoptosis or necrosis. Apparently, a 

smalll decrease in dCTP concentrations (35%) is already sufficient to increase the cyto

toxicityy of araC. 

Inn samples of patients suffering from ALL and AML, CPEC also proved to modulate 

inin vitro the metabolism of araC First, by depleting the pools of dCTP, the activity of 

deoxycytidinee kinase was probably enhanced, which was reflected by the increased 
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phosphorylationn of araC after a preincubation with CPEC. Furthermore, especially in 

AMLL samples, CPEC favoured the incorporation of araCTP into DNA, which was even 

moree substantial when taking into account the decreased synthesis of DNA. Therefore, 

byy using low doses of CPEC, 6-12 hours prior to the administration of araC, the cyto

toxicityy of araC can be expected to increase in vivo. 

Wee feel that there is sufficient evidence to consider the possibility of a combined phar

macokineticc study/phase II clinical trial with CPEC in children suffering from relapsed 

ALLL and AML. Obviously, the maximum doses should be much lower than the doses 

thatt were accompanied with toxicity in the adults studied in the phase I trial. Moreover, 

preliminaryy results of in vitro studies on samples of adults with AML and ALL, indicate 

thatt these samples have a comparable or even higher sensitivity to CPEC, using sub-

micromolarr concentrations of this drug. Therefore, a phase II clinical trial combined with 

aa pharmacokinetic study may also be warranted in adults suffering from AML and ALL. 

Inn a second stage, after having obtained sufficient data about pharmacokinetics, bio

chemicall effects, cytostatic and/or cytotoxic effects and toxicity of CPEC, a window-

studyy should be considered in a clinical trial, using CPEC prior to the administration of 

araC.. This window-study could be considered in relapsed patients but could even be 

proposedd for a protocol of newly diagnosed adult patients with AML, where araC still 

iss an essential drug. 

Severall studies concerning the enzyme CTP synthetase and it's gene expression as well 

ass the inhibition of the enzyme activity by CPEC are recommended for the future: 

1.. The regulation of the in situ enzyme activity in man has not been fully elucidated 

yet.. The absence of a correlation in ALL samples between the enzyme activity and the 

mRNAA expression of CTP synthetase indicates that posttranslational mechanisms regu

latee the enzyme activity. A possible explanation is the observation in Saccharomyces 

cerevisiae,cerevisiae, that the activity of CTP synthetase is dependent on the extent of phospho

rylationn of the enzyme by protein kinases. Whether this type of regulation of enzyme 

activityy also occurs in humans remains to be investigated. 

2.. Considering the human CTP synthetase enzyme, recent investigations in our labo

ratoryy has provided evidence of the existence of a second gene encoding CTP synthe

tase.. Therefore, the mRNA expression and the protein expression of both isoforms 

shouldd be investigated in various human non-proliferating and proliferating non-malig-
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nantt tissues and in human malignancies. Furthermore, the inhibitory capacities of CPEC 

onn both isozymes would be interesting to study. 

3.. Considering the clinical application of CPEC, studies are warranted to elucidate the 

cardiotoxicc mechanism of thisnucleoside-analogue. Investigations with animal-models 

andd with cell-lines of human cardiomyocytes are being considered, targeted at the 

mechanismm of cardiotoxicity as well as the possible prevention of cardiotoxicity by the 

administrationn of nucleosides or other substances. 

4.. Furthermore, the high activity of CTP synthetase in proliferating lymphocytes and 

especiallyy the inhibitory effects of CPEC on this enzyme activity may give rise to further 

investigations.. Preliminary results have shown the presence of a high activity of CTP 

synthetasee in proliferating T-lymphocytes, that could be inhibited by CPEC (unpu

blishedd data). One could therefore hypothesize that CPEC may also have a future cli

nicall application in the field of immunosuppressive drugs. This could lead to thera

peuticc purposes for auto-immune diseases or in transplantation-medicine. 

5.. Finally, the role of CPEC as a potential virostatic drug has been noticed in the past, 

butt has not been extensively explored yet. 

Inn conclusion, CTP synthetase plays an important role in the pyrimidine ribonucleotide 

synthesiss of proliferating non-malignant tissues in human beings as well as in malig

nantt cells. We have elucidated some aspects of this enzyme in human leukemic cells 

andd non-malignant blood and bone marrow cells. The inhibitory potentials of CPEC on 

thee enzyme CTP synthetase may lead to future clinical applications of this nucleoside-

analoguee for the treatment of children and adults suffering from (relapsed) ALL or AML 
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SUMMARYY FOR THE UNINITIATED 

Thiss thesis describes the results of our investigations regarding the synthesis of one of 

thee precursors for RNA (ribonucleic acid) and DNA (deoxyribonucleic acid) in leuke

micc cells obtained from children and adults suffering from acute lymphocytic leukemia 

(ALL)) and acute myeloid leukemia (AML). RNA is an essential component of every cell 

andd is responsible for the translation of DNA into proteins. DNA is the predominant 

componentt of chromosomes, containing the genetic "database" of an organism. Three 

typess of RNA are involved in the synthesis of proteins: messenger RNA (mRNA), trans

ferr RNA (tRNA) and ribosomal RNA (rRNA). The coding parts of a gene (= small part 

off DNA containing the genetic code for one protein) are transcribed into mRNA, which 

willl subsequently be the basis for the translation of the gene into a protein. Every cell 

containss four types of precursors for RNA, that are called ribonucleotides: ATP, GTP, UTP 

andd CTP. These ribonucleotides are also precursors for the synthesis of DNA. In gener

all it has been observed in non-proliferating cells that the concentration of CTP is the 

lowestt as compared with the other three types of ribonucleotides. One can assume 

thatt in non-proliferating cells the concentration of CTP is the limiting factor for the syn

thesiss of RNA (and DNA) and thus, for the synthesis of proteins, that are required by 

everyy cell. In malignant and therefore proliferating cells it has been shown that the con

centrationn of CTP is higher than in non-proliferating cells of the same kind of tissue. 

Furthermore,, the increase in CTP concentration in tumour cells is considerably higher 

ass compared to the increase of the other three types of ribonucleotides. Therefore, one 

couldd say that the "bottle neck" of the RNA synthesis as observed in non-proliferating 

cellss is "removed" in proliferating cells. This "removal of the bottle neck" might result 

inn a facilitation of the synthesis of RNA and DNA. 

Inn previous studies a high concentration of CTP has been observed in leukemic cel

lss obtained from children suffering from ALL as compared to non-malignant and non-

proliferatingg lymphoid cells. Three main metabolic pathways may contribute to the syn

thesiss of CTP. The first two pathways culminate in the formation of CTP from UTP. This 

formationn is catalyzed by the enzyme CTP synthetase. The third pathway consists of 

thee phosphorylation of cytidine via 3 steps into CTP. Previous investigations have 

shownn that the first two pathways (via CTP synthetase) are the preferential pathways 

forr the synthesis of CTP in many kinds of tumour. Therefore, in these tumour cells a 

highh activity of CTP synthetase has been observed. Non-malignant cells predominant

lyy use the third pathway for the synthesis of CTP. 

Thee primary aim of our investigations was to determine the activity of CTP synthe-
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tasee in leukemie cells obtained from patients. A high activity of CTP synthetase would 

confirmm the hypothesis that CTP is predominantly synthesized via the first pathways in 

thesee cells. Selective inhibition of the step shared by these pathways, by treating leu

kemicc cells in vitro with an inhibitor of CTP synthetase would lead to a decreased con

centrationn of CTP. As a consequence, by treating the leukemic cells with an inhibitor of 

CTPP synthetase, a cytostatic (= cellgrowth inhibiting) or cytotoxic (= cell death indu

cing)) effect can be expected. Cyclopentenyl cytosine (CPEC) is such an inhibitor of CTP 

synthetasee that has proved to have cytostatic properties on leukemic cell-lines. 

Moreover,, it was shown in a colon carcinoma cell-line that CPEC may increase the cyto

toxicityy of araC, which is a chemotherapeutic drug that is being used since 30 years for 

thee treatment of ALL and AML 

Thee investigations were performed on samples of 120 children and 15 adults suffering 

fromm either ALL or AML. The first conclusion of the studies is that a high activity of CTP 

synthetasee is present in leukemic cells of patients with ALL and AML. Furthermore, a 

correlationn has been observed between the (high) activity of the enzyme CTP synthe

tasee and the (high) concentration of the ribonucleotide CTP. 

Basedd on these findings, leukemic cells were treated in our laboratory with CPEC. 

Fromm these investigations it can be concluded that CPEC is indeed capable to inhibit 

CTPP synthetase in the leukemic cells resulting in a diminished synthesis of CTP and 

deoxyCTPP (= precursor for DNA) and a decreased synthesis of DNA. The latter obser

vationn is of special relevance because tumour cells require a sufficient synthesis of DNA 

forr the process of cell replication that is inherent of a tumour cell. By inhibiting the syn

thesiss of DNA the cellular growth is therefore also inhibited. Moreover, the investiga

tionss have shown that CPEC is also capable of inducing a process of cell death, known 

ass "apoptosis". 

AA next phase of the investigations concerned the modulation by CPEC of the cyto

toxicc effects of araC. Indeed, the metabolism of araC could be altered by CPEC in sam

pless of patients with ALL and AML and samples of myeloid and lymphocytic leukemic 

cell-lines.. This modulation resulted in an increased formation of active araC metaboli

tess and an increased incorporation of araC into DNA, with as a consequence an incre

asedd cytotoxicity of araC. 

CPECC is a chemotherapeutic drug that is still in the stage of preclinical development. 

CPECC has been studied in only one phase I clinical trial among adults suffering from 

colonn cancer. This trial showed cardiovascular toxicity occurring when using the higher 
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dosess of the drug. These toxicity data were taken into account with our experiments, 

andd lower concentrations of CPEC were used as compared with the plasma concen

trationss that were associated with toxicity in vivo. Even these lower concentrations of 

CPECC proved in vitro to have cytostatic effects and to improve the metabolic activation 

off araC in the leukemic cells. We expect that these effects by CPEC may also occur in 

vivovivo using low concentrations of CPEC that will probably not result in adverse effects 

inn the patient. 

Ourr results provide strong arguments for a clinical application of CPEC in order to 

improvee the treatment of patients with (relapsed) ALL and AML 
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SAMENVATTINGG VOOR DE LEEK 

Ditt proefschrift beschrijft de bevindingen van onderzoek met betrekking tot de aan

maakk van één van de RNA- en DNA-bouwstenen bij acute lymfatische leukemie (ALL) 

enn acute myeloïde leukemie (AML) bij kinderen. RNA is een essentieel onderdeel van 

iederee cel, dat verantwoordelijk is voor de vertaling van de coderende delen van het 

DNAA in eiwitten. Bij de synthese van eiwitten zijn 3 soorten RNA betrokken: messen

gerr RNA (mRNA), transfer RNA (tRNA) en ribosomaal RNA (rRNA). Het mRNA wordt 

alss kopie gevormd van de coderende delen van een gen (=klein onderdeel van het 

DNAA dat codeert voor één eiwit). Voor de aanmaak van RNA zijn in iedere cel 4 soor

tenn bouwstenen aanwezig, die ribonucleotiden worden genoemd: ATP, GTP, UTP en 

CTP.. Deze ribonucleotiden zijn bovendien ook voorlopers voor de aanmaak van DNA. 

Inn het algemeen geldt dat in niet-delende cellen de concentratie van CTP de laagste 

is.. Gezien deze lage concentratie kan CTP als het ware als een zwakke schakel worden 

gezienn met betrekking tot de synthese van RNA (en DNA) en dus met betrekking tot 

dee aanmaak van eiwitten, die onontbeerlijk zijn voor een cel. In kwaadaardige en der

halvee delende cellen is aangetoond dat de concentratie van CTP hoger is dan in niet-

delendee cellen van een zelfde weefselsoort. Bovendien is de toename in concentratie 

vann CTP in tumorcellen aanzienlijk sterker dan de toename van de concentraties van 

dee overige 3 soorten ribonucleotiden. Met andere woorden: de zwakke schakel in de 

RNAA synthesee zoals die bestaat in niet-delende cellen wordt sterker in delende cellen, 

waardoorr wellicht de synthese van RNA en DNA wordt vergemakkelijkt. 

Uitt voorgaand onderzoek is gebleken dat in leukemische cellen van kinderen die 

lijdenn aan ALL eveneens een hoge concentratie CTP is waargenomen in vergelijking 

mett niet kwaadaardige en niet delende lymfoïde cellen. Voor de aanmaak van CTP zijn 

driee metabole hoofdroutes van belang. De eerste twee routes eindigen met een geza-

melijkee stap in de vorming van CTP uit UTP onder invloed van het enzym CTP synthe

tase.. De derde route bestaat uit de fosforylering van cytidine via 3 stappen in CTP. Uit 

eerderr onderzoek is gebleken dat in tumorcellen hoofdzakelijk van de eerste twee rou

tess (via CTP synthetase) gebruik wordt gemaakt om CTP aan te maken. In deze tumor

cellenn is derhalve sprake van een hoge aktiviteit van het enzym CTP synthetase. Niet 

delendee cellen maken hoofdzakelijk gebruik van de derde route, hetgeen ook geldt 

voorr delende maar niet kwaadaardige cellen. 

Aangezienn er remmers zijn ontwikkeld van het enzym CTP synthetase met hoofd

zakelijkk een chemotherapeutisch doeleinde, was de primaire doelstelling van het 

onderzoekk het bepalen van de aktiviteit van het enzym CTP synthetase in leukemische 
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cellen.. Indien een hoge aktiviteit van CTP synthetase zou worden vastgesteld, zou dit 

wijzenn op het feit dat CTP in leukemische cellen hoofdzakelijk via de eerste twee 

routess wordt aangemaakt, en zouden er argumenten zijn om leukemie-cellen in vitro 

mett remmers van CTP synthetase te gaan behandelen. Van een dergelijke behande

lingg zou een cytostatisch (=celgroei remmend) dan wel een cytotoxisch (=celdodend) 

effektt op de leukemie-cel mogen worden verwacht. Bovendien zou een behandeling 

vann de leukemie-cellen met één van de remmers van CTP synthetase (cyclopentenyl 

cytosinee ofwel CPEC) er naar verwachting toe leiden dat het cytotoxische effekt van 

hett reeds gebruikte cytostaticum araC op leukemie-cellen wordt verhoogd. 

Hett onderzoek werd verricht op patiëntenmonsters van 120 kinderen en 15 volwas

senenn met ALL of AML bij diagnose. De eerste conclusie luidt dat er een hoge aktivi

teitt bestaat van het enzym CTP synthetase in leukemie-cellen van patiënten met zowel 

ALLL als AML. Bovendien bestaat er een correlatie tussen de hoogte van de (hoge) akti

viteitt van het enzym en de (hoge ) concentratie van de ribonucleotide CTP. Met ande

ree woorden: hoe hoger de aktiviteit van CTP synthetase is, hoe "sterker de zwakke scha

kel"" CTP wordt. 

Opp grond van deze eerste conclusie werden op het laboratorium voor Genetische 

Metabolee Ziekten de leukemie-cellen in vitro behandeld met CPEC, een remmer van 

CTPP synthetase. De conclusie van deze experimenten luidt, dat CPEC in deze cellen 

inderdaadd in staat is om CTP synthetase te remmen met als gevolg een vermindering 

vann de concentratie van CTP en deoxyCTP (= bouwsteen voor DNA), en dientenge

volgee een remming van de synthese van RNA en DNA. Dit laatste is eveneens van 

belangg aangezien tumorcellen een adequate synthese van DNA behoeven voor het 

process van celdeling dat inherent is aan een tumorcel. Bovendien werd in experimen

tenn met een ALL-cellijn aangetoond dat CPEC via remming van het enzym CTP syn

thetasee in staat is om celdood te veroorzaken door middel van het proces van apop-

tosee (= geprogrammeerde celdood). 

Eenn volgende fase van het onderzoek betrof de modulatie door CPEC van het cyto

toxischee effekt van araC. In experimenten op zowel cellijnen als patiëntenmonsters van 

acutee lymfatische en myeloïde leukemie, hebben wij aangetoond dat een voorbehan

delingg van deze leukemie-cellen met CPEC leidt tot een betere aanmaak van aktieve 

araC-metabolieten,, evenals een versterkte inbouw van araC in DNA. Dit laatste bepaalt 

hett cytotoxische en derhalve het anti-leukemische effekt van araC. 

CPECC is een cytostaticum dat nog in de preklinische fase verkeert. Het middel is in één 
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fasee I klinische trial bij volwassenen met colonkanker onderzocht, waarbij na hoge con

centratiess cardiovasculaire toxiciteit bleek op te treden. In onze experimenten werd 

rekeningg gehouden met de concentraties die in vivo hebben geleid tot toxiciteit. Zowel 

dee cytostatische effekten van CPEC als de modulerende effekten op de cytotoxiciteit 

vann araC zijn bereikt met concentraties van CPEC die aanzienlijk lager zijn dan de plas

ma-concentratiess CPEC die in verband werden gebracht met bijwerkingen. Uit de expe

rimentenn kan worden opgemaakt dat het zeer aannemelijk is dat CPEC niet alleen in 

vitrovitro maar ook in vivo een anti-leukemisch effekt kan sorteren, gebruik makend van 

doseringenn van CPEC die een geringe kans op toxiciteit met zich meebrengen. De con

clusiess uit ons onderzoek vormen concrete argumenten om CPEC in klinisch verband 

tete gaan gebruiken in de toekomst met als doel de behandeling van patiënten met (reci-

dief)) ALL en AML te verbeteren. 
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NAWOORD D 

Eenn arts die onderzoek gaat doen, moet goed weten waar hij of zij aan begint. Voor 

hett gemak gooi ik de "hijen" en "zijen" maar op één hoop en kies ik voor de nomen

clatuurr "hij" aangezien dat op mij van toepassing is. Ik bedoel niet alleen dat hij - de 

promovenduss - een goede vraagstelling moet hebben voor zijn onderzoek. Nee, ik 

bedoell dat hij écht goed moet weten wat hij zich op zijn hals haalt. 

Inhoudelijkk moet zijn projekt uiteraard zo veel mogelijk kloppen, en dat begint logi

scherwijss met een goede vraagstelling. Deze vraagstelling moet passen binnen een 

bepaaldee onderzoekslijn van een bepaalde onderzoeksgroep, en moet mijns inziens 

binnenn het medisch onderzoek op één of andere wijze in de ruime zin des woords een 

relatiee hebben met de kliniek. Verder moet zijn projekt een bepaalde lijn volgen, die 

alss oorsprong de vraagstelling van het onderzoek heeft, en als eindpunt het antwoord 

opp die vraag. Dit klinkt logisch in de oren, maar het blijkt toch erg moeilijk om niet even 

aff te wijken van een bepaalde vraagstelling aangezien één of ander onderzoeksresul

taatt weer een nieuwe vraagstelling kan oproepen. Tot zover een redelijk open deur. 

Watt een promovendus zich zeker ook moet realiseren is dat onderzoek doen niet altijd 

leukk is. Het is niet leuk om op zondagochtend patiëntenmateriaal te bewerken voor 

wetenschappelijkk onderzoek, noch is het leuk om hele middagen data in te voeren in 

eenn statistiek-programma. Verder sta je als promovendus ook niet te juichen als je voor 

dee vierde maal naar een printer loopt om te constateren dat de geplande figuur nog 

steedss in een verkeerd formaat, lettertype of grootte is afgedrukt. Om maar te zwijgen 

vann de verschillende stijlen van noteren van referenties, waarover de redactie van ieder 

wetenschappelijkk tijdschrift een andere mening blijkt te hebben. 

Vervolgenss blijkt wetenschappelijk onderzoek erg veel tijd en energie te kosten. Tijd en 

energiee die gaan zitten in het gehele trajekt tussen vraagstelling en antwoord; dit tra-

jektt is te uitgebreid om in één zin te beschrijven. 

Alss lezer van bovenstaande zult u denken dat ik de afgelopen jaren door een diep dal 

benn gegaan. Integendeel, en wel om de volgende redenen: 

Tenn eerste geeft het bewandelen van het trajekt tussen onderzoeksvraagstelling en ant

woordd een intellectuele "kick", aangezien dat trajekt bestaat uit vele vraagtekens, 

zijpadenn en hindernissen. Het is boeiend om een bepaalde welomschreven hypothe

see te hebben, die na adequate toetsing juist blijkt te zijn. Verder is het interessant om 

bepaaldee onverwachte onderzoeksresultaten te kunnen beredeneren, en zo nodig 

middelss een korte zijweg nader uit te zoeken. Zelfs tegenvallende resultaten kunnen 
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fascinerendd zijn, aangezien deze toch een antwoord geven op een bepaalde vraag en 

alduss een bepaald mechanisme blootleggen. 

Tenn tweede geeft het een "kick" om 5 jaar lang een eigen projekt te hebben, waarvan 

dee promovendus grotendeels de regie heeft en waarvoor lijnen moeten worden uit

gezett en plannen moeten worden gemaakt. 

Tenslottee kan het voor een klinisch werkzaam arts zeer aantrekkelijk zijn om de kli

nischee werkzaamheden af te wisselen met een werkwijze binnen het onderzoek, die 

inn het algemeen sterk afwijkt van de gang van zaken binnen de kliniek. Beide werkwij

zenn vergen een andere denkwijze en dus een andere strategie. Een bijzonder leuke 

combinatiee in mijn ogen. 

Kortom,, het verrichten van wetenschappelijk onderzoek is niet een aktiviteit die je moet 

gaann ontplooien, omdat promoveren "moet" binnen een bepaalde beroepsgroep, 

zoalss in enkele oververzadigde medische specialismen het geval is. Gelukkig is deze 

tendenss van "moeten" binnen de kindergeneeskunde nog niet de standaard, althans 

niett binnen de mij bekende academische centra. 

Genoegg nu van die semi-wijze woorden. Tijd voor een concrete nabeschouwing. De 

tijdd die ik gedurende de afgelopen 5 jaren aan het onderzoek heb gespendeerd was 

zeerr de moeite waard, en uiteraard is dat te danken aan meerdere personen, die ik 

graagg wil noemen: 

Andre,, het was erg gezellig om de afgelopen jaren een kamer met je te delen. Er is 

veell gelachen, veel koffie gedronken en vooral hard gewerkt op F1-217.3 . Je hebt goed 

hett overzicht gehouden over mijn projekt zonder teveel de lijntjes aan te trekken. 

Verderr was jouw nauwkeurigheid bij het analyseren van onderzoeksresultaten en het 

corrigerenn van manuscripten van grote waarde, evenals jouw geduldige en soepele 

beschikbaarheidd voor het bespreken van zaken. Eén aspekt van jou is bijzonder hin

derlijkk en dat is dat ik je nog niet van de tennisbaan heb kunnen meppen. Komt nog 

wel. . 

Albert,, ieder persoon zou een paar procent van jouw pragmatische gevoel en relative

ringsvermogenn moeten hebben. Dat zou de wereld aanzienlijk stabieler maken. Ik 

hoopp nog een aantal Pur/Pyr-congressen met je mee te maken, puur voor de lol en 

zekerr ook voor de wetenschappelijke brainstorm-sessies. 

Tom,, ik bewonder jouw combinatie van kinderarts-zijn en brede interesse voor het 

wetenschappelijkk onderzoek. Ik hoop dat ik tezijnertijd hetzelfde enthousiasme voor 
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patient,, kliniek en onderzoek zal blijven houden als jij. Met betrekking tot één aspekt 

zall ik je zeker niet als voorbeeld houden, en dat is dat ik er niet over pieker om om 6 

uurr 's ochtends door de straten van Yokohama te gaan hollen. 

René:: slim, gezellig, ijverig, humor, op de juiste manier kritisch, collegiaal, geduldig en 

eenn hele toffe gozer. Het was super om jou als analist bij het projekt te hebben, en ik 

vindd dat wij een prima team hebben gevormd. Ik hoop dat je niet al te vaak gek bent 

gewordenn van mijn hol- en vliegmanier van werken. Daar is geloof ik wel wat meer 

voorr nodig bij jou. 

Bestee nucleotidengroep: ik hoop dat mijn aanwezigheid en afwezigheid jullie mee 

gevallenn is. 

Ikk geloof niet dat ik helemaal twee linkerhanden had, maar in jullie ogen toch zeker 

well 1.25 linkerhanden. Ik vind het knap van jullie dat jullie mij System Gold hebben 

kunnenn uitleggen, zeker gezien mijn talent om handmatig de H PLC te injecteren en om 

zoo creatief met de drukvan de HPLC om te gaan. Beste Lida, Egbert, Henk, Jörgen, Lida 

enn Rutger: bedankt voor jullie geduld. 

Allee verpleegkundigen en artsen van de afdeling kinderoncologie dank ik voor het aan

leverenn van onderzoeksmateriaal. Met name Jane, Marjan en Kees zijn van grote waar

dee geweest door op het juiste moment aan mijn onderzoeksprojekt te denken. Veel 

dank! ! 

Uiteraardd heb ik de energie voor dit onderzoek ook kunnen opbrengen, doordat ik mij 

senangg voelde bij de afdeling kindergeneeskunde van het Emma Kinderziekenhuis 

AMCC Aangezien het noemen van namen als risico heeft dat je iemand vergeet, doe ik 

datt niet, en hoop ik dat de juiste mensen zich aangesproken zullen voelen. 

Natuurlijkk ben ik mijn familie en gezin heel dankbaar voor het geduld dat jullie af en 

toee met mij moesten hebben als ik weer eens meende te moeten werken in plaats 

vann gezellige dingen te doen. Dat geduld was op de juiste momenten belangrijk voor 

mij.. Ik zal proberen het evenwicht weer een beetje te herstellen. 

Hoee dit epistel te eindigen? Ik zou het niet weten, eindelijk een hoofdstuk zonder con

clusie. . 

Horaa est! 
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CURRICULUMM VITAE 

Dee auteur van dit proefschrift werd op 1 november 1964 geboren in Bogota, Colombia, 

waarnaa hij op twee-jarige leeftijd naar Nederland verhuisde. Het lager en middelbaar 

onderwijss werd in Laren en Hilversum gevolgd en werd in 1982 afgerond met een 

V.W.O.-BB diploma. De studie Geneeskunde volgde hij aan de Universiteit van 

Amsterdamm en leidde tot het behalen van het Propaedeuse-examen in 1983, het 

Doctoraal-examenn in 1987 en het Arts-examen in 1991. De auteur is winnaar van de 

Hippocrates-prijss 1991, naar aanleiding van een besliskundige analyse met betrekking 

tott de diagnostiek van levertoxiciteit van methotrexaat. In het kader van de medische 

opleidingg werd door de auteur een verpleeghulpstage in Mozambique verricht. Dankzij 

langee wachttijden voor en tijdens de coassistentschappen, werd de studie geneeskun

dee aangevuld met een wetenschappelijke stage bij de afdeling Experimentele 

Kindergeneeskundee van het Emma Kinderziekenhuis AMC (Prof. Dr. J.J.M, de Vijlder) 

enn de afdeling Immunohematologie van het Centraal Laboratorium voor de 

Bloedtransfusiedienstt van het Nederlandse Rode Kruis (Prof.dr. C.P. Engelfriet), even

alss een klinische stage bij de afdeling Heelkunde, Rumah Sakit Umum, Ujung Pandang, 

Indonesiëë (Prof.dr. J. Pieters). Verder werd door de auteur dankbaar gebruik gemaakt 

vann de door de Universiteit geboden tijd voor reizen naar Centraal-Amerika, Haïti, 

Brazilië,, Indonesië en Colombia. 

Naa het arts-examen volgde een vakantie-assistentschap bij de afdeling 

Kindergeneeskundee van het Academisch Ziekenhuis Groningen (Prof.dr. H.S.A. 

Heymans),, waarna het "perifere" deel van de opleiding tot kinderarts werd genoten in 

1'Höpitall Necker- Höpital des Enfants Malades (Prof.dr. J. Rey) en l'Höpital Robert 

Debréé (Prof.dr. E. Vilmer), beiden in Parijs. De opleiding tot kinderarts werd vervolgd 

enn voltooid in het Emma Kinderziekenhuis AMC te Amsterdam (Prof. Dr. C.J. de Groot 

enn Prof.dr. H.S.A. Heymans). De opleiding kindergeneeskunde werd voor 1 jaar onder

brokenn voor het opzetten van het onderzoeksprojekt dat aanleiding heeft gegeven tot 

dezee dissertatie. Onder begeleiding van dr. A.B.P. van Kuilenburg, dr. A.H. van Gennip 

(staflid,, respektievelijk hoofd Laboratorium voor Genetische Metabole Ziekten) en 

prof.dr.. PA Voute (hoofd afdeling Kinderoncologie, Emma Kinderziekenhuis AMC) 

heeftt dit projekt zich vanaf 1 april 1995 tot op heden afgespeeld op het Laboratorium 

voorr Genetische Metabole Ziekten, Academisch Medisch Centrum, Amsterdam. 

Gedurendee de opleiding tot kinderarts was Arnauld Verschuur bestuurslid van de 

Landelijkee Vereniging van Assistent-Geneeskundigen, en heeft hij de nederlandse arts

assistentenn vertegenwoordigd in de Permanent Working Group of European Junior 
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Hospitall Doctors. Tevens was hij lid van de European Board of Paediatrics. 

Sedertt 1 juli 1998 is de auteur van dit proefschrift kinderarts. Zijn wetenschappelijke 

aktiviteitenn zijn gedurende de eerste twee jaren na registratie tot kinderarts gecombi

neerdd met klinische werkzaamheden op de Intensive Care voor Kinderen van het 

Emmaa Kinderziekenhuis AMC. Vanaf 1 juli 2000 volgt Arnauld Verschuur de sub

specialisatiee pediatrische hematologie-oncologie binnen de afdelingen kinderoncolo-

giee van het Emma Kinderziekenhuis AMC, welke opleiding zal worden voltooid in 

Nnstitutt Gustave Roussy te Parijs en het Nederlands Kanker Instituut te Amsterdam. 
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