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Introductio n n 

"Nucleotidess are water-soluble components which naturally occur, 
inn larger or smaller portions, in both animal and vegetable foods. 
Combinedd with other components, 
theyy are the elements to bring the flavor in food." 

fromm the Ajinomoto Europe website 
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Introductio n n 
1.11 General introduction to neuroblastoma 

Incidence Incidence 
Neuroblastomaa is the most common extra cranial solid cancer of childhood. It is the most 
frequentlyy occurring form of cancer in children after brain tumours, acute lymphatic 
leukaemiaa (ALL) and lymphoma. About 7% of all malignancies in children under 15 years of 
agee are neuroblastomas. The reported incidence of neuroblastoma varies between 9 and 35 per 
millionn children, with slight variations between different parts of the world. Boys appear to 
havee a 1.2-fold higher risk of developing neuroblastoma compared to girls (National Cancer 
Institute,, 2002;Brodeur and Castleberry, 1997). 

Symptoms Symptoms 
Neuroblastomaa is a tumour of the neural crest and originates in the adrenal medulla or the 
paraspinall  sites where sympathetic nervous tissue is present. The most common symptoms 
aree a large tumour mass or pain in the bones caused by metastasis. Other common symptoms 
aree bulging eyes (proptosis) and bruises around the eye (periorbital ecchymosis) and are 
causedd by retrobulbar metastasis. Neuroblastomas can invade through the neural foramina and 
causee paralysis by compressing the spinal cord. Other, less frequently occurring symptoms 
includee fever, anaemia, hypertension, diarrhoea, cerebellar ataxia, opsoclonus and myoclonus 
(Nationall  Cancer Institute, 2002;Azizkhan and Haase, 1993;Connolly et al, 1997;Rudnick et 
al,al, 2001). 

Diagnosis Diagnosis 
Besidee the brain, cells derived from the neural crest are the primary source of 
neurotransmitters,, such as dopamine, epinephrine and norepinephrine in the body. These 
catecholaminess are synthesised from L-3,4-dihydroxyphenylalanine (L-DOPA), which in turn 
iss synthesised from tyrosine. Normal, mature neural crest-derived cells store their 
neurotransmiterss in secretory vessicles until release. After excretion, neurotransmitters exert 
theirr activity on other cells that are sensitive to neurotransmitters. The neurotransmitters are 
deactivedd by presynaptic uptake, conjugation to sulphate or glucoronic acid and finally by 
excretionn in the urine. In patients suffering from neuroblastoma, an increased production and 
subsequentt secretion of catecholamines in urine is observed. Determination of metabolites of 
L-DOPAA in urine is routinely used in the diagnosis of neuroblastoma. 
Thee biosynthesis and degradation of the metabolites of L-DOPA is catalysed by a large 
numberr of enzymes. In mature, differentiated, neuronal cells, all the enzymes of the 
catecholaminee metabolic pathway are expressed and thus the end-products of this pathway are 
synthesised.. In less differentiated cells, such as neuroblastoma cells, not all enzymes involved 
inn catacholamine biosynthesis are expressed. Undifferentiated neuroblastoma cells synthesise 
ann increased amount of dopamine and DOPA (early metabolites in the DOPA-metabolism) 
comparedd to norepinephrine. The pattern of the degradation metabolites of L-DOPA in urine 
usuallyy reflects the relative activities of the enzymes involved in the metabolism of L-DOPA. 
Thus,, the pattern of L-DOPA metabolites excreted in urine serves as a marker for the 
detectionn of neuroblastoma and in addition provides information on the degree of 
differentiationn of the tumour (Abeling et al, 1986). 
Alternatively,, neuroblastomas can also be detected by using [131I] or [125I] radio-labelled 
meta-iodobenzylguanidinee (MIBG). MIBG is a structural analogue of the neurotransmitter 
norepinephrine.. MIBG is recognised by the norepinephrine transport protein and accumulates 
inn neurendrocrine tissue after its administration to the patient (Wieland et al, 1980). 
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Introduction Introduction 

Neuroblastomaa cells abundantly express the norepinephrine transport protein, and therefore 
accumulatee the radio-labelled MIBG thus allowing the detection of the neuroblastoma by 
scintigraphy.. In rare cases, neuroblastoma can be discovered prenatally by foetal 
ultrasonographyy (National Cancer Institute, 2002) (Jennings et al, 1993). 

INTERNATIONA LL  NEUROBLASTOM A STAGING SYSTEM (INSS) 
INSSS Stage 
Stagee 1 

Stagee 2A 

Stagee 2B 

Stagee 3 

Stagee 4 

Stagee 4S 

Description n 
Localisedd tumour with complete gross excision, with or without 
microscopicc residual disease. Representative ipsilateral lymph nodes 
negativee for tumour microscopically (nodes attached to and removed with 
thee primary tumour may be positive, (ipsilateral: situated or appearing on or 
affectingg the same side of the body 

Localisedd tumour with incomplete gross excision. Representative ipsilateral 
non-adherentt lymph nodes negative for tumour microscopically. 

Localisedd tumour with or without complete gross excision, with ipsilateral 
nonadherentt lymph nodes positive for tumour. Enlarged contralateral 
lymphh nodes must be negative microscopically, (contralateral: occurring on 
orr acting in conjunction with a part on the opposite side of the body 
Unresectablee unilateral tumour infiltrating across the midline, with or 
withoutt regional lymph node involvement; localised unilateral tumour with 
contralaterall  regional lymph node involvement; midline tumour with 
bilaterall  extension by infiltration (unresectable) or by lymph node 
involvement.. The midline is defined as the vertebral column. Tumours 
originatingg on one side and crossing the midline must infiltrate to or 
beyondd the opposite side of the vertebral column. 

Anyy primary tumour with dissemination to distant lymph nodes, bone, bone 
marrow,, liver, skin and/or other organs (except as defined for stage 4S). 
Localisedd primary tumour (as defined for stage 1, 2A, or 2B), with 
disseminationn limited to skin, liver, and/or bone marrow (limited to infants 
lesss than 1 year age). Marrow involvement should be minimal (i.e. < 10% 
off  total nucleated cells identified as malignant by bone biopsy or by bone 
marroww aspirate). More extensive bone marrow involvement would be 
consideredd to be stage 4 disease. The results of a MIBG scan should be 
negativee for disease in the bone marrow. 

Tablee 1: International Neuroblastoma Staging System (Brodeur et al, 1993;Brodeur et al, 
1988;Castleberryy et al, 1997) 
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StagingStaging and prognosis 
Thee prognosis for children suffering from neuroblastoma is highly dependent on the age at 
diagnosiss and on the stage of the disease. The disease is characterised by 5 distinct prognostic 
stages.. The staging of the disease according to the International Neuroblastoma Staging 
Systemm (INSS) is outlined in table 1. Approximately 75 % of the children with 
neuroblastomaa have metastasised disease at the time of diagnosis. About 20 % of the children 
withh neuroblastoma have stage I or II disease. Regardless of age, these children with stage I or 
III  disease have a cure rate of over 90 %. Approximately 20 % of the children suffering from 
neuroblastomaneuroblastoma present with stage III disease and  55 % present with stage IV disease. The 
prognosiss for patients with stage III/I V disease is poor with a survival rate of 10-25 %, but 
stronglyy depends on the age of the patient. Children younger than 1 year of age, with 
favourablee disease characteristics at diagnosis, have a 50-80% chance of 5-year event free 
survival,, regardless of the stage of the disease. The long-term survival of children older than 
onee year of age ranges from 10-40%. Stage IVs neuroblastomas comprise approximately 5 % 
off  all neuroblastomas and present mostly in very young infants. These tumours have a high 
ratee of spontaneous regression and the 5-year survival is greater than 90% (Cotterill et al, 
2000;Nationall  Cancer Institute, 2002). 

1.22 Genetic prognostic markers 

Thee clinical diversity of neuroblastoma correlates with several characteristic molecular 
biologicall  features observed in neuroblastoma. The most significant progonostic factors are 
amplificationn of the MYCN oncogene, tumour cell ploidy, deletions of the short arm of 
chromosomee 1 and gain of chromosome 17q. 
Amplificationn of the MYCN oncogene has been demonstrated in about 25% of primary, 
predominantlyy stage 4, neuroblastomas, and its amplification is associated with rapid tumour 
progressionn an poor outcome (Brodeur etal, 1984;Seeger et al, 1985). The MYCN gene was 
clonedd in 1983 (Schwab et al, 1983), by identifying an amplified DNA sequence with partial 
homologyy (38% amino acid identity) to the c-myc proto-oncogene in neuroblastoma cell lines 
withh double minute chromatin bodies (DMs) and homogeneously staining regions (HSRs). 
Bothh DMs and HSRs represent DNA amplification and deletions. In neuroblastoma, HSR 
regionss have been identified containing 50-400 copies of the MYCN gene per cell (Seeger et 
al,al, 1985). 
Mycc proteins are important regulators of proliferation in vivo. The MYCN gene product, 
MycN,, is a nuclear phosphoprotein with a short half-life of approximately 35 minutes. MycN 
containss an N-terminal transactivation domain and a C-terminal region containing a basic 
helix-loop-helix/leucinee zipper (bHLH-LZ) motif. The latter motif mediates DNA binding as 
welll  as interactions with other bHLH-LZ proteins, like Max (Wenzel et al, 1991) and Mad 
(Ayerr et al, 1993). In order to activate transcription, MycN has to heterodimerise with Max. 
Maxx is a ubiquitously expressed protein with a long half-life (> 4 hr). Normally, Max 
expressionn levels are high and favour the formation of Max/Max homodimers that repress 
transcription.. In addition, heterodimerisation of Max with other nuclear protein such as Mad 
andd Mxi l also function to repress transcription by competing with MycN for Max binding 
(Zervoss et al, 1993). When cells enter the cell cycle, or when multiple MYCN copies are 
present,, as in aggressive neuroblastoma cells, MYCN expression increases and 
heterodimerisationn of Max and MycN occurs. This results in the transcriptional activation of a 
largee set of genes that function in ribosome biogenesis and protein synthesis (Boon et al, 
2001).. MYCN functions as a classic dominant oncogene, which is demonstrated by the 
followingg observations. In vitro enhanced MYCN gene expression in human primary 
fibroblastsfibroblasts induced increased growth potential and tumorigenicity (Lutz et al, 1996), while 
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antisensee mediated down-regulation in cancer cells of MYCN expression correlates with 
decreasedd proliferation and induction of differentiation (Negroni et al, 1991). In addition, 
targetedd expression of the MYCN oncogene in neuroectodermal cells of transgenic mice 
resultss in the development of neuroblastoma (Weiss et al, 1997). 
Thee DNA content of tumour cells is also prognostic factor in neuroblastoma, with 
hyperdiploidyy being associated with favourable prognosis while diploidy is indicative for 
poorr prognosis. Hyperdiploid tumours typically have whole chromosome gains with few 
structurall  rearrangements, indicating that these tumours have a basic defect in the machinery 
off  mitosis and chromosome segregation (Look et al, 1991). The majority of neuroblastoma 
celll  lines and advanced primary tumours either have a near-diploid or near tetraploid DNA 
content,, as a result of genomic instability. 
Deletionn of chromosome lp is observed in 19% to 36% of primary tumours (White et al, 
1995;Mariss et al, 1995;Caron et al, 1996). The importance of genes located on the short arm 
off  chromosome 1, with respect to prognosis in neuroblastoma was first recognised by Brodeur 
andd colleagues in 1977 (Brodeur et al, 1977). In general, deletion of part of chromosome lp 
(lpp LOH) is associated with an aggressive clinical course and poor outcome of the disease 
(Mariss et al, 1995). The majority of tumours with lp LOH have amplification of the MYCN 
oncogene,, (White et al, 1997), which complicates the appreciation of the significance of lp 
LOHH as a sole prognostic marker (Gehring et al, 1995). 
Too date, the tumour suppressor genes located on the often deleted part of chromosome lp 
havee not yet been identified (Caron et al, 1995). There appear to be two distinct 
neuroblastomaa tumour suppressor loci on chromosome lp35-36. One of these loci is 
associatedd with MYCN amplification, which causes loss of alleles of apparent random parental 
origin.. Another locus, however, is associated with MYCN single copy tumours in which the 
lostt alleles on chromosome lp are preferentially of maternal origin. Recently, however, 
evidencee was obtained that no imprinted tumour suppressor gene is located on chromosome 
bandd lp (Hogarty et al, 2002)(H.N. Caron, personal communication). 
Gainn of chromosome 17q may be the most common genetic abnormality in primary 
neuroblastomas,, and it is often associated with amplification of MYCN and with deletions of 
thee short arm of chromosome 1 (Bown, 2001;Savelyeva et al, 1994). Gain of 17q proved to 
bee significantly associated with unfavourable outcome (Caron et al, 1996). The genes nm23-
Hll  and nm23-Hl, which are located in chromosome 17q, were shown to be upregulated in 
MycN-expressingg cells, suggesting a major role of these genes in the tumourigenesis of 
unfavourablee neuroblastomas (Godfried et al, 2002). 

1.33 Current treatment options 

Thee treatment protocol for patients suffering from neuroblastoma is strongly 
dependentt on the age of the patient, the stage of the disease and genetic prognostic factors like 
A/yCN-amplificationn and ploidy. Localised tumours are cured by surgery followed by 
chemotherapy,, depending on the molecular markers of the tumour. The treatment of 
inoperablee or stage 4 metastasised neuroblastoma requires aggressive chemotherapeutic 
regimens,, which are sometimes combined with radiotherapy. Chemotherapy is based on 
combinedd treatment with two or more cytostatic drugs. The chemotherapeutic strategies 
currentlyy used for the treatment of neuroblastoma are often combinations of the following 
drugs:: the alkylating agents cyclophosphamide, ifosfamide and dacarbazide; the anthracyclins 
doxorubicinn and daunorubicin; the platinum compounds cisplatin and carboplatin; the 
epidophyllotoxinss etiposide and tenoposide; and the vincaalkaloid vincristine. These 
currentlyy used cytostatic drugs all serve to prevent the proliferation of the tumour cells, either 
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byy causing irreparable damage to DNA or by preventing the cell from completing the cell 
cycle,, in both cases inducing programmed cell death. 
Thee Emma Kinderziekenhuis protocol for treatment of inoperable neuroblastoma patients 
includess first line treatment with [,31I]MIBG , followed by chemotherapy and/or surgery. 
Treatmentt of neuroblastoma patients with [13II]MIB G in most cases leads to a decrease of 
tumourr burden, reducing the need for extensive chemotherapy, making surgery possible, and 
inn some exceptional cases unnecessary (de Kraker et al., 1995). The specific uptake of 
[ ,31I]MIB GG by neurendrocrine tissue allows both diagnostic and therapeutic application of 
thiss agent in the treatment of neural crest derived tumours (Wieland et al., 1980). The mode of 
actionn of [13II]MIB G is twofold: [131I] is both a 6-emitting and a y-emitting isotope, making 
[131I]MIB GG suitable for radio-therapeutic application. Due to the tissue specificity of 
[131I]MIB GG radio-therapy, side effects of the treatment are remarkably low (Voute et al, 
1988).. The most common side-effects of treatment with [13II]MIB G are reversible 
thrombocytopaeniaa and reduced thyroid reserve. 
Neww and still experimental, protocols include maintenance treatment with \3-cis retinoic acid 
afterr the last cycle of chemotherapy, \3-cis Retinoic acid and its isomers a[\-trans retinoic 
acidd 9-cis retinoic acid are strong inductors of differentiation in neuroblastoma cell lines. The 
rationalee behind the retinoic acid treatment is two-fold: firstly, fully differentiated cells do not 
proliferatee and thus the disease is kept in remission. Secondly, the apoptotic machinery is 
thoughtt to be highly expressed in differentiated cells. DNA damage induced by chemotherapy 
followedd by induction of differentiation by retinoic acid may increase the apoptotic response 
off  the tumour cells. 
Despitee aggressive therapeutic strategies and intensive research, the likelihood for survival 
hass not increased significantly for patients suffering from neuroblastoma. Therefore, new and 
effectivee strategies need to be developed and evaluated in an effort to increase the survival of 
patientss suffering from high-risk neuroblastoma. 

1.44 Nucleotide metabolism 

IntroductionIntroduction to bases, nucleosides and nucleotides 
Nucleotidess are the building blocks from which the cell synthesises its DNA and RNA. A 
ribonucleotidee is made up of a ribose ring in which the carbon atoms are numbered 1' to 5' 
(figuree 1). In case of a deoxyribonucleotide, the 2' hydroxyl group is reduced to a hydrogen 
atom.. At the 1' position a nitrogenous cyclic base is covalently bound. At the 5' position of 
thee ribose, an inorganic mono-, di, or triphosphate ester is bound. The phosphate ions are 
designatedd a, P and y, the a phosphate group being the one adjacent to the ribose. A 
nucleotidee without the 5' phosphate ester is called a nucleoside. There are two families of 
nitrogenouss bases: the purines and the pyrimidines. The most abundant purine bases are 
adeninee and guanine, their respective (deoxy)ribonucleosides being (deoxy)adenosine and 
(deoxy)guanosine.. Both DNA and RNA contain adenine and guanine. The pyrimidine bases 
aree cytosine, uracil and thymine. The corresponding ribonucleosides of cytosine and uracil are 
cytidinee and uridine, respectively. Both cytidine and uridine are incorporated into RNA. The 
pyrimidinee ribonucleotides incorporated into DNA are deoxycytidine and thymidine, the 
correspondingg deoxyribonucleoside of thymine. 
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exampless of a nucleoside and its nucleotides 
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Figuree 1: Chemical structures of nucleosides and nucleotides. 
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PyrimidinePyrimidine metabolism 
Mostt of this thesis is focused on the metabolism of pyrimidine nucleotides. Therefore, 
pyrimidinee metabolism, which is a complex network of biochemical reactions (figure 2), will 
bee described in detail. Besides their function in DNA and RNA synthesis, the pyrimidines are 
alsoo required for other cellular processes such as phospholipid metabolism and glycosylation 
off  proteins. The first three steps in the de novo synthesis of the pyrimidines are catalysed by 
CAD,, a Afunctional enzyme cluster that contains the Carbamylphosphate synthetase, 
Aspartatee carbamyltransferase and Dihydro-orotase activities (Ito et al, 1970;Jones, 1980). 
Dihydro-orotatee is reduced to yield orotate by dihydro-orotate dehydrogenase (Chen and 
Jones,, 1976). UMP is subsequently synthesised from orotate by the bifunctional enzyme UMP 
synthetase,, which contains the orotate phosphoribosyl transferase and orotidine-5'-phosphate 
decarboxylasee activities. Subsequent phosphorylation of UMP by nucleoside monophosphate 
kinasee (NMPK) and nucleoside diphosphate kinase (NDPK), respectively, yields UTP. 
CTPP synthetase (CTPs) catalyses the conversion of UTP into CTP and is considered to be the 
rate-limitingg enzyme in the de novo synthesis of CTP from UTP. Mammalian CTP synthetase 
iss a 66 kDa protein (Thomas et ah, 1988). The enzyme may be present in dimeric and a more 
activee tetrameric form, the latter being favoured at high enzyme concentrations and in the 
presencee of ATP and UTP. To date, two isoforms of human CTP synthetase have been 
described.. The gene encoding the most abundantly expressed isoform has been located on 
chromosomee lp34.1 and the low expression isoform has been located on chromosome Xp22 
(Takahashii  etal., 1991;van Kuilenburg et ai, 2000). 

Fromm CTP, the cytosine ribonucleotides CDP and CMP are synthesised as well as precursors 
forr phospholipid biosynthesis. CDP is a substrate for ribonucleotide reductase (RR), which 
catalysess the reduction of all ribonucleoside diphosphates to the corresponding 
deoxyribonucleosidee diphosphates (dNDP's). dNDP's are subsequently phosphorylated to 
dNTP'ss by NDPK and incorporated into DNA, with the exception of dUTP. Although UDP is 
aa substrate for RR, dUTP is only erroneously incorporated into DNA and directly excised by 
uracil-DNAA glycosylase (Verri et ai, 1992;Focher et ai, 1990). Both dUDP and dUTP are a 
sourcee of dUMP, from which TMP is synthesised by thymidylate synthase (TS). dUMP is 
synthesisedd by hydrolysis of dUTP to dUMP via dUTPase and by deamination of dCMP via 
dCMPP deaminase. TMP is the precursor of TTP, which is ultimately incorporated into the 
DNA. . 

Theree is also an alternative route for the cell to synthesise the pyrimidine nucleotides and that 
iss by salvage of uridine and cytidine. Salvage is the phosphorylation of a nucleoside by a 
nucleosidenucleoside kinase and the subsequent phosphorylation to its nucleoside triphosphate by 
NMPKNMPK and NDPK, respectively. While NMPK and NDPK are universal, nucleoside kinases 
aree not. Uridine and cytidine are phosphorylated by uridine/cytidine kinase (UK), 
deoxycytidinee is phosphorylated by deoxycytidine kinase (dCK) and by mitochondrial 
thymidinee kinase 2 (TK-2), while thymidine and deoxyuridine are phosphorylated by 
thymidinee kinase 1 (TK-1) and TK-2. The reverse reaction is catalysed by the enzyme 5'-
nucleotidase,, which has a broad substrate specificity. 
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Thee pyrimidines are degraded via a common pathway. First, cytidine and deoxycytidine are 
convertedd into uridine and deoxyuridine, respectively, by (deoxy)cytidine deaminase. Uridine 
phosphorylasee and thymidine phosphorylase catabolise (deoxy)uridine and thymidine into 
uracill  and thymine, respectively. Uracil and thymine are degraded in three steps to B-alanine 
andd 8-aminoisobutyrate, respectively, by subsequently dihydropyrimidine dehydrogenase 
(DPD),, dihydropyrimidase (DHP) and B-ureidopropionase. The amino groups of the 
pyrimidinee degradation end products are removed by transamination to yield malonyl 
semialdehydee and methylmalonyl semialdehyde, respectively, which are converted into 
malonyll  CoA and methylmalonyl CoA. Via conversion of malonyl CoA and methylmalonyl 
CoAA into propionyl CoA and succinyl CoA, respectively, the pyrimidine degradation enters 
thee citric acid cycle (TCA cycle) (Hatse, 1999;Slingerland, 1996). 

PurinePurine metabolism 

Onee of the cytostatic drugs described in this thesis is 2-Chloro-deoxyadenosine, an analogue 
off  deoxyAdenosine. For that reason, a short overview of the purine biosynthesis will be given. 
Thee precursor of all nucleotides is phosphoribosylpyrophosphate (PRPP). PRPP is 
synthesisedd from ribose-5-phosphate and ATP by PRPP synthetase. Via a series of ten 
reactionss the central purine nucleotide IMP is synthesised (figure 3). IMP can be 
phosphorylatedd further to ITP by NMPK and NDPK, respectively. ITP is, however, actively 
hydrolysedd back to IMP by ITPase. From the branch-point nucleotide IMP, the adenine 
nucleotidess are synthesised from the intermediate succinyl-AMP, resulting in AMP. AMP is 
subsequentlyy phosphorylated to ADP and ATP by AMP kinase and NDPK, respectively. The 
otherr purine nucleotides, the guanine nucleotides, are synthesised via xanthine 
monophosphatee (XMP), formed from IMP by IMP dehydrogenase (IMPDH). GMP is 
subsequentlyy synthesised from XMP by GMP synthetase. GDP and GTP are synthesised from 
GMPP by subsequent phosphorylation by GMP kinase and NDPK. IMPDH is the rate-limiting 
enzymee in the synthesis of the guanosine nucleotides. Like the pyrimidine 
deoxyribonucleotides,, the purine deoxyribonucleotides are synthesised by reduction of ADP 
andd GDP by RR. 

Thee purine salvage pathway of the (deoxyNucleosides is analogous to the pyrimidine salvage 
pathwayy and share NMPK and NDPK. The nucleoside kinases, however, are different. 
Adenosinee is phophorylated by adenosine kinase (ADK) and dAdo is phophorylated by ADK, 
dCKK and deoxyguanosine kinase (dGK), which also catalyses the phophorylation of dGuo. To 
date,, no existence of a human guanosine, inosine or xanthosine kinase has been reported 
(Slingerland,, 1996;Hatse, 1999). In addition to salvage of the (deoxy)nucleosides, the purine 
basess adenine, hypoxanthine and guanine are salvaged to their respective nucleotides AMP, 
IMPP and GMP by the phosphorybosyltransferases APRT and HGPRT, respectively. This is in 
contrastt to the pyrimidine bases, which can only be converted to their corresponding 
nucleosidess and, subsequently, to their nucleotides. The conversion of the purine nucleosides 
too the corresponding bases is catalysed by purine nucleoside phosphorylase. 
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1.55 Nucleotide metabolism as a target for  chemotherapy 

CTPCTP synthetase as a target for chemotherapy 
Inn resting cells, the purine nucleotides are more abundantly present than the pyrimidine 
nucleotides.. In proliferating cells, however, the purine and pyrimidine nucleotides need to be 
presentt in equal amounts as they are incorporated into the newly synthesised DNA in equal 
amounts.. A prominent characteristic of neuroblastoma cells, as in most tumour cells, is their 
excessivee drive to proliferate, which requires vast amounts of nucleotides for energy and for 
RNAA and DNA synthesis. To sustain this high turnover of nucleotides and the balance 
betweenn purine and pyrimidine nucleotides, key enzymes of the purine and pyrimidine 
biosynthesiss pathways are up-regulated. In malignant cells, including tumour cells derived 
fromm the neural crest, CTP synthetase is the main source of CTP, while salvage of cytidine is 
thee predominant source of CTP in normal cells (Maehara et al, 1989;Slingerland et al, 
1996).. In some malignant cell types the expression of CTP synthetase is up-regulated and the 
intracellularr CTP concentrations are higher in malignant cells than in their non-transformed 
counterpartss (Verschuur et al, 1998;van den Berg et al, 1993;de Korte et al, 1986;van den 
Bergg et al, 1993). Chemotherapeutic strategies based on inhibition of CTP synthetase are 
attractivee to explore for two reasons. Firstly, as mentioned above, malignant cells 
predominantlyy synthesise CTP via CTP synthetase. Secondly, CTP is the precursor for the 
synthesiss of cytidine deoxyribonucleotides, which are synthesised via reduction of CDP to 
dCDPP by RR. dCTP is the only dNTP of which the pool size is not regulated by feedback 
inhibitionn of RR (Nicander and Reichard, 1985;Walters and Ratliff, 1975). dCTP is, however, 
aa regulator of dCK activity (Heinemann et al, 1998). dCK plays a pivotal role in the 
activationn of cytostatic drugs that are deoxynucleoside analogues. Therefore, synergistic 
interactionn between inhibitors of CTP synthetase and deoxynucleoside analogues can be 
expected.. The interplay between dCK and CTP synthetase will be discussed further below. 

CTPCTP synthetase inhibitors: 3-deazauridine and cyclopentenyl cytosine 
Too date, three specific inhibitors of CTP synthetase have been synthesised. The uridine 
analoguee 3-deazauridine (DAU) was the first inhibitor of CTP synthetase and was first 
synthesisedd and described in the 1960's and 1970's. DAU is a competitive inhibitor of CTP 
synthetasee and causes depletion of the cytidine ribo- and deoxyribonucleotides (Lockshin et 
al,al, 1984;Karle and Cysyk, 1984;Brockman et al, 1975). Although the pre-clinical data were 
promising,, the results from phase I and phase I/II clinical trials involving patients suffering 
fromm solid and haematological malignancies showed hardly any anti-tumour effect and 
toxicityy was severe (Yap et al, 1981;Creaven et al, 1982;Stewart et al, 1980). 
Inn 1988, the glutamine antagonist copper:S-(methylthio)-L-homocysteine was described as 
beingg a specific inhibitor of CTP synthetase (Rabinovitz and Fisher, 1988). Howver, no 
furtherr reports describing this compound were published. 
Cyclopentenyll  cytosine (CPEC) was developed in the 1980's by the National Cancer Institute. 
CPECCPEC is an analogue of cytidine in which the ribose moiety of Cyd has been replaced by a 
cyclopentenyll  ring (Driscoll and Marquez, 1994) (figure 5). The cell readily takes up CPEC 
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byy nitrobenzylthioinosine-sensitive facilitated transport system (Zhang et al, 1993). 
Subsequently,, CPEC is phosphorylated to its nucleoside monophosphate by uridine/cytidine 
kinasee and by two successive phosphorylation steps the triphosphate, CPECTP, is formed 
(Kangg et al, 1989). CPECTP quickly accumulates intracellular̂  and reaches concentrations 
thatt can be up to 100 times higher than the extracelular concentration (Ford, Jr. et al, 1991). 
CPECTPP has a very long intracellular retention; the intra-cellular half-life was reported to be 
24-300 hr in human colorectal cell lines (Ford, Jr. et al, 1991;Agbaria et al, 1997). CPECTP 
iss the active compound that exerts the main cytotoxic effects of CPEC, namely inhibition of 
CTPP synthetase (Kang et al, 1989). Thus, treatment of cells with CPEC leads to the depletion 
off  the intracellular CTP pool, and also of the CDP and CMP pools (Moyer et al, 1986). Since 
CDPP is a substrate for RR and the precursor of the cytidine deoxyribonucleotides, CPEC also 
causess depletion of the dCTP pool (Bouffard et al, 1994;Grem et al, 1991;Verschuur et al, 
2002).. The CPEC induced depletion of dCTP is reflected by inhibition of DNA synthesis and 
accumulationn of the cells in the S-phase of the cell-cycle (Slingerland et al, 1995;Agbaria et 
al,al, 1997). Furthermore, CPECTP is incorporated into low molecular weight RNA, but not 
intoo DNA (Yee et al, 1992). The cytotoxic effects of CPEC can partially be reversed by 
administrationn of Cyd and Urd, which are competitive inhibitors for the uptake and 
phosphorylationn of CPEC by the pyrimidine salvage enzyme system. dCyd can also reduce 
thee cytotoxic effects of CPEC by providing dCTP after phosphorylation via dCK (Slingerland 
etet al, 1995;Ford, Jr. et al, 1991;Ford, Jr. et al, 1995;Glazer et al, 1985). The reversal of 
CPECC induced toxicity has been reported to be specific for non-malignant tissue, as rescue of 
micee from treatment with potentially lethal doses of CPEC using Cyd did not compromise the 
anti-tumourr activity of the compound (Ford, Jr. et al, 1995). In humans, the primary route of 
eliminationn of CPEC is by renal clearance (Politi et al, 1995;Zaharko et al, 1991). The major 
routee of inactivation of CPEC is deamination to cyclopentenyl uracil (CPEU) by cytidine 
deaminase.. The gene coding for cytidine deaminase has been located to chromosome lp35-
36,, which is often deleted in neuroblastomas with LOH of chromosome 1. This may be a 
therapeuticc benefit, as the cytidine deaminase activity might be lower in neuroblastoma cells 
withh lp LOH when compared to neuroblastoma cells without (Slingerland et al, 1997). 
CPEUU is a non-toxic competitive inhibitor of uridine/cytidine kinase and thus, of the salvage 
pathwayy of uridine and cytidine. 

CPECC was found to possess potent anti-tumour activity in vitro and in vivo in mice and rats 
(Gharehbaghii  et al, 1999;Viola et al, 1995). A phase I clinical trial has been conducted in a 
limitedd number of adult patients suffering from refractory colorectal cancer (Politi et al, 
1995).. The dose limiting steady-state plasma concentration (Css) was 2.5 uM, above which 
haematologicall  toxicity occurred, which was mild or absent at Css below 1.5 uM CPEC. 
However,, unexpected cardiovascular toxicity was observed in 3 out of 26 patients, which 
occurredd at Css above 1.5 uM CPEC. 
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1.66 Manipulation of nucleotide metabolism by CPEC 

Ass described, CPEC causes depletion of the cytidine ribonucleotides and 
deoxyribonucleotidess with concomitant accumulation of the cells in the S-phase of the cell 
cycle.. Reasoning along this line, replenishing of the depleted cytidine nucleotide pools with 
S-phasee active cytotoxic cytidine analogues is an attractive chemotherapeutic strategy to 
explore.. Examples of therapeutically active deoxynucleoside analogues are the cytidine 
analoguess 1-6-D-arabinofuranosyl cytosine (cytarabine, AraC) and 2',2'-
difluorodeoxycytidinee (gemcitabine, dFdC), and the deoxyadenosine analogue 2-chloro-
deoxyadenosinee (cladribine, CdA). The observation that a brief pre-exposure to a non-toxic, 
butt metabolically active concentration of CPEC indeed enhanced the metabolism and 
cytotoxicityy of AraC in a human colon carcinoma cell line indicates that administration of 
CPECC at low doses may have potential clinical use as a biochemical modulator of 
deoxynucleosidee analogues (Grem and Allegra, 1990). 
Cytotoxicc deoxynucleoside analogues are pro-drugs that are activated by phosphorylation to 
thee corresponding di-and triphosphates. The rate-limiting enzyme in this process is dCK, both 
forr the deoxycytidine analogues as well as CdA (Liliemark and Plunkett, 1986). dCK activity 
iss under feedback control of dCTP and decreasing the intracellular concentration of dCTP 
relievess the inhibition of dCK and results in enhanced anabolism of deoxynucleoside 
analogues.. The mechanistic representation of this concept is depicted in figure 4. 

RNARNA DNA DNA 

DNAA polymerase 

dFdCTP P 
CTPP synthetase 

UTP\UTP\ : > CTP dCTP 
Rihnnnnlfintidfi i 

CPEC-TP P ++ reductase 

CDPCDP | ^ dCDP \Q dFdCDP 

dCMP dCMP dFdCMP P 

Deoxycytidine e 
kinase e 

dCytidinedCytidine dFdC 

Figuree 4: Mechanism of interaction between CPEC and gemcitabine (dFdC). The 
biochemicall  pathway indicated with bold black text is stimulated by CPEC, while the 
pathwayss indicated with italic text are inhibited by CPEC. 
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1.77 Deoxynucleoside analogues 

Gemcitabine Gemcitabine 
Gemcitabine,, 2',2'-difluorodeoxycytidine, (Gemzar®, dFdC) is a relatively new agent with 
potentt anti-tumour activity, as a single drug, as well as in combination with other drugs 
(figuree 5). Gemcitabine is active in vivo against solid tumours and is a registered drug for the 
treatmentt of patients suffering from lung cancer and pancreas cancer. The maximum tolerated 
dosee of gemcitabine is 780-2400 mg/m2/week, resulting plasma concentrations of dFdC > 20 
uMM (Abbruzzese etal, 1991;Fossella etai, 1997). Side effects of dFdF are thrombocytopenia 
andd anemia. Clinical trials investigating the effectiveness and toxicity of gemcitabine in 
paediatricc patients suffering from haematological malignancies and solid tumours are ongoing 
(Nationall  Cancer Institute information Internet site, http://www.nci.nih.gov/clinical_trials). 
Thee maximum tolerated dose in children suffering from relapsed or refractory leukaemia 
provedd to be 3600 mg/m2/week, with hepatoxicity being the dose limiting toxicity (Steinherz 
etal,etal, 2002). 

Gemcitabinee is a pro-drug that needs to be activated by phosphorylation to its nucleotide-
diphosphatee and nucleotide-triphosphate forms to be therapeutically effective. The first and 
rate-limitingg enzyme in the activation of gemcitabine and other deoxynucleoside analogues, 
likee cytarabine and 2-chloro-deoxyadenosine (cladribine), is deoxycytidine kinase (dCK) 
(Liliemarkk and Plunkett, 1986). Gemcitabine-monophosphate is subsequently phosphorylated 
too gemcitabine-diphosphate and gemcitabine-triphosphate by nucleoside monophosphate 
kinasess and diphosphate kinases, respectively. Gemcitabine interferes with nucleotide 
metabolismm in a number of ways (figure 6). Gemcitabine-diphosphate inhibits ribonucleotide 
reductasee (RR), causing depletion of the deoxyribonucleotide pools, including dCTP. dCTP is 
aa feedback inhibitor of dCK, thus inhibition of RR by gemcitabine-diphosphate stimulates the 
activationn of gemcitabine by dCK (Heinemann et al, 1990). Gemcitabine-triphosphate is an 
inhibitorr of CTP synthetase, RNA synthesis, DNA synthesis, DNA repair and is incorporated 
intoo the DNA, causing DNA damage (Heinemann et al., 1992;Ruiz van Haperen et al, 1993). 
Afterr a gemcitabine moiety is incorporated into DNA, one more nucleotide is added, after 
whichh chain elongation stops (masked DNA chain termination), rendering the gemcitabine 
moietyy resistant to excision by DNA exonuclease activity (Huang et al, 1991). 
Furthermore,, gemcitabine is a radio-sensitising agent, i.e. it increases the sensitivity of cells 
forr (ionising) irradiation. The mechanism of the radio-sensitising effect of gemcitabine is still 
unclear,, but has been associated with depletion of the intra-cellular dATP pools and 
redistributionn of the cells into the S-phase of the cell cycle, where they are most sensitive for 
radiationn induced DNA damage (Shewach et al, 1994;Lawrence et al, 1996). 
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Figuree 6: simplified scheme of action of gemcitabine (dFdC, dFdCDP, dFdCTP: 
gemcitabine,, 5'-diphosphate, 5'-triphosphate). The biochemical pathway indicated with bold 
blackk text is stimulated by dFdC, while the biochemical pathways indicated with italic text is 
inhibitedd by dFdC. 

AraC AraC 
1-6-D-arabinofuranosyll  cytosine (cytarabine, AraC) is a widely used cytostatic drug that has 
beenn used in the treatment of haematological malignancies for over 30 years. Low-dose (75-
1000 mg/m2) and high-dose (1000-3000 mg/m2) regimens are distuingished. 
AraCC is an analogue of deoxycytidine (figure 5) and is metabolised by the enzymes 
deoxycytidinee salvage pathway. AraC is a pro-drug that is active in its nucleoside tri-
phosphatee form, AraCTP. As is the case in gemcitabine metabolism, the rate-limiting step in 
thee activation of AraC is dCK. AraCTP is incorporated into DNA and causes cessation of 
chainn elongation. Furthermore, AraCTP is an inhibitor of DNA polymerase and thus also 
causess inhibition of DNA synthesis (Zittoun et al, 1989;Morita et al, 1982;Wist, 1979). 
AA problem often encountered with AraC therapy is that leukaemic blasts of patients treated 
withh AraC can acquire resistance against AraC. The cell can acquire resistance against AraC 
byy increasing the (deoxy)cytidine deaminase activity (Momparler et al, 1996). Decreased 
dCKK activity has also been reported to cause resistance against AraC (Riva and Rustum, 
1985;Chibaa et al, 1990;Owens et al, 1992), as were decreased formation and retention of 
AraCTPP (Riva and Rustum, 1985) (Rustum and Raymakers, 1992;Schiller et al, 1996)and 
decreasedd incorporation of AraCTP into DNA (Kufe et al, 1980). Recently, it was 
demonstratedd that resistance of acute myeloid leukaemia towards AraC is caused by 
alternativee splicing of dCK mRNA, which leads to expression of inactive dCK proteins 
(Veugerr et al, 2000;Veuger et al, 2002). 
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Cladribine Cladribine 
Cladribinee (CdA), or 2-Chloro-2'-deoxyadenosine, is an analogue of deoxyadenosine (figure 
5).. It is thought to be resistant to degradation by adenosine deaminase and is highly toxic to 
proliferatingg and non-proliferating lymphocytes. Cladribine is successfully used in the 
treatmentt of several haematological malignancies, such as hairy cell leukaemia and chronic 
lymphaticc leukaemia. The maximum tolerated dose of CdA is 7 mg/kg/week, the dose-
limitingg toxicities being myelosuppression and neurologic events (Saven et al, 1993). 
Likee araC and gemcitabine, cladribine is taken up by facilitated transport and phosphorylated 
primarilyy by dCK, but also by deoxyguanosine kinase, to CdAMP. Subsequently, CdAMP is 
phosphorylatedd by two successive steps to CdATP, which is the toxic metabolite of 
cladribine.. CdATP inhibits several enzymes involved in DNA replication. CldATP directly 
inhibitss DNA synthesis by inhibition of DNA polymerase, but it is also incorporated into 
DNA.. CdA has been reported to cause its own misincorporation into DNA as TTP, dCTP and 
dGTPP (Hentosh et al, 1991). Furthermore, CdATP is an inhibitor of RR, which causes the 
drugg to be self-potentiating as it decreases the dCTP pool and, therefore, increases dCK 
activity.. CdA is also an inhibitor of DNA repair, which provides an explanation for the fact 
thatt CdA is also toxic to non-proliferating cells (Kuwabara et al, 1991;Seto et al, 1986). 

1.88 Aim and scope 

Thee main objective of this study is to explore whether inhibition of CTP synthetase would 
facilitatee the metabolism of cytotoxic deoxynucleoside analogues in neuroblastoma, and if so, 
too what extend. 
Ass stated in the general introduction, the main source of CTP in malignant cells is CTP 
synthetase.. CTP synthetase as a target in neuroblastoma is an especially interesting topic of 
study,, because the gene coding for CTP synthetase is located on chromosome lp34, which 
occasionallyy shows loss of heterozygossity in neuroblastoma. Furthermore, CPEC, the CTP 
synthetasee inhibitor studied in this thesis can be deactivated by the enzyme cytidine 
deaminase,, which coding gene is located on chromosome 1 p36, a frequently deleted region of 
chromosomee 1 in neuroblastoma. The first step of the study described in this thesis is to 
investigatee the effect and metabolism of CPEC as a single drug on neuroblastoma cell lines. 
Chapterr 2 describes the metabolism and cytostatic effect of CPEC on a A/yCAf-amplified and 
lp-deletedd neuroblastoma cell line and a cell line without A/KCN-ampIification or lp-deletion. 
Furthermore,, the ability of these cell lines to recover from treatment with CPEC is described. 
Thee second step was to study and evaluate the role of CPEC as a modulator of the metabolism 
andd cytotoxicity of deoxynucleoside analogues in neuroblastoma cell lines. In chapter 3, the 
stimulatingg effect of CPEC on the anabolism and cytotoxicity of AraC is described. Chapter 4 
describess the interaction between CPEC and the deoxyadenosine analogue 2-Chloro-
deoxyadenosine,, which is metabolised in a different way than AraC. The effect of 
gemcitabinee as a single drug and in combination with CPEC is the subject of chapter 5. In this 
chapter,, also the regulation of dCK expression and activity in the presence of CPEC is 
described.. Differentiation is thought to up-regulate the apoptotic machinery in the cell and 
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thuss increase the apoptotic response to DNA damage. In chapter 6, however, it is 
demonstratedd that differentiation of neuroblastoma cells, induced by retinoic acid, decreases 
thee contribution of CTP synthetase to CTP biosynthesis and thus, causes resistance to CPEC. 
Chapterr 7 describes a modification of a standard way of measuring dCK activity in cell 
homogenates.. By choosing an alternative method of analysis, a novel metabolite of CdA was 
identified.. Finally, in chapter 8 the studies described in this thesis are discussed and 
recommendationss for future studies are made. 
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Abstract t 

Thiss paper describes the effects of cyclopentenyl cytosine (CPEC) on the proliferation and 
cell-cyclee distribution of the SK-N-BE(2)c and SK-N-SH neuroblastoma cell lines, as well as 
theirr ability to recover from treatment with CPEC. The IC5o value of SK-N-BE(2)c for CPEC, 
determinedd after 48 h, was 80 nM. SK-N-BE(2)c cells showed a time and concentration 
dependentt accumulation in the S-phase of the cell cycle after 2 and 3 days of incubation with 
50-2500 nM CPEC, followed by a Go/Gi-phase arrest after 4 days. After incubation with 50 
nMM CPEC for 2 days, SK-N-BE(2)c cells fully recovered and resumed logarithmic 
proliferation.. In contrast, a complete and persistent growth arrest occurred when SK-N-
BE(2)cc cells were incubated for 2 days with 100 nM or 250 nM CPEC. The IC50 value of SK-
N-SHH , determined after 48 h, for CPEC was >1 uM. SK-N-SH cells incubated with 250 nM 
orr 1 uM CPEC showed a time dependent accumulation in the S-phase of the cell cycle, 
followedd by an accumulation in the Go/G,-phase, which reached a maximum of 84.1 % after 
77 days incubation with 1 pM CPEC. SK-N-SH cells did not resume proliferation after 
removall  of the drug. In addition, CPEC strongly induced differentiation in SK-N-SH cells. 
Afterr 48 h incubation with 250 nM CPEC, 90 % of the cell-population was differentiated. 
Bothh neuronal-type and Schwannian type cells were observed. We conclude that at very low 
concentrations,, CPEC has profound cytostatic and differentiation inducing effects on the 
neuroblastomaa cells studied. 

1.. Introductio n 
Neuroblastomaa is the most common extra cranial tumor of childhood. The tumors are 

derivedd from the neural crest and originate in the adrenal medulla and paraspinal sites where 
sympaticc nervous system tissue is present. Neuroblastoma has a very diverse genetic make up 
[1].. The most common genetic prognostic markers are amplification of MYCN and deletions 
inn the distal arm of chromosome lp. Both amplification of the MYCN oncogene and deletions 
off  chromosome lp are markers for a poor prognosis of the disease [2;2-4;4]. The clinical 
outcomee of neuroblastoma is dependent on its stage. There are 5 distinct prognostic stadia 
knownn as stage 1 to 4 and 4S, in which S stands for special [5]. This staging system is based 
onn the degree of infiltration of the tumor into neighboring tissues. Unfortunately, the 
prognosiss for stage 4 patients with metastatic disease is very poor. In order to increase the 
curecure rate of neuroblastoma, effective novel chemotherapeutic therapies need to be developed. 

AA prominent characteristic of neuroblastoma cells, as in most tumor cells, is their 
excessivee drive to proliferate, which requires vast amounts of nucleotides that are needed for 
energy,, RNA and DNA synthesis. To sustain this high turnover of nucleotides, key enzymes 
off  the purine and pyrimidine biosynthesis pathways are up regulated. 
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CTPP synthetase is the rate-limiting enzyme in the synthesis of cytidine nucleotides from 
bothh de novo and uridine salvage pathways. As CTP synthetase activity is upregulated in 
malignantt cells, the intracellular CTP concentrations are higher in malignant cells than in 
theirr non-transformed counterparts [6-8]. Decreasing the CTP pool by inhibition of CTP 
synthetasee might therefore reduce ability of neuroblastoma cells to proliferate. A drug that 
inhibitss the synthesis of CTP is cyclopentenyl cytosine (CPEC) a carbocyclic analog of 
cytidine.. CPEC has been shown to have anti-tumor activity, as well as anti-viral activity, both 
inin vitro and in vivo models [9-12]. Recently, the cytostatic effect of CPEC in leukemic cells 
fromm pediatric patients suffering from acute non-lymphatic leukemia has been demonstrated 
[13]. . 

CPECC is readily taken up by the cell and is rapidly metabolized to its triphosphate 
nucleotidee form (CPECTP), which is a potent inhibitor of CTP synthetase [14;15]. CPEC 
itselff  is an alternative substrate of uridine/cytidine kinase, the first enzyme of the pyrimidine 
salvagee pathway, and is a competitive inhibitor for uridine and cytidine phosphorylation 
[14;; 16]. The mechanism of action and the anti tumor effect of CPEC has primarily been 
studiedd in myeloid cell line systems and leukemic cells obtained from patients 
[10;; 13; 14; 17; 18]. To date only limited aspects of CPEC have been investigated in solid 
tumorss [11;15;19] such as neuroblastoma [15;19;20;21]. CTP synthetase might especially be 
ann attractive target for chemotherapy in neuroblastoma, as the gene coding for CTP 
synthetasee is located on the often-deleted part of chromosome 1 (lp34), hence causing loss of 
heterozygosityy of this gene [22]. Furthermore, neuroblastoma cells can be induced to 
differentiatee into more benign forms, both in vitro as in vivo, by various compounds like, e.g., 
retinoicc acid. This characteristic also makes neuroblastoma an interesting object to study the 
effectt of cytostatic drugs. In this paper we demonstrate that low concentrations of CPEC 
inducee a long lasting state of cytostasis and differentiation in human neuroblastoma cells. 

2.. Material s and methods 

2.1.. Chemicals 

CPECC (NSC 375575) was obtained from the Developmental Therapeutics Program, 
Nationall  Cancer Institute. All nucleotide standards and propidiumiodide were obtained from 
Sigmaa Chemicals Co. Spermine was obtained from Merck. Nonidet P40 was obtained from 
LKB-produkterr AB. Annexin-V-Fluos, soybean trypsin inhibitor and RNAse were obtained 
fromm Boehringer Mannheim. Dulbecco's Modified Eagles Medium, Bovine Fetal Serum and 
Penicillin/Streptomycin/Fungizone-mixx were obtained from BioWhittaker Europe. L-
glutaminee and gentamycin were obtained from Gibco BRL. Isoton II was obtained from 
Beekmann Coulter. Triton X-100 and saponine were from BDH Laboratory Supplies. All other 
chemicalss were of analytical grade. 

2.2.. Cell culture 

SK-N-SHH and SK-N-BE(2)c neuroblastoma cell lines were obtained from the American 
Typee Culture Collection. The cells were routinely cultured in Dulbecco's Modified Eagles 
Mediumm (DMEM), supplemented with 2 mM L-glutamine, 50 I.U./ml penicillin, 50 ug/ml 
streptomycin,, 0.2 mg/ml gentamycin, 0.25 ug/ml fungizone and 10 % v/v bovine fetal serum 
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att 37 °C in humidified (90 %) air with 5 % C02. The cells were maintained in 75 cm2 loosely 
cappedd culture flasks (Co-star Corp.) and maintained in logarithmic growth phase. Cells were 
passagedd and split in a 1:20 ratio once a week, the medium was changed after 3 or 4 days. 
SK-N-BE(2)cc was used up to passage 45. SK-N-SH was used up to passage 65. Cell cultures 
weree consistently free of mycoplasma {tested with Mycoplasma PCR ELISA, Boehringer 
Mannheim). . 

2.3.. Proliferation assay 

Cellss were seeded into 6-well plates (Corning Co-star) at a density of 0.25-0.50 x 10 
cellss per well, and allowed to adhere overnight. The experiments were started by replacing 
thee medium with medium containing CPEC. Adherent cells were harvested by trypsinization. 
Celll  numbers were determined after solubilizing the cells in isoton II containing 2.7 xlO" % 
(v/v)) Triton X-100 and 2.7 x 10"3 % (w/v) saponin. The nuclei were counted with a Coulter 
Counterr Z 1000 with a 100 um orifice (Coulter Electronics Ltd). The viability of adherent 
cellss was more than 99%, as determined by exclusion of Trypan Blue. 

2.4.. Nucleotide extraction 

Cellss were seeded in 6-well plates at a density of 1-2 xlO6 cells per well. After overnight 
adherence,, the experiments were started by addition of CPEC to the culture medium. After 
thee incubation, the cells were washed once with PBS. The adherent cells were extracted with 
2000 ul of ice-cold 0.4 M perchloric acid for 10 minutes on ice with intermittent scraping with 
aa disposable cell-scraper. The resulting suspension was centrifuged at 10,000 x g at 4 °C for 3 
min.. The supernatant was removed and neutralized with K2C03 and used for HPLC analysis. 
Thee pellet containing total protein was dissolved in 500 ul of 0.2 M NaOH. Protein content 
wass determined using bicinchonic acid solution containing 0.1% Q1SO4, as described 
previouslyy [23]. 

2.5.. HPLC analysis 

Nucleotidee profiles were determined by ion exchange HPLC, using a Whatman 
Partispheree SAX 4.6 x 125 mm column (5 um particles) and a Whatman 10 x 2.5 mm AX 
guardd column (Whatman Inc). The buffers used were: 9 mM NH4H2PO4, pH 3.5 (buffer A) 
andd 325 mM NH4H2PO4 , 500 mM KC1, pH 4.4 (buffer B). Nucleotides were eluted with a 
gradientt from 100 % buffer A to 90 % buffer B in 60 min at a flow-rate of 1 ml/rnin. 

2.6.. Cell-cycle analysis 

Thee following solutions were used in the cell-cycle analysis protocol. Solution S: 0.1% 
(v/v)) nonidet P40, 1.5 mM spermine, 3.4 mM citrate, 0.5 mM Tris, pH 7.6. Solution A: 25 
mg/mlmg/ml trypsin in solution S. Solution B: 0.5 mg/ml soybean trypsin inhibitor and 0.1 unit 
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RNAsee in solution S. Solution C: 0.38 mg/ml propidium iodide, 4.5 mM spermine, 3.4 mM 
citrate,, 0.5 mM Tris, pH 7.6. Adherent cells were harvested by trypsinization and centrifuged 
forr 7 min at 302 x g. Subsequently, the cells were re-suspended in 450 ul solution A (  lxlO6 

cells/ml)) and incubated for 10 minutes at room-temperature. Subsequently, 375 jil of solution 
BB was added and the sample was incubated for 10 min at room temperature. Then 375 ul 
solutionn C was added and the sample was incubated in the dark for 30-60 min on ice. The 
nucleii  were analyzed by using a FACS Calibur flowcytometer (Becton Dickinson) and the 
dataa were fitted fitted with the Modfit computer program. 

2.7.. The abilit y of neuroblastoma cells to recover  from treatment with CPEC 

Cellss were incubated with CPEC (1, 2 or 3 days for SK-N-BE(2)c and 2, 4 or 7 days for 
SK-N-SH).. Subsequently the medium containing the drug was removed and the cells were al-
lowedd to recover in fresh medium (3 days for SK-N-BE(2)c and 7 days for SK-N-SH), while 
controll  cells received fresh medium containing CPEC. Proliferation and intracellular CTP 
andd CPECTP levels were measured adherent cells in separate experiments. 

2.8.. CTP synthetase assay 

Thee CTP synthetase activities in crude homogenates were determined in a reaction 
mixturee containing 1 mM UTP, 4 mM ATP, 1 mM GTP, 10 mM L-glutamine, 20 mM 
MgCl2,, 10 mM KC1, 15 mM phosphoenol pyruvate, 17 U/ml pyruvate kinase, 1 mM [Bis-
amino-ethyl]-glycoether-N,N,N\N'-tetra-aceticc acid , 10 mM dithiothreitol, 35 mM Tris-
Mops,, pH 7.6. Separation of the nucleotides was performed isocratically (0.596 M NaH2P04, 
pHH 4.55) by ion-exchange HPLC on a Whatman Partisphere SAX 4.6 x 125 mm column (5 
urnn particles) and a Whatman 10 x 2.5 mm AX guard column (Whatman Inc), as described 
previouslyy [24]. 

3.. Results 

3.1.. Effect of CPEC on proliferatio n 

Thee effect of CPEC on the proliferation of SK-N-BE(2)c and SK-N-SH cells is shown in 
fig.. 1. The doubling time of untreated SK-N-BE(2)c cells was  24 h. Incubation with 20 and 
355 nM CPEC slightly inhibited the proliferation of SK-N-BE(2)c cells, while the effect of 50 
nMM CPEC was more pronounced. Proliferation was completely inhibited at CPEC 
concentrationss of 100 and 250 nM. No other effects than cytostasis were observed up to 5 uM 
CPECC (data not shown). The doubling time of untreated SK-N-SH cells was 30-36 h. In SK-
N-SHH cells, growth was completely arrested with drug concentrations between 150 nM and 
10000 nM. The IC50 values, deduced from the growth curves, at the 48 hour time point were 
800 nM and >1 uM for SK-N-BE(2)c and SK-N-SH, respectively. 
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Figuree 1: The effect of CPEC on the proliferation of neuroblastoma cells. Panel A: SK-N-
BE(2)c;; solid circles: 0 nM; open circles: 20 nM; x: 35 nM; solid squares: 50 nM; solid 
triangles:: 100 nM; open squares: 250 nM CPEC. Panel B: SK-N-SH; solid circles: 0 nM; 
openn circles: 35 nM; x: 50 nM; solid squares: 150 nM, solid triangles: 250 nM, open squares: 
5000 nM, open triangles: 1000 nM CPEC. The values shown are the mean of 3 experiments
SD. . 

3.2.. Effect of CPEC on intracellular  CTP levels 

Inn both cell lines, the depletion of CTP and the accumulation of CPECTP were 
concentrationn and time dependent. Figure 2A shows the effect of various CPEC 
concentrationss on intracellular CTP levels. The concentration dependence was assessed by 
incubatingg neuroblastoma cells for six hours with CPEC concentrations between 50 nM and 5 
uM.. A CTP depletion of 50 % (ED50) was observed at 110 nM and 170 nM CPEC for, 
respectively,, SK-N-BE(2)c and SK-N-SH cells. After 6 hours incubation with 1 uM CPEC, 
thee remaining amount of CTP was 7% in SK-N-BE(2)c and 15 % in SK-N-SH. CPEC was 
readilyy phosphorylated to its triphosphate form, which at 5 uM reached 99.7% and 86.0 % of 
thee normal CTP pool size in SK-N-BE(2)c and SK-N-SH cells, respectively (data not shown). 
Whenn cells were incubated with 100 nM CPEC, the intracellular CTP pool was depleted by 
500 % after 6 hours in SK-N-BE(2)c and 8 hours in SK-N-SH cells (fig 2B). The rate of CTP 
depletionn during the first 4 hours was 9.9 % per hour in SK-N-BE(2)c cells and 6.9 % per 
hourr in SK-N-SH cells. Although after a 48 h incubation with 100 nM CPEC, the final degree 
off  CTP depletion was the same in both cell lines, the initial rate of CTP depletion was 1.4 
timess higher in SK-N-BE(2)c than in SK-N-SH. After 48 hours CTP levels were depleted to 8 
%% of the initial concentration in SK-N-BE(2)c and to 7 % in SK-N-SH cells. Under these 
conditions,, the CPECTP concentration did not accumulate to more than 7 % of the normal 
CTPP concentration (data not shown) in both cell lines indicating that low concentrations of 
CPECTPP fully inhibited the in situ CTP synthetase activity. 
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Figuree 2: The effect of CPEC on the intracellular CTP concentration. Panel A: concentration 
dependence.. Cells were incubated for 6 hours with various concentrations of CPEC. 
Subsequently,, the cells were extracted and the intracellular CTP content was determined. The 
insertt shows the concentration dependence between 0 and 750 nM CPEC. Panel B: time 
dependence.. Cells were incubated with 100 nM CPEC and the cells were extracted at various 
time-points,, solid circles: SK-N-BE(2)c; open circles: SK-N-SH. The values shown are the 
meanss of 3 experiments  SD 

3.3.. CTP synthetase activity 

Wee determined the in vitro CTP synthetase activity in crude homogenates of both cell 
lines.. The CTP synthetase activity of SK-N-BE(2)c was 16.6  2.1 nmol CTP /mg 
protein/hourr (n=6) and of SK-N-SH it was 11.4  1.1 nmol/mg protein/hour (n=3). Expressed 
perr number of cells, the CTP synthetase activity of SK-N-BE(2)c was 4.5  0.7 nmol 
CTP/1066 cells/hour (n=3) and of SK-N-SH it was 0.7  0.1 nmol CTP/106 cells/hour (n=3). 
Thus,, the CTP synthetase activity, expressed as nmol CTP/mg protein/hour, was 1.5 higher in 
SK-N-BE(2)cc cells than in SK-N-SH cells. When expressed in nmol CTP/106 cells/hour, the 
CTPP synthetase activity of SK-N-BE(2)c cells was 6.4 times higher than that of SK-N-SH 
cells. . 

3.4.. Effect of CPEC on the cell-cycle distributio n 

Uponn incubation with, we observed a time and concentration-dependent accumulation in 
thee S-phase of the cell cycle of SK-N-BE(2)c cells, which after three days of incubation 
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reachedd a maximum of 52 % with 50 nM CPEC and 75-77% with 100 and 250 nM CPEC. 
Surprisingly,, after incubation for 4 or 5 days with CPEC, 61-75 % of the cells finally arrested 
inn the Go/G| phase. When CPEC was removed after 1 or 2 days of incubation, the cells still 
continuedd to accumulate in the S-phase, followed by a Go/Gt phase accumulation (data not 
shown).. To rule out the possibility that the cells accumulated in the Go/Gj-phase because of 
salvagee of cytidine from fresh medium, we tested if cytidine from the medium (600 nM 
endogenouss concentration) influenced the effect of CPEC on the cell cycle distribution. After 
threee days of incubation with 250 nM CPEC, the medium was changed for normal medium, 
cytidinee depleted medium (0 nM cytidine, obtained by 24 hrs incubation of medium with 
normall  cells) or cytidine depleted medium to which 600 nM cytidine was added (fresh CPEC 
wass also added). In all three cases, the cells accumulated in the Go/Grphase indicating that 
cytidinee from the medium did not influence the shift in cell cycle distribution. 

Thee effect of CPEC on the cell cycle distribution of SK-N-SH cells was less pronounced. 
CPECC moderately increased the number of cells in the S-phase from 38  1.2 % to 51  0.8 
%% after 2 days incubation with 150 nM CPEC. This was followed by a slight increase in the 
numberr of cells in the Go/Gi-phase (68 ) after 5 days incubation with 150 nM CPEC. 
Whenn SK-N-SH cells were incubated with 1 uM CPEC, the cells were retained longer in the 
S-phase.. After 5 days of incubation 50  1.3 % of the cells were in the S-phase. After 7 days 
off  incubation with 1 uM CPEC, 84  1.7 % of the cells were arrested in the Go/Gi-phase. 

3.5.. The abilit y of neuroblastoma cells to recover  from treatment with CPEC 

Thee ability of neuroblastoma cells to recover from treatment with CPEC was dependent 
onn both concentration and duration of incubation with CPEC. SK-N-BE(2)c cells were 
incubatedd for 48 h with various concentrations of CPEC, after which the drug was removed 
andd the cells were allowed to recover in normal medium. After 48 h of incubation with 50 nM 
CPEC,, SK-N-BE(2)c cells resumed logarithmic proliferation after removal of CPEC. 
However,, after 48 h of incubation with 100 or 250 nM CPEC, proliferation was still arrested 
threee days after removal of the drug, and remained arrested at least 7 days (data not shown). 

Thee intracellular CTP concentration of SK-N-BE(2)c cells, incubated for 48 h with 50 nM 
CPECC was 40.7  0.6 % (n=3) of untreated control cells and restored to 70.4  1.1 % (n=3) 
threee days after removal of CPEC. Because these cells had reached confluence, the CTP 
contentt was compared to that of untreated confluent cells (2.03  0.17; n=3). A very small 
quantityy of CPECTP (0.03. 0.01 pmol/ug protein, n=3) was still present, which was 
apparentlyy not enough to completely inhibit CTP synthetase. After 48 h incubation with 100 
orr 250 nM CPEC, the intracellular CTP concentrations of SK-N-BE(2)c cells were 10.4 2 
%% (n=3) and 1.1  0.3 % (n=3), respectively, and three days after removal of CPEC these 
weree 34.3  3.0 % (n=3) and 1.6 + 0.6 % (n=3), respectively. The amount of CPECTP that 
remainedd 3 days after removal of CPEC was 0.09  0.02 pmol/|J,g protein (n=3) for 100 nM 
CPECCPEC and 0.30  0.07 pmol/ug protein (n=3) for 250 nM CPEC respectively. The ability of 
SK-N-SHH cells to recover from treatment with CPEC was dependent on the concentration of 
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CPECC in a similar fashion, however, we did not observe logarithmic proliferation after 
removall  of CPEC. 

Wee also determined the effect of incubation time on the ability of neuroblastoma cells to 
recoverr from treatment with CPEC. SK-N-SH cells were incubated for 2, 4, or 7 days with 
5000 nM CPEC after which they were allowed to recover for 7 days. After 2 days of 
incubationn with 500 nM CPEC, we observed minimal proliferation 7 days after removal of 
CPEC.. A persisting growth arrest (> 7 days) was observed when cells were treated with 500 
nMM CPEC for 4 days or 7 days. At all CPEC concentrations tested, CTP pools did not restore 
too 100 % of the value of untreated log-phase cells. Intracellular CTP concentrations 7 days 
afterr removal of CPEC were 73  11 %, 45  4 % and 59  4 %, for cells incubated with 
5000 nM CPEC for, respectively 2, 4 and 7 days. In SK-N-SH cells, CPECTP was not 
detectablee 7 days after removal of CPEC. 

3.6.. Differentiation 

Uponn incubation with CPEC, we found a profound induction of differentiation of SK-N-
SHH cells. Neuronal type cells (N-type) as well as cells with the fibroblast-like morphology of 
thee Schwannian type or substrate adherent type (S-type) were observed. 

Untreatedd SK-N-SH cells are relatively small cells with small vestiges of neurites (fig. 
3A).. After 24 h incubation with 500 nM CPEC, the cell bodies flattened and the neurites 
becamee elongated and thicker. Cellular contact through neurites also became more extensive 
(fig.. 3B). After 8 days of continuous incubation with 500 nM CPEC, large fibroblast-like 
cellss were present, which were connected to one another by means of long neurites. In 
addition,, small cells bearing long neurites were also present (fig. 3C). When the medium 
containingg CPEC was removed after 2 days of incubation with 500 nM CPEC, cells with an 
identicall  morphology were observed (fig. 3D). 

Whenn compared with SK-N-SH, induction of differentiation of SK-N-BE(2)c cells was 
remarkablyy less pronounced (figure 4). SK-N-BE(2)c cells were rather roughly shaped, 
somewhatt triangular cells (fig. 4A), that flattened and became rounder and larger after 8 days 
off  continuous incubation with 500 nM CPEC. Some neurites were also observed (fig. 4B). 
Afterr removal of the CPEC containing medium, the cells remained flattened and enlarged 
(fig.. 4C). Only after 21 days of continuous culturing in the presence of 100 or 250 nM CPEC, 
aa mature neuronal network was formed by the remaining SK-N-BE(2)c cells (data not 
shown). . 

Thee extend of differentiation of cultures during incubation with 250 nM CPEC was 
assessedd in both cultures of SK-N-BE(2)c and SK-N-SH cells, by scoring the morphology of 
4000 cells per culture per day (fig. 4D). Cells bearing neurites (N-type) with a length of 
approximatelyy twice the diameter of the cell body were scored as being differentiated, as well 
ass cells which were connected to one another by means of neurites. Fibroblast-like cells were 
consideredd as being differentiated to S-type cells. 
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Figuree 3: The effect of CPEC on the morphology of SK-N-SH cells. Untreated cells (panel 
A),, cells treated for 24 h with 500 nM CPEC (panel B), cells treated for 8 days with 500 nM 
CPECC (panel C) and cells treated with 500 nM CPEC for 2 days, followed by 6 days recovery 
inn normal culture medium. 

Figuree 4: The effect of CPEC on the morphology of SK-N-BE(2)c cells. Untreated cells 
(panell  A), cells treated for 8 days with 500 nM CPEC (panel B), and cells treated with 500 
nMM CPEC for 2 days, followed by 6 days recovery in normal culture medium (panel C). 
Panell  D: Induction of differentiation of neuroblastoma cells by CPEC. Neuroblastoma cells 
weree incubated with 250 nM CPEC. To asses the degree of differentiation in the cell cultures, 
4000 cells were examined at the indicated time-points. The relative number of differentiated 
cells,, the differentation index, is plotted against the incubation time, solid circles: SK-N-
BE(2)c;; open circles: SK-N-SH. 

44 4 



TheThe effects ofCPEC on neuroblastoma cell lines 

4.. Discussion 

Thee main objective of this study was to gain more insight into the effects of CPEC on 
neuroblastomaa cell lines. The effects of CPEC on both proliferation and CTP levels were 
strongerr in SK-N-BE(2)c than in SK-N-SH, which might reflect the differences in growth 
rate.. SK-N-BE(2)c has a 150 copies of MYCN whereas SK-N-SH has only two [25]. As 
MYCNMYCN amplification is accommodated by stimulation of proliferation because of 
enhancementt of transcription of genes that favor proliferation, including key-enzymes of the 
purinee and pyrimidine metabolism, SK-N-BE(2)c probably proliferates faster than SK-N-SH 
[26-28].. It is thus conceivable that SK-N-BE(2)c relies even more on the de novo synthesis of 
CTPP than SK-N-SH. This would be in line with the fact that a higher CTP synthetase activity 
wass present in SK-N-BE(2)c compared to SK-N-SH, despite loss of heterozygosity of the 
genee coding for CTP synthetase in SK-N-BE(2)c. 

Afterr 48 h incubation with CPEC (100 or 250 nM), SK-N-BE(2)c showed a pronounced 
accumulationn of the cells in the S-phase of the cell cycle. A decreased synthesis of cytosine 
ribonucleotides,, due to inhibition of CTP synthetase hampers the synthesis of dCTP via 
ribonucleotideribonucleotide reductase as well [29]. Thus, a depletion of the endogenous CTP pool is 
accompaniedd by a depletion of the dCTP pool [19;30;31]. Previous studies only reported cell 
cyclee distributions after maximally 48 h of incubation [11; 19]. In our experiments, we 
observedd that, after prolonged incubation with CPEC, cells finally arrested in the Go/G]-phase 
off  the cell-cycle. Depletion of CTP or the other ribonucleotides, in the absence of DNA 
damagee can cause a reversible GQIG\ arrest through the p53 pathway [32]. CPEC inhibits 
DNAA synthesis without causing major DNA damage, as it is not incorporated into DNA [19]. 
Hencee the p53 pathway, which is functional in most neuroblastomas, allows an arrest in the 
Go/G]-phasee of the cell cycle [33-35]. In SK-N-SH cells, the Go/G|-phase arrest coincided 
withh a strong induction of differentiation. Within 24 hours of CPEC incubation, a substantial 
partt of the cell population was morphologically differentiated to either N-type cells with long 
neuritess or to the fibroblast-like Schwannian type. When SK-N-SH cells were incubated with 
11 uM CPEC, the percentage of differentiated cells increased rapidly and reached almost 100 
%% in 2 days. The morphological signs of differentiation preceded accumulation in the Go/Gi-
phasee of the cell cycle. Possibly, the decreased endogenous CTP pool, caused by CPEC, 
mimicss the situation in differentiated cells, as pyrimidine metabolism is down regulated in 
differentiatedd cells [36;37]. Until now, the differentiation inducing properties of CPEC have 
onlyy been reported for HL-60 myeloid cells [38]. Here we demonstrate that CPEC is a 
powerfull  inductor of differentiation in neuroblastoma. Neuroblastoma cells can be induced to 
differentiatee in vitro by natural compounds such as all-trans retinoic acid and other 
physiologicall  compounds. As a result of physiologically induced differentiation, cells usually 
loosee their ability to proliferate. In our experiments, however, the loss of the ability to 
proliferatee by depletion of cytidine nucleotides may be the cause rather than the consequence 
off  differentiation in SK-N-SH. The S-phase is a critical phase of the cell cycle in which the 
celll  is highly susceptible to induction of differentiation by agents, such as CPEC, that disturb 
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thee fine balance that regulates synthesis and utilization DNA precursors [39]. In most cases, 
SK-N-SHH did not resume logarithmic proliferation after removal of CPEC. It appears that 
CPECC is able to reprogram SK-N-SH cells by irreversibly inducing differentiation and 
therebyy reducing its malignant characteristics. This would correspond with our finding that 
afterr removal of CPEC, CTP levels were partially restored while proliferation remained 
arrested.. The induction of differentiation by CPEC might be a useful aspect in a possible 
futuree clinical setting. 

Thee ability of SK-N-BE(2)c cells to recover from treatment with CPEC depended on the 
concentrationn used and the duration of incubation. At a low concentration of CPEC (50 nM), 
SK-N-BE(2)) cells resumed logarithmic proliferation, probably due the small amount of 
CPECTPP which is accumulated under these circumstances. After incubation with 100 or 250 
nMM CPEC, the high concentration of CPECTP, combined with its high retention, likely 
causedd a continuous inhibition of CTP synthetase. As a result SK-N-BE(2)c cells remained 
quiescentt in the Go/Gi-phase of the cell cycle, even after removal of CPEC. 

Wee conclude that at very low concentrations, CPEC had different, but profound and long 
lastingg effects on the SK-N-BE(2)c and SK-N-SH neuroblastoma cell lines. The 
concentrationss that induced these effects were considerably lower than the plasma 
concentrationss that caused toxicity in a phase-I clinical trial with patients suffering from solid 
tumorss [40]. 

Acknowledgement t 

Thee authors acknowledge the Maurits and Anna de Kock Foundation for their instrumental 

support. . 

References s 

1.. Maris JM and Matthay KK, Molecular biology of neuroblastoma. (1999) J.CIin.Oncol. 17: pp 2264-2279. 

2.. Look AT, Hayes FA, Shuster JJ, Douglass EC, Castleberry RP, Bowman LC, Smith EI, and Brodeur GM 
(1991)) Clinical relevance of tumor cell ploidy and N-myc gene amplification in childhood 
neuroblastoma:: a Pediatric Oncology Group study. J.CIin.Oncol. 9: pp 581-591. 

3.. Brodeur GM, Atar C, Brother M., Hiemstra J., Kaufman B., Marshall H., Moley J., Nakagawara A., 
Saylorss R., Scavarda N., Schneider S. Wasson J., White P., Seeger R., Look T., and Castleberry R. P. 
(1992)) Neuroblastoma. Effect of genetic factors on prognosis and treatment. Cancer Supplement 70: pp 
1685-1694. . 

4.. Tonini GP, Boni L, Pession A, Rogers D, Iolascon A, Basso G, Cordero dM, Casale F, Pession A, Perri 
P,, Mazzocco K, Scaruffi P, Lo CC, Marchese N, Milanaccio C, Conte M, Bruzzi P, and De Bernardi B 
(1997)) MYCN oncogene amplification in neuroblastoma is associated with worse prognosis, except in 
stagee 4s: the Italian experience with 295 children. J.CIin.Oncol. 15: pp 85-93. 

46 6 



TheThe effects ofCPEC on neuroblastoma cell lines 

5.. Evans AE, D'Angio GJ, Sather HN, de Lorimier AA, Dalton A, Ungerleider RS, Finklestein JZ, and 
Hammondd GD (1990) A comparison of four staging systems for localized and regional neuroblastoma: a 
reportt from the Childrens Cancer Study Group. ].Clin.Oncol. 8: pp 678-688. 

6.. Verschuur AC, Van Gennip A. H., Muller E. J., Voute P. A., and van Kuilenburg A. B. P. (1998) 
Increasedd activity of cytidine triphosphate synthetase in pediatric acute lymphoblastic leukemia. Ed. 
Griesmacherr et al. Purine and Pyrimidine Metabolism in Man IX , 667-671. New York, Plenum Press. 

7.. de Korte D, Haverkort WA, Roos D, Behrendt H, and Van Gennip AH, (1986) Imbalance in the 
ribonucleotidee pools of lymphoid cells from acute lymphoblastic leukemia patients. LeuLRes. 10: pp 389-
396. . 

8.. van den Berg AA, van Lenthe H, Busch S, de Korte D, Roos D, van Kuilenburg ABP, and Van Gennip 
AHH (1993) Evidence for transformation-related increase in CTP synthetase activity in situ in human 
lymphoblasticc leukemia. Eur.J.Biochem. 216: pp 161-167. 

9.. Shigeta S, Konno K, Yokota T, Nakamura K, and De Clercq E (1988) Comparative activities of several 
nucleosidee analogs against influenza A, B, and C viruses in vitro. Antimicrob.Agents Chemother. 32: pp 
906-911. . 

10.. Ford H, Jr., Cooney DA, Ahluwalia GS, Hao Z, Rommel ME, Hicks L, Dobyns KA, Tomaszewski JE, 
andd Johns DG (1991) Cellular pharmacology of cyclopentenyl cytosine in Molt-4 lymphoblasts. Cancer 
Res.Res. 51: pp 3733-3740. 

11.. Agbaria R, Kelley J A, Jackman J, Viola JJ, Ram Z, Oldfield E, and Johns DG (1997) Antiproliferative 
effectss of cyclopentenyl cytosine (NSC 375575) in human glioblastoma cells. Oncol.Res. 9: pp 111-118. 

12.. De Clercq E, Murase J, and Marquez VE (1991) Broad-spectrum antiviral and cytocidal activity of 
cyclopentenylcytosine,, a carbocyclic nucleoside targeted at CTP synthetase. Biochem.Pharmacol. 41: pp 
1821-1829. . 

13.. Verschuur AC, Van Gennip AH, Leen R, Muller EJ, Elzinga L, Voute PA, and van Kuilenburg ABP 
(2000)) Cyclopentenyl cytosine inhibits cytidine triphosphate synthetase in paediatric acute non-
lymphocyticc leukaemia: a promising target for chemotherapy. Eur.J.Cancer 36: pp 627-635. 

14.. Kang GJ, Cooney DA, Moyer JD, Kelley J A, Kim HY, Marquez VE, and Johns DG (1989) 
Cyclopentenylcytosinee triphosphate. Formation and inhibition of CTP synthetase. J.Biol.Chem. 264: pp 
713-718. . 

15.. Glazer RI, Knode MC, Lim MI, and Marquez VE, (1985)Cyclopentenyl cytidine analogue. An inhibitor 
off  cytidine triphosphate synthesis in human colon carcinoma cells. Biochem.Pharmacol. 34: pp 2535-
2539. . 

16.. Lim MI, Moyer JD, Cysyk RI, and Marquez VE (1984) Cyclopentenyluridine and cyclopentenylcytidine 
analoguess as inhibitors of uridine-cytidine kinase. J.Med.Chem. 27: pp 1536-1538. 

17.. Blaney SM, Balis FM, Grem J, Cole DE, Adamson PC, and Poplack DG (1992) Modulation of the 
cytotoxicc effect of cyclopentenylcytosine by its primary metabolite, cyclopentenyluridine. Cancer Res. 
52:: pp 3503-3505. 

18.. Volpe DA, Du DL, Grieshaber CK, and Murphy MJ, Jr. (1994) In vitro characterization of the 
myelotoxicityy of cyclopentenyl cytosine. Cancer Chemother.Pharmacol. 34: pp 103-108. 

19.. Yee LK, Allegra CJ, Trepel JB, and Grem JL (1992) Metabolism and RNA incorporation of 
cyclopentenyll  cytosine in human colorectal cancer cells. Biochem.Pharmacol. 43: pp 1587-1599. 

20.. Slingerland RJ, Van Gennip AH, Bodlaender JM, Voute PA, and van Kuilenburg ABP, (1995) 
Cyclopentenyll  cytosine and neuroblastoma SK-N-BE(2)-C cell line cells. Eur.J.Cancer 31X: pp 627-631. 

47 7 



ChapterChapter 2 

21.. Slingerland RJ, Van Gennip AH, Bodlaender JM, Voute PA, and van Kuilenburg ABP (1995) The effect 
off  cyclopentenyl cytosine on human SK-N-BE(2)-C neuroblastoma cells. Biochem. Pharmacol. 50: pp 
277-279. . 

22.. Yamauchi M, Yamauchi N, Phear G, Spurr NK, Martinsson T, Weith A, and Meuth M (1991) Genomic 
organizationn and chromosomal localization of the human CTP synthetase gene (CTPS). Genomics 11: pp 
1088-1096. . 

23.. Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD, Fujimoto EK, Goeke 
NM,, Olson BJ, and KJenk DC (1985) Measurement of protein using bicinchoninic acid. Anal.Biochem. 
150::  pp 76-85. 

24.. van Kuilenburg ABP, Elzinga L, Verschuur AC, van den Berg AA, Slingerland RJ, and Van Gennip AH 
(1997)) Determination of CTP synthetase activity in crude cell homogenates by a fast and sensitive non-
radiochemicall  assay using anion-exchange high- performance liquid chromatography. J.Chromatogr.B 
Biomed.Sci.AppiBiomed.Sci.Appi 693: pp287-295. 

25.. LaQuaglia MP, Kopp EB, Spengler BA, Meyers MB, and Biedler JL (1991) Multidrug resistance in 
humann neuroblastoma cells. J.Pediatr.Surg. 26: pp 1107-1112. 

26.. Facchini LM and Perm LZ (1998) The molecular role of Myc in growth and transformation: recent 
discoveriess lead to new insights. FASEB J. 12: pp 633-651. 

27.. Dang CV (1999) c-Myc target genes involved in cell growth, apoptosis, and metabolism. Mol.Cell Biol. 
19:: pp 1-11. 

28.. Miltenberger RJ, Sukow KA, and Famham PJ (1995) An E-box-mediated increase in cad transcription at 
thee Gl/S-phase boundary is suppressed by inhibitory c-Myc mutants. Mol.Cell Biol. 15: pp 2527-2535,. 

29.. Jordan A and Reichard P (1998) Ribonucleotide reductases. Annu.Rev.Biochem. 67: pp 71-98 

30.. Bouffard DY, Momparler LF, and Momparler RL (1994) Enhancement of the antileukemic activity of 5-
aza-2'-deoxycytidinee by cyclopentenyl cytosine in HL-60 leukemic cells. Anticancer Drugs 5: pp 223-
228. . 

31.. Grem JL and Allegra CJ (1990) Enhancement of the toxicity and DNA incorporation of arabinosyl-5-
azacytosinee and 1-beta-D-arabinofuranosylcytosine by cyclopentenyl cytosine. Cancer Res. 50: pp 7279-
7284. . 

32.. Linke SP, Clarkin KC, Di Leonardo A, Tsou A, and Wahl GM (1996) A reversible, p53-dependent 
G0/G11 cell cycle arrest induced by ribonucleotide depletion in the absence of detectable DNA damage. 
GenesGenes Dev. 10: pp 934-947. 

33.. Goldman SC, Chen CY, Lansing TJ, Gilmer TM, and Kastan MB (1996) The p53 signal transduction 
pathwayy is intact in human neuroblastoma despite cytoplasmic localization. Am.J.Pathol. 148: pp 1381-
1385. . 

34.. McKenzie PP, Guichard SM, Middlemas DS, Ashmun RA, Danks MK, and Harris LC (1999) Wild-type 
p533 can induce p21 and apoptosis in neuroblastoma cells but the DNA damage-induced Gl checkpoint 
functionn is attenuated. Clin.Cancer Res. 5: pp 4199-4207. 

35.. Vogan K, Bernstein M, Leclerc JM, Brisson L, Brossard J, Brodeur GM, Pelletier J, and Gros P (1993) 
Absencee of p53 gene mutations in primary neuroblastomas. Cancer Res. 53: pp 5269-5273. 

36.. Slingerland RJ, van Kuilenburg ABP, Bodlaender J, van Lenthe H, Kreuk E, Voute PA, and Van Gennip 
AHH (1994) Imbalance between the pyrimidine ribonucleotide pools in rat rhabdomyosarcoma Rl cells. 
Adv.Exp.Med.Biol.Adv.Exp.Med.Biol. 370: pp 279-282. 

48 8 



TheThe effects ofCPEC on neuroblastoma cell lines 

37.. Maehara Y, Kusumoto T, Sakaguchi Y, Kusumoto H, Kido Y, Anai H, and Sugimachi K (1989) 
Pyrimidinee nucleotide synthesis is more extensive in poorly differentiated than in well-differentiated 
humann gastric carcinoma. Cancer 63: pp 96-101. 

38.. Glazer RI, Cohen MB, Hartman KD, Knode MC, Lim MI, and Marquez VE (1986) Induction of 
differentiationn in the human promyelocytic leukemia cell line HL-60 by the cyclopentenyl analogue of 
cytidine.. Biochem.Pharmacol. 35: pp 1841-1848. 

39.. Hatse S, De Clercq E, and Balzarini J (1999) Role of antimetabolites of purine and pyrimidine nucleotide 
metabolismm in tumor cell differentiation. Biochem.Pharmacol. 58: pp 539-555. 

40.. Politi PM, Xie F, Dahut W, Ford H, Jr., Kelley JA, Bastian A, Setser A, Allegra CJ, Chen AP, Hamilton 
JM,, et al. (1995) Phase I clinical trial of continuous infusion cyclopentenyl cytosine. Cancer 
Chemother.PharmacoiChemother.Pharmacoi 36: pp 513-523. 

49 9 



ChapterChapter 2 
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Jörgenn Bierau, Albert H. van Gennip and André B.P. van Kuilenburg 
Academicc Medical Center, University of Amsterdam, Emma Children's Hospital and 
Departmentt of Clinical Chemistry, PO Box 22700, 1100 DE Amsterdam, The Netherlands 

1.. Introductio n 

Neuroblastomaa is one of the most common extra cranial solid tumours of childhood. The 
tumourss are derived from the neural crest and have a high degree of heterogeneity [1]. 
Successs of current therapies is modest. New pharmaceuticals have to be developed and their 
mechanismm of action evaluated. As neuroblastoma cells are rapidly proliferating cells, they 
relyy to a great extend on CTP synthetase for the synthesis of CTP. CTP synthetase catalyses 
thee conversion of UTP into CTP and an increased CTP synthetase activity may cause an 
imbalancee in the pyrimidine ribonucleotide pool [2]. The gene coding for CTP synthetase is 
locatedd on chromosome lp34 [3], which is often deleted in neuroblastoma causing LOH. 
Despitee lp-deletion neuroblastoma cells have a high CTP synthetase activity, making CTP 
synthetasee an attractive target for chemotherapy. Cyclopentenyl cytosine (CPEC) is a cytidine 
analoguee that is readily metabolised to its active form: CPEC-triphosphate, which potently 
inhibitss CTP synthetase causing rapid depletion of the intracellular cytidine nucleotides [4]. 
Inn this study, we investigated the ability of neuroblastoma cells to recover from treatment 
withh CPEC. 

2.. Materials and methods 

2.11 Cell culture 

Thee SK-N-BE(2)c neuroblastoma cell line was obtained from the American Type Culture 
Collectionn (Manassas, VA, USA). The cells were routinely cultured in Dulbecco's Modified 
Eagless Medium (DMEM), supplemented with 2 mM L-glutamine, 50 I.U./ml penicillin, 50 
ug/mll  streptomycin, 0.2 mg/ml gentamicin, 0.25 ug/ml fungizone and 10 % v/v bovine foetal 
serumm at pH 7.3 and at 37 °C in humidified (95%) air with 5 % C02. The cells were 
maintainedd in logarithmic growth phase. 

2.22 Recovery assay 

Cellss were seeded into 6-well plates and allowed to adhere overnight. Experiments were 
startedd by replacing the medium with medium containing CPEC. After 24 h of incubation, the 
mediumm containing the drug was removed and the cells were allowed to recover in DMEM, 
whilee control cells received fresh medium containing CPEC. Cell numbers were determined 
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byy counting solubilized nuclei in isoton II containing 2.7 x 10"7 % (v/v)Triton X-100 and 2.7 
xx 10"3 % (w/v) saponin using a Coulter Counter Z 1000 with a 100 uM orifice (Coulter 
Electronicss Ltd, Dunstable, UK). The viability of adherent cells was more than 99% as 
determinedd by the Trypan Blue exclusion method. 

2.33 Nucleotide extraction 

Cellss were seeded in 6-well plates at a density of 1-2 106 cells per well. After incubation, the 
cellss were washed once with PBS. The cells were extracted with ice-cold 0.4 M perchloric 
acidd for 10 minutes on ice with intermittent scraping with a disposable cell scraper. The 
resultingg suspension was centrifuged at 10,000 g at 4 °C for 3 min. The supernatant was 
removedd and neutralised with K2CO3 and used for HPLC analysis. The pellet containing total 
proteinn was dissolved in 0.2 M NaOH. Protein content was determined using bicinchoninic 
acidd solution containing 0.1% Q1SO4 [5]. 

2.44 HPLC analysis 

Nucleotidee profiles were determined by ion-exchange HPLC, using a Whatman Partisphere 
SAXX 4.6 x 125 mm column (5 urn particles) and a Whatman 10 x 2.5 mm AX guard column 
(Whatmann Inc., Clifton, NJ, USA). The buffers used were: 9 mM NH4H2PO4, pH 3.5 (buffer 
A)) and 325 mM NH4H2PO4, 500 mM KC1, pH 4.4 (buffer B). Nucleotides were eluted in a 
gradientt from 100 % buffer A to 90 % buffer B in 60 minutes at a flow rate of 1 ml/min. 

3.. Results and discussion 

Whenn SK-N-BE(2)c cells were pre-incubated for 24 hours with 50 nM CPEC, the 
intracellularr CTP content was depleted to 50.8  2.8 % (n=3) of untreated controls (3.64
0.500 pmol/|ig protein, n=30) (figure 1), the intracellular CPECTP content was 0.09  0.01 
pmol/ugg protein. Three days after removal of CPEC, the cells had grown exponentially and 
hadd reached confluence. The CTP content of the recovered confluent cells (2.35 pmol/ug 
protein,, n=3) was compared to the CTP content of untreated confluent cells (2.03 7 
pmol/ugg protein, n=3) and found to be restored to 115.8  0.5 %. Almost no CPECTP was 
presentt (0.02  0.02 pmol/ug protein). Despite the fact that CPECTP has a very high 
intracellularr retention, the amount of CPECTP formed after 24 hours of pre-incubation 
apparentlyy was not enough to cause a persistent inhibition of CTP synthetase. If CPEC 
incubationn was continued for 72 hours after the pre-incubation, the intracellular CTP level 
wass depleted further to 26.6  3.0 %. We measured a steady state CPECTP concentration of 
0.111  0.01 pmol/ug protein, which was sufficient for a complete inhibition of proliferation. 
Accumulationn and retention of CPECTP under these conditions is very limited and therefore 
incubationn with 50 nM CPEC does not irreversibly affect RNA and DNA synthesis. Thus, 
SK-N-BE(2)cc cells pre-incubated for 24 hours with 50 nM CPEC completely recover after 
removall  of the drug. 
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pre-incubationn control recover},' ' 

start t 244 h 72hCPECC 72hDMEM 

Figuree 1: SK-N-BE(2)c cells were incubated with 50 nM CPEC for 24 h, subsequently 
mediumm containing CPEC was removed and cells were allowed to recover for 3 days in 
DMEM.. In the controls the medium was changed with CPEC containing medium. Values are 
thee mean of 3 experiments  SD. black bars: CTP; white bars: CPECTP. 
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Abstract t 

Cyclopentenyll  cytosine (CPEC) is a potent inhibitor of CTP synthetase and causes depletion 
off  CTP and dCTP pools. 1-8-D-arabinofuranosyl cytosine (AraC) is an analog of dCyd and a 
chemotherapeuticc agent. In this paper, it is demonstrated that upon incubation with CPEC 
bothh the anabolism and cytostatic effect of AraC in SK-N-BE(2)c neuroblastoma cells were 
increased.. Co-treatment of CPEC (50-250 nM) and AraC (37.5-500 nM) decreased the 4-day 
ED500 value for AraC 2-8 fold in the SK-N-BE(2)c cell line, while pre-treatment with CPEC, 
followedd by incubation with AraC alone decreased the 4-day ED50 value for AraC 1-19 fold. 
Pre-incubationn of SK-N-BE(2)c cells with 100 nM CPEC, followed by incubation with 500 
nMM [ H] AraC, increased the total amount of AraC nucleotides and incorporation of [3H]AraC 
intoo DNA by 392% and 337%, respectively, when compared to non-CPEC-treated cells. 
Whenn 20 nM [3H]AraC was used, the maximum incorporation of [3H]AraC into DNA was 
13788 % compared to non-CPEC-treated cells. The incorporation of AraC into DNA 
correlatedd well with the accumulation of the cells in S-phase of the cell cycle caused by 
CPEC.. DNA synthesis was almost completely inhibited (> 91%) when 100 nM CPEC and 
5000 nM AraC were combined. CPEC alone and the combination of CPEC and AraC 
increasedd caspase-3 activity 3-fold, indicating the induction of apoptosis in SK-N-BE(2)c 
cells.. In contrast, AraC alone did not induce caspase-3 activity. Our results demonstrate that 
loww concentrations of CPEC profoundly increased the cytostatic properties of AraC towards 
SK-N-BE(2)cc human neuroblastoma cells. 

1.. Introductio n 

Neuroblastomaa is the third most common malignancy of childhood after leukemia and 
brainn tumors. Despite extensive research, the prognosis for patients suffering from 
metastasizedd neuroblastoma remains poor. At present in the treatment of neuroblastoma littl e 
orr no use is made of purine and pyrimidine analogs. Well-chosen combinations of nucleoside 
analogues,, however, may be beneficial. 

Cyclopentenyll  cytosine (CPEC) is a carbocyclic analog of cytidine. It has been 
reportedd to have anti-tumor activity in vitro as well as in vivo against leukemia [1-3] and in 
vitrovitro against solid tumors such as colon carcinoma, glioblastoma and neuroblastoma [4-8]. 
CPECC is a pro-drug which in its triphosphate nucleotide form is a potent inhibitor of CTP 
synthetasee [3] and thereby depletes both the cytidine ribonucleotide pools as well as the 
deoxycytidinee nucleotide pools [3;9;10]. We have shown previously that CPEC causes 
neuroblastomaa cells to accumulate in the S-phase of the cell cycle, thus theoretically 
renderingg them more sensitive to S-phase active drugs [11]. Reasoning along these lines, the 
combinationn of CPEC and deoxycytidine analogs might provide an attractive and novel 
chemotherapeuticc approach. 

AraCC is an analogue of dCyd and is an effective drug in the treatment of 
hematologicall  malignancies. The results of AraC as single drug in the treatment of 
neuroblastoma,, however, have been disappointing [12]. AraC is metabolized to its 

54 4 



CPECCPEC primes SK-N-BE(2)c cells for cytarabine toxicity 

triphosphatee nucleotide form, which is incorporated into DNA and prevents further chain 
elongationn of replicating DNA [13]. The rate-limiting enzyme in the anabolism of AraC is 
deoxycytidinee kinase (dCK). dCK is a deoxynucleoside kinase with a broad substrate 
specificityy [14; 15]. dCK activity is regulated by feedback inhibition of dCTP, the final 
productt of the dCyd salvage pathway [15; 16]. Thus, depletion of dCTP by CPEC 
theoreticallyy leads to an enhanced uptake and anabolism of AraC. It has been suggested that 
dCKK expression is cell-cycle dependent, with the highest expression during the S-phase of the 
celll  cycle [15]. In several cell line systems, such as myeloid leukemia and colon carcinoma 
stimulationn of AraC anabolism and cytotoxicity by CPEC has been reported [9; 17; 18]. 

Wee investigated whether or not CPEC was able to enhance the anabolism of AraC in 
SK-N-BE(2)cc neuroblastoma cells and if so to what extend. We also studied the ability of 
CPECC to modulate the cytostatic effect of AraC on these cells as well as apoptosis induced by 
thee combination of CPEC and AraC. The profound proliferation-inhibiting effect of AraC in 
combinationn with CPEC has hitherto not been reported in neuroblastoma. 

2.. Material s and methods 

2.11 Chemicals 

CPECC (NSC 375575) was obtained from the Developmental Therapeutics Program 
Nationall  Cancer Institute (Bethesda, MD, USA). Arabinofuranosyl cytosine was obtained 
fromm Sigma-Aldrich Chemie (Zwijndrecht, The Netherlands). [3H]Arabinofuranosyl cytosine 
(1.044 GBq/mmol), [l4C]Thymidine (2.04 GBq/mmol) were obtained from Amersham 
Internationall  (Buckinghamshire, UK). All nucleotide standards and propidiumiodide were 
obtainedd from Sigma Chemicals Co. (St. Louis, MO, USA). Annexin-V-Fluos, soybean 
trypsinn inhibitor and RNAse were obtained from Boehringer Mannheim (Mannheim, 
Germany).. Spermine was obtained from Merck (Darmstadt, Germany). Dulbecco's Modified 
Eagless Medium, Bovine Fetal Serum and Penicillin/Streptomycin/Fungizone-mix were 
obtainedd from BioWhittaker Europe (Verviers, Belgium). L-glutamine and gentamycin were 
obtainedd from Gibco BRL (Paisley, Scotland). The Caspase-3 colorimetric assay was 
obtainedd from R&D Systems (Oxon, UK). Isoton II was obtained from Beekman Coulter 
(Krefeld,, Germany). Triton X-100 and saponine were from BDH Laboratory Supplies (Poole, 
UK).. All other chemicals were of analytical grade. 

2.22 Cell culture 

Thee SK-N-BE(2)c neuroblastoma cell line was obtained from the American Type Culture 
Collection.. The cells were routinely cultured in Dulbecco's Modified Eagles Medium 
(DMEM),, supplemented with 2 mM L-glutamine, 50 I.U./ml penicillin, 50 ug/ml 
streptomycin,, 0.2 mg/ml gentamycin, 0.25 |ag/ml fungizone and 10 % v/v bovine fetal serum 
att 37 °C in humidified (90 %) air with 5 % CO2. The cells were maintained in 75 cm2 loosely 
cappedd culture flasks (Co-star Corp, Camebridge, MA, USA) and maintained in logarithmic 
growthh phase. Cells were passaged and split in a 1:5 ratio twice weekly. Cell cultures were 
consistentlyy free of mycoplasma (tested with Mycoplasma PCR ELISA, Boehringer 
Mannheim). . 
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2.33 Extraction and analysis of radiolabeled nucleotides 

Cellss were seeded in 6-wells plates at a density of 0.5 xlO6 cells per well. The cells were 
pre-incubatedd with CPEC for 1-4 days, after which the medium containing CPEC was 
removedd and replaced by medium containing 20 or 500 nM [3H]AraC and 250 nM 
[ I4C]Thymidine.. After 3 h, the cells were extracted with 200 ul of ice-cold 0.4 M perchloric 
acidd for 10 minutes on ice with intermittent scraping with a disposable cell-scraper. The 
resultingg suspension was centrifuged at 10,000 x g at 4°C for 5 min. The supernatant was 
removedd and neutralized with K2CO3 and used for HPLC analysis. Nucleotide profiles were 
determinedd by ion-exchange HPLC, using a Whatman Partisphere SAX 4.6 x 125 mm 
columnn (5 um particles) and a Whatman 10 x 2.5 mm AX guard column (Whatman Inc., 
Clifton,, NJ, USA) as described previously [11]. Radioactivity was detected online with a 
Radiometicc 525TR Row Scintillation Analyzer with a 500 ul TR-LSC cell (Packard 
Instrument,, Meriden, CT, USA) using Ultima Flo AP (Packard, Dowers Grove, IL, USA) at 
ann effluent to scintillation fluid ration of 1:1. 

Thee pellet obtained after the perchloric acid precipitation was taken up in 300 ul of 0.2 M 
NaOHH and precipitated again by adding an equal volume of 1.2 M perchloric acid. The 
proteinn and DNA containing fraction was obtained by centrifugation and the pellet was 
dissolvedd in a final volume of 200 ul NaOH. An aliquot of the dissolved pellet was mixed 
withh scintillation fluid and the radioactivity was measured on a 8-counter. The protein content 
wass determined using bicinchoninic acid solution containing 0.1% CUSO4, as described 
previouslyy using BSA as a standard [19]. 

2.44 Cell-cycle analysis 

Thee following solutions were used in the cell-cycle analysis protocol. Solution S: 0.1% 
(v/v)) nonidet P40, 1.5 itiM spermine, 3.4 mM citrate, 0.5 mM Tris, pH 7.6. Solution A: 25 
mg/mll  trypsin in solution S. Solution B: 0.5 mg/ml soybean trypsin inhibitor and 0.1 unit 
RNAsee in solution S. Solution C: 0.38 mg/ml propidium iodide, 4.5 mM spermine, 3.4 mM 
citrate,, 0.5 mM Tris, pH 7.6. Cells were harvested by trypsinization and centrifuged for 7 min 
att 302 x g. Subsequently, the cells were re-suspended in 450 pi solution A (  lxlO6 cells/ml) 
andd incubated for 10 minutes at room-temperature. Subsequently, 375 ul of solution B was 
addedd and the sample was incubated for 10 min at room temperature. Then 375 ul solution C 
wass added and the sample was incubated in the dark for 30-60 min on ice. The nuclei were 
analyzedd by using a FACS Calibur flowcytometer (Becton Dickinson, San Jose, CA, USA) 
andd the data were fitted with the Modfit computer program. 

2.55 Assay for  drug sensitivity 

Cellss were plated in 24-wells plates at a density of 30.000 cells per well in a total volume 
off  0.5 ml, and were allowed to adhere overnight. Cells were either co-incubated with CPEC 
pluss AraC, or pre-incubated with CPEC followed by incubation with AraC. In the case of a 
co-incubation,, the medium was changed for medium containing CPEC plus AraC and the 
cellss were incubated for 4 days. In the case of pre-incubation with CPEC, the cells were 
incubatedd with CPEC for 24 hr after which the medium containing CPEC was replaced with 
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mediumm containing only AraC. After the addition of AraC, the cells were incubated for 4 
days.. After the incubation was completed, the number of viable cells was measured using the 
MTTT assay as described previously [20]. The ED50 values were determined using cell 
survivall  curves, which were corrected for CPEC toxicity. 

2.66 Fractional effect analysis 

Inn order to determine whether the combination of CPEC and AraC were synergistic, additive 
orr antagonistic, the combination index (CI), as described by Chou and Talalay [21] was 
determinedd for each combination of CPEC and AraC. The CI values were determined using 
thee Calcusyn computer program. The qualitative appreciation was made according to Peters 
etal.etal. [22]. 

2.77 Apoptosis 

Apoptosiss was detected by measuring Caspase-3 activity using the Caspase-3 
Colorimetricc Assay of R&D Systems. The assay was performed according to the 
manufacturer'ss manual, except that after lysis the cell lysates were spun for 5 minutes at 
186200 x g. The caspase-3 activity is expressed relative to that observed in untreated control 
cells. . 

2.88 Statistical analysis 

Forr assessment of statistical significance, two-sided t-tests were performed when appropriate 
usingg the MS Excel software package. 

3.. Results 

3.11 Modulation of AraC metabolism and cell-cycle distributio n 

Thee accumulation of [3H]AraC metabolites was greatly enhanced by pre-incubation 
off  SK-N-BE(2)c cells with CPEC. Incubation of SK-N-BE(2)c cells with 100 nM CPEC for 
1-44 days, followed by a 3 h incubation with 20 nM or 500 nM [3H]AraC, greatly increased 
thee [3H]AraCTP pools as compared to the [3H]AraCTP pool in cells that had not been pre-
treatedd with CPEC. After 2 and 3 days of pre-incubation with CPEC, a 2-3 fold increase of 
thee [3H]AraCTP pool was observed (tables 1 ,2). 

Thee increase of the [3H]AraCTP pool coincided with an even more pronounced 
increasee in the [3H]AraCMP pool. The intracellular [3H]AraCMP pools increased up to 30 
foldd upon pre-incubation with CPEC. Initially, the predominant [3H]AraC metabolite was 
[3H]AraCTP.. After 2 to 4 days of pre-incubation with CPEC, however, the [3H]AraCMP 
poolss were of a similar size as the [3H]AraCTP pools (tables 1, 2). 

[3H]AraCDPP was not detectable after a 3 hr incubation with either 20 or 500 nM [3H]AraC 
andd was present in only very low concentrations after pre-incubation with CPEC (tables 1, 2). 
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Thee incorporation of [3H]AraCTP in DNA increased strongly upon pre-incubation 
withh CPEC. The increase of [3H]AraCTP incorporation in DNA was most pronounced when 
200 nM [3H]AraC was used and increased up to almost 14-fold. After 4 days of pre-incubation 
withh 100 nM CPEC the incorporation of [3H]AraCTP into DNA and the accumulation of 
[3H]AraCMPP and [3H]AraCTP were less when compared to that observed after 2 and 3 days 
off  preincubation with CPEC followed by incubation with 20 nM [ H] AraC (table 1). 

CPECC incubation 

timee (days) 

[?H]AraCMP P 

(fmol/|jgg protein) 

[-'H]AraCDP P 

(fmol/|jgg protein) 

[3H]AraCTP P 

(fmol/pgg protein) 

('HJAraCTPinDNA A 

(fmol/|jgg protein) 

[ , 4C|TTPinDNA A 

(pmol/|jgg protein) 

Relativee (HC]TTP 

incorporation n 

Ratio o 

I'HIAraC/I^CllThd d 

Relativee ratio 

|3HlAraC/[,4C]Thd d 

0 0 

0.0266  0.023 

100% % 

N.D." " 

0.2211 4 

100% % 

0.6300 0 

100% % 

1.2644  0.076 

139% % 

0.0005 5 

100% % 

1 1 

0.1855 * 

700% % 

0.0166 1 

0.3699 * 

167% % 

4.1400 * 

658% % 

0.2988 * 

33% % 

0.0139 9 

27800 % 

2 2 

0.7755 * 

29344 % 

0.0333  0.004 

0.7244 * 

328% % 

8.6800 * 

1378% % 

0.2699 * 

30% % 

0.0323 3 

6460% % 

3 3 

0.8033 * 

3040% % 

N.D." " 

0.6433 * 

2911 % 

8.3400 * 

1324% % 

0.2755 * 

30% % 

0.0303 3 

6060% % 

4 4 

0.4133 * 

15888 % 

0.0311 0 

0.5477  0.097** 

245% % 

* * 

5577 % 

0.2022 * 

22% % 

0.0174 4 

34800 % 

Tablee 1: Modulation of AraC metabolism by CPEC at a low (20 nM) AraC concentration. 
SK-N-BE(2)cc cells were incubated with 100 nM CPEC for 1-4 days, subsequently the 
mediumm containing CPEC was removed and fresh medium containing 20 nM [3H]AraC and 
2500 nM [l4C]Thd was added. After 3 hr the cells were extracted and analyzed as described in 
thee materials and methods section. The values shown are the mean of three experiments
SD.. **/?< 0.01; *** p<  0.001 aN.D.: not detected 'Tor the relative [14C]TTP incorporation into 
DNAA the data were compared to non-CPEC, non-AraC treated controls. 

Noo deaminated metabolites of [H]AraC were observed in the cell extracts of both 
non-CPECC treated cells and CPEC-treated cells, indicating that deamination of AraC 
metabolitess by dCMP deaminase did not play a role in this cell line. 

Thee incorporation of [3H]AraCTP into DNA correlated strongly with the S-phase 
accumulationn which was induced by incubation with 100 nM CPEC (fig. 1). After 3 days of 
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incubationn with 100 nM CPEC, 77 % of the cells were arrested in the S-phase of the cell-
cycle,, which subsequently dropped to 23 % at day 4 (figure 1). The absolute amount of 
[3H]AraCTPP incorporated into DNA after incubation with 100 nM CPEC followed by 500 
nMM [3H]AraC was 1.3-2.6 times higher than when 20 nM [3H]AraC was used. The major part 
(71-955 %) of the intracellular [3H]AraC was incorporated into DNA when 20 nM [3H]AraC 
wass used, regardless of the pre-incubation time with CPEC (table 1). In contrast, when 
incubationn with 500 nM [3H]AraC was preceded by 2 to 4 days of pre-incubation with 100 
nMM CPEC, the label was nearly equally distributed over [3H]AraCMP, [3H]AraCTP and 
[3H]AraCTPP in DNA (table 2). 

CPECC incubation 

timee (days) 

[3H]AraCMP P 

(fmol/^gg protein) 

[3H]AraCDP P 

(fmol/jigg protein) 

[JH]AraCTP P 

(fmol/|igg protein) 

[JH]AraCTPP in DNA 

(fmol/ngg protein) 

[ l4C]TTPP in DNA 

(pmol/(igg protein) 

relativee [14C]TTP 

incorporation" " 

Ratio o 

[3H]AraC/[14C]]Thd d 

relativee ratio 

[3H]AraC/[,4C]Thd d 

0 0 

0.4077  0.706 

100% % 

N.D.fl l 

5.8200  0.329 

100% % 

5.2500  0.805 

100% % 

0.4355  0.048 

4 8% % 

0.0121 1 

100% % 

1 1 

2.9700 * 

729% % 

0.2799 1 

5.6000  0.386*** 

96% % 

6.5100 * 

1811 % 

0.0788  0.009*** 

9% % 

0.1225 5 

10122 % 

2 2 

12.3000 * 

30300 % 

0.2633  0.234 

10.2000  2.220** 

176% % 

11.4000 " 

217% % 

0.0588  0.006*** 

6% % 

0.1972 2 

16300 % 

3 3 

14.5000 * 

35511 % 

0.2200  0.202 

10.7000  2.330** 

183% % 

17.7000  2.420** 

337% % 

0.0811 * 

9% % 

0.2177 7 

17999 % 

4 4 

10.3000  1.550*** 

25288 % 

0.0711 6 

12.6000 * 

217% % 

9.2200  1.390" 

176% % 

0.0577 * 

6% % 

0.1614 4 

1334% % 

Tablee 2: Modulation of AraC metabolism by CPEC at a high (500 nM) AraC concentration. 
SK-N-BE(2)cc cells were incubated with 100 nM CPEC for 1-4 days, subsequently the 
mediumm containing CPEC was removed and fresh medium containing 500 nM [3H]AraC and 
2500 nM [l4C]Thd was added. After 3 hr the cells were extracted and analyzed as described in 
thee materials and methods section. The values shown are the mean of three experiments
SD.. *p<  0.05; **p<  0.01; ***p<  0.001. "N.D.: not detected *For the relative [14C]TTP 
incorporationn into DNA the data were compared to non-CPEC, non-AraC treated controls. 
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CPECC incubation 

tim ee (days) 

[ l4C]TTPinDNA A 

(pmol/(igg protein) 

relativee Thd 

incorporation n 

untreated d 

0.9111 1 

100% % 

1 1 

0.4544 * 

50% % 

2 2 

0.2433 * 

27% % 

3 3 

0.2766 * 

30% % 

4 4 

0.2111 * 

2 3% % 

Tablee 3: [14C] Thy mi dine incorporation into DNA. 
SK-N-BE(2)cc cells were incubated with 100 nM CPEC for 1-4 days, subsequently the CPEC 
containingg medium was replaced with medium containing 250 nM [14C]Thd. After 3 hr 
incubation,, the cells were extracted and analyzed as described in the materials and methods 
section.. The results shown are the mean of three experiments  SD. ***p<  0.001 

DNAA synthesis as measured by incorporation of [l4C]TTP into DNA was inhibited by 
bothh 100 nM CPEC and 500 nM AraC (tables 2, 3). CPEC at a concentration of 100 nM, 
inhibitedd DNA synthesis by 50 % after 1 day of incubation and by 70 % after 2-4 days of 
incubation,, while DNA synthesis was inhibited by 48 % by 500 nM AraC after 3 hr 
incubation.. After 1-4 days of incubation with 100 nM CPEC, followed by a 3-hr incubation 
withh 500 nM AraC, DNA synthesis was inhibited by 91-94 %. At a concentration of 20 nM 
AraCC and in the absence of CPEC, DNA synthesis was stimulated rather than inhibited (table 
1).. After 1 day of pre-incubation with 100 nM CPEC, followed by 3 hr incubation with 20 
nMM AraC DNA synthesis was inhibited by 67 %. After 2-4 days of pre-incubation with 100 
nMM CPEC the DNA synthesis was inhibited by 70 % in the presence and absence of 20 nM 
AraCC (tables 1,3). 

Despitee the fact that DNA synthesis is already inhibited by both 100 nM CPEC 
(tablee 3) and 500 nM AraC, when used a single drugs (table 2), the absolute amount of 
[3H]AraCTPP incorporated into DNA is strongly stimulated when CPEC and AraC are 
combined.. Hence, the incorporation of [3H]AraCTP in newly synthesized DNA, expressed as 
thee ratio of [3H]AraCTP/[14C]TTP is greatly increased by pre-incubation with CPEC (tablel, 
2).. The [3H]AraCTP/[14C]TTP ratio increased over 64 fold after 2 days of pre-incubation 
whenn 20 nM [3H]AraC was used. 
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Figuree 1: Correlation between CPEC induced S-phase accumulation and [ HJAraCTP 
incorporationn in DNA. SK-N-BE(2)c cells were incubated with 100 nM CPEC for 0-4 days 
andd the cell-cycle distribution was determined daily. After the CPEC containing medium was 
removed,, the SK-N-BE(2)c cells were incubated for 3 hr with medium containing 500 nM 
[3H]AraCC and the incorporation of in [3H]AraC to DNA was measured. The cell-cycle 
distributionn was measured in separate experiments. The values shown are the mean of three 
experimentss  SD. 

3.22 Modulation of AraC toxicity by CPEC 

CPECC strongly increased the toxicity of AraC in SK-N-BE(2)c cells and the 
modulatingg effect of CPEC on the toxicity of AraC was present in both simultaneous and 
sequentiall  addition of the drugs to the cell cultures. The degree of modulation of the AraC 
toxicityy was dependent, however, on both the CPEC concentration used and whether the cells 
weree co-incubated or pre-incubated with CPEC (fig. 2, panels A and C). The extra effect of 
AraCC caused by CPEC appeared to be greater after pre-incubation with CPEC than after co-
incubation. . 

Thee ED5o value for AraC was 465  28 nM. After pre-incubation with CPEC, the 
decreasee of the ED50 value for AraC was negligible at 50 nM CPEC, but decreased 
dramaticallyy after pre-incubation with 100 and 250 nM to 145  19 nM (p<0.001) and 25  3 
nMM (p< 0.001), respectively. Co-incubation with CPEC decreased the ED50 value for AraC to 
2400  22 nM (p< 0.001), 124  27 nM (p< 0.001) and 56  4 nM (p< 0.001) at 50, 100 and 
2500 nM CPEC, respectively. 

61 1 



ChapterChapter 3 

Usingg fractional effect analysis, the CI for the combination of CPEC and AraC was 
calculatedd for the incubations described above and was plotted against the concentration of 
AraCC (fig 2, panels B and D). From these plots it appeared that in the case of pre-incubation 
withh CPEC, followed by incubation with AraC, the combination of CPEC and AraC was 
moderatelyy antagonistic after pre-incubation with 50 nM CPEC to moderately synergistic 
afterr pre-incubation with 250 nM CPEC. The CI for co-incubation with CPEC and AraC 
concentrationss up to 250 nM indicated a highly synergistic effect for all concentrations of 
CPECC used. For both pre- and co-incubation, however, a tendency towards antagonism was 
observedd for high concentrations of AraC in combination with CPEC. 

3.33 Apoptosis 

Thee caspase-3 activities of SK-N-BE(2)c cells incubated for 1-4 days with 100 nM 
CPEC,, 250 nM AraC or in combination were measured. Upon incubation with CPEC the 
caspase-33 activity increased 1.3 fold and 2.8 fold after 1 and 4 days, respectively. The 
combinationn of CPEC and AraC increased the caspase-3 activity 1.5 fold and 3.0 fold after 1 
andd 4 days respectively, when compared to untreated controls. AraC alone did not induce 
caspase-33 activity at all in SK-N-BE(2)c cells. 

4.. Discussion 

Inn this study we investigated whether or not the toxicity of AraC, an analogue of 
dCyd,, could be modulated by inhibition of CTP synthetase in neuroblastoma cells using 
CPEC.. In its nucleotide triphosphate form CPEC is a strong inhibitor of CTP synthetase 
causingg depletion of both cytosine ribonucleotides and deoxynucleotides. Previous studies 
havee shown that upon incubation with CPEC, the dCTP concentrations were depleted by 57-
67%% [9; 18]. 

AA markedly increased anabolism of AraC was observed in SK-N-BE(2)c cells upon 
pre-incubationn with CPEC. Using AraC in a concentration of 20 nM allowed us to study the 
fluxx of the drug towards DNA, while 500 nM AraC is a clinically relevant concentration as it 
iss the steady-state plasma concentration observed in patients treated with low dose AraC-
regimenss [23]. The relative accumulation of AraCMP observed indicates that UMP/CMP-
kinasee is the rate limiting enzyme in the anabolism of AraC, once dCK is no longer the rate-
limitingg enzyme. 
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Figuree 2: Modulation of AraC toxicity by CPEC expressed as dose-effect curves. SK-N-
BE(2)cc cells were either pre-treated with CPEC for 24 h, followed by 96 h incubation with 
AraCC (panel A), or co-incubated with CPEC and AraC for 96 h (panel C). The dose effect 
curvess were corrected for toxicity caused by CPEC, and thus show the extra toxicity of AraC 
inn combination with CPEC. The dose effect curves shown are the results of 3 representative 
experimentss  SD. CI values were determined for the combination of CPEC and AraC in 
pre-incubationn (panel B) and co-incubation (panel D) and plotted against the AraC 
concentration.. The concentrations of CPEC used were: solid circles: 0 nM CPEC; open 
circles:: 50 nM CPEC; x: 100 nM CPEC; solid squares: 250 nM CPEC 

Whenn the cells were incubated with 20 nM AraC, most of the AraC (up to 95%) was 
channeledd towards DNA, while no extra inhibition of DNA synthesis was observed. The 
concentrationn of free AraCTP was probably too low to inhibit DNA synthesis via inhibition 
off  DNA polymerase [24-26]. In contrast, the high concentration of free AraCTP in case 500 
nMM AraC was used might result in inhibition of DNA polymerase, thus explaining a nearly 
completee inhibition of DNA synthesis. Despite the profound inhibition of DNA synthesis 
observed,, the absolute amount of AraCTP incorporated into DNA was increased. This 
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suggestss that also the amount of AraC incorporated into newly synthesized DNA was 
stronglyy stimulated by CPEC. 

Inn this study, we correlated for the first time the increased anabolism of AraC to the 
alteredd cell-cycle distribution caused by CPEC. We observed that the incorporation of [3H]-
AraCTPP into DNA and the increased accumulation of [3H]AraC metabolites correlated 
stronglyy with the accumulation of the cells in the S-phase of the cell cycle caused by 
incubationn with CPEC. When after 4 days the number of S-phase cells declined the 
anabolismm of AraC also decreased. Regarding the regulation of dCK activity during the cell-
cycle,, conflicting results have been published [15]. Whether or not the activity of dCK was 
elevatedd during the S-phase of the cell cycle proved to be dependent on the cell line used 
[15].. Our results indicate that the dCK-activity in SK-N-BE(2)c cells is increased during the 
S-phasee of the cell cycle. Thus, the hypotheses that by depletion of the dCTP pool via 
inhibitionn of CTP synthetase the feedback inhibition on dCK can be relieved thus allowing 
increasedd phosphorylation of AraC, and dCK-activity is increased during the S-phase of the 
celll  cycle, are consistent with the increased anabolism of AraC that was observed [15]. With 
respectt to the decline of the percentage of S-phase cells after 4 days of incubation with 
CPEC,, our results indicate that CPEC does not completely arrest the cells in the S-phase of 
thee cell-cycle, but rather induces an S-phase retardation. However, once the cells have 
completedd the the cell-cycle they remain fully growth arrested [11]. 

Thee increase of AraC anabolism was accompanied by a strong increase of the 
cytostaticc properties of AraC, which is reflected in the strongly decreased ED50 values. The 
moderatelyy antagonistic effect observed after pre-incubation with 50 nM CPEC may be 
explainedd by the fact that in SK-N-BE(2)c cells treated for 1 day with 50 nM CPEC both the 
depletionn of CTP and the accumulation of CPECTP were very small, and after removal of 
CPECC the CTP pools increased to 116 % of untreated controls [11;27]. This increase in the 
CTPP pool, and thus consequently the dCTP pool, likely caused competition between dCTP 
andd AraCTP for incorporation into DNA, resulting in a decreased toxicity of AraC. Upon 
incubationn with 100 nM and 250 nM CPEC, more CPECTP was accumulated and retained 
andd thus CTP pools were depleted much longer [11], hence, the effect of CPEC, at these 
concentrations,, on the AraC toxicity was almost equal in co- and pre-incubation. The slight 
recoveryy of the CTP pools in SK-N-BE(2)c cells pre-treated with 100 nM and 250 nM CPEC 
iss reflected in the CI values, which indicate lesser degree of synergism between CPEC and 
AraCC after sequential incubation than co-incubation. At a concentration of 500 nM AraC, a 
tendencyy towards antagonism was observed. This is probably caused by severe inhibition of 
DNAA synthesis by AraCTP, causing accumulation of the remaining dCTP and hence causing 
increasedd competition between AraCTP and dCTP. 

Thee caspase-3 activity in both CPEC and CPEC plus AraC co-treated cultures was 
increasedd similarly when compared to untreated controls. Our results indicate that both CPEC 
alonee and in combination with AraC induced apoptosis in SK-N-BE(2)c cells. As the viability 
(butt not the cell counts) of the CPEC treated and CPEC plus AraC co-treated cultures were 
similarr (data not shown), cytostasis caused by strong inhibition of DNA synthesis might be 
thee predominant effect of the combination of CPEC and AraC. This is in contrast with the 
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effectt observed in lymphoid cells, in which apoptosis appeared to play a more predominant 
rolee [9,17]. 

Inn conclusion, our experiments demonstrate that CPEC is an excellent modulator of 
thee anabolism of AraC in SK-N-BE(2)c neuroblastoma cells. Judicious combinations of 
nucleosidee analogs for the treatment of solid malignancies may hold promise for future 
chemotherapeuticc regimens. 
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Abstract t 

Cyclopentenyll  cytosine (CPEC) is a potent inhibitor of CTP synthetase and causes 
depletionn of CTP and dCTP pools. 2-Chloro-2'deoxyadenosine (cladribine, CdA) is an 
inhibitorr of ribonucleotide reductase, DNA synthesis and repair and it is used in 
chemotherapeuticc regimens for the treatment of haematological malignancies. In this study, it 
iss demonstrated that CPEC sensitised the CdA-resistant human neuroblastoma cell line SK-N-
BE(2)cc (ED50 » 1.5 uM) towards CdA. Pre-treatment with 100 or 250 nM CPEC resulted in 
96-hrr ED50 values of 419  125 nM and 70  30 nM, respectively. Preincubation with 100 
nMM CPEC for 24 hr increased the amount of CdA-nucleotides 1.2 to 4.7-fold. DNA 
synthesiss was inhibited by 45 % by 100 nM CPEC and > 95 % by the combination of CPEC 
andd CdA. CdA itself did not inhibit DNA synthesis. Our results demonstrate that the cytotoxic 
effectss of CdA can be enhanced by inhibition of CTP synthetase. 

1.. Introductio n 

Neuroblastomaa is a tumour that is derived from the neural crest. It is one of the most 
commonn paediatric malignancies and is responsible for approximately 15% of all childhood 
cancerr deaths. The prognosis for patients suffering from metastasised neuroblastoma is very 
poorr and has not improved significantly over the last 15 years. To date, in the treatment of 
neuroblastomaa littl e or no use is made of purine and pyrimidine analogues. Well-chosen 
combinationss of nucleoside analogues, however, may be effective in chemotherapeutic 
regimens. . 

Cyclopentenyll  cytosine (CPEC) is a drug targeted at CTP synthetase and possesses anti-
tumourr activity against neuroblastoma in vitro [1-3]. In neuroblastoma, incubation with CPEC 
causess depletion of the intracellular (deoxy)cytidine nucleotide pools, and retardation in the S-
phasee of the cell cycle [2]. The effects caused by CPEC in neuroblastoma make the 
combinationn of CPEC and S-phase active deoxynucleoside analogues attractive for 
chemotherapy. . 

Cladribinee (CdA) is an analogue of deoxyadenosine and is an effective drug in the 
treatmentt of haematological malignancies such as hairy cell leukaemia and acute myeloid 
leukaemiaa [4]. However, no anti-tumour activity of CdA against solid tumours has been 
observedd in clinical trials [5]. CdA is an inhibitor of DNA synthesis as well as DNA repair 
andd a synergistic effect was obtained when this drug was combined with DNA damaging 
agentsagents or UV-irradiation [6-10]. Although CdA is a purine analogue, the first and rate-
limitingg step in its activation is catalysed by deoxycytidine kinase (dCK). dCK is a 
deoxynucleosidee kinase with a broad substrate specificity [11;12] and its activity is regulated 
byy feedback inhibition of dCTP, the final product of the dCyd salvage pathway [12; 13]. The 
depletionn of dCTP achieved via inhibition of CTP synthetase by CPEC may thus lead to an 
enhancedd uptake and anabolism of CdA. 
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Wee investigated the cytotoxicity of CdA towards SK-N-BE(2)c neuroblastoma cell line 
cellss and whether incubation with CPEC increased the cytotoxicity of CdA towards 
neuroblastomaa cells. Furthermore, we investigated whether CPEC facilitated the anabolism of 
CdAA in neuroblastoma cells and if so, to what extend. 

2.. Materials and methods 

2.11 Chemicals 

CPECC (NSC 375575) was obtained from the Developmental Therapeutics Program, 
Nationall  Cancer Institute. 2-Chloro-2'-deoxyadenosine, all nucleotide standards were 
obtainedd from Sigma-Aldrich Chemie (Zwijndrecht, The Netherlands). [3H]2-Chloro-2'-
deoxyadenosinee (21.1 Ci/mmol) was obtained from Moravek Biochemicals (Brea, CA). 
[[  C]thymidine (58.0 mCi/mmol) was obtained from Amersham International 
(Buckinghamshire,, England). Dulbecco's Modified Eagles Medium, Bovine Fetal Serum and 
Penicillin/Streptomycin/Fungizone-mixx were obtained from BioWhittaker Europe (Verviers, 
Belgium).. L-glutamine and gentamycin were obtained from Gibco BRL  (Paisley, Scotland). 
Isotonn II was obtained from Beekman Coulter (Krefeld, Germany). All other chemicals were 
off  analytical grade. 

2.22 Cell culture 

Thee SK-N-BE(2)c neuroblastoma cell line was obtained from the American Type Culture 
Collection.. The cells were routinely cultured in Dulbecco's Modified Eagles Medium 
(DMEM),, supplemented with 2 mM L-glutamine, 50 I.U./ml penicillin, 50 ug/ml 
streptomycin,, 0.2 mg/ml gentamycin, 0.25 ug/ml fungizone and 10 % v/v bovine fetal serum 
att 37 °C in humidified air with 5 % C02. The cells were maintained in 75 cm2 loosely capped 
culturee flasks (Co-star Corp) and maintained in logarithmic growth phase. Cell cultures were 
consistentlyy free of mycoplasma (tested with Mycoplasma PCR ELISA, Boehringer 
Mannheim). . 

2.33 Drug sensitivity assay 

SK-N-BE(2)cc cells were plated in 24-wells plates at a density of 25.000 cells per well in a 
totall  volume of 0.5 ml. After overnight adherence, the medium was changed with medium 
containingg CPEC (or normal medium in controls) which subsequently, was changed after 24 
hr,, with medium containing CdA. After incubation for 4 days with CdA, the number of viable 
cellss was measured using the MTT assay, as described previously [14]. ED50 values were 
determinedd graphically using dose-effect plots that were corrected for CPEC toxicity. 
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2.44 Purification of radio-labelled cladribine 

[3H]CdAA was purified by reversed-phase HPLC using a 250 x 4.6-mm Supelcosil LC-
18-SS column at a flow rate of 1 mL/min. Purification was performed using a gradient of H2O 
(bufferr A) and 50% methanol (buffer B). The gradient used was: 10 minutes at 90% buffer A, 
inn 10 minutes to 50% buffer A, hold for 10 minutes. Detection of CdA was performed at a 
wavelengthh of 265 nm. Pure [3H]CdA was obtained by collecting the fraction eluting at 27 
minutes.. The purified [3H]CdA was concentrated by evaporation of methanol. 

2.55 Extraction and analysis of (radio-labelled) nucleotides 

SK-N-BE(2)cc cells were seeded in 6-wells plates at a density of  0.5 xlO6 cells per well 
andd allowed to adhere overnight. The experiments were started by adding 100 nM CPEC to 
thee cells. After a 24-hr incubation, the medium was changed for medium containing 100 or 
2500 nM [3H]CdA or, in case of controls, ordinary medium. 21 Hours after the addition of 
CdAA or control medium, 250 nM [14C]thymidine was added to the culture medium. After a 3 
hrr incubation, the medium was removed and the cells were extracted as described previously 
[2;; 15]. The protein content was determined using bicinchoninic acid solution containing 0.1% 
CUSO4,, as described previously using BSA as a standard [16]. 

2.66 Cell death 

Apoptosiss was detected by measuring Caspase-3 activity using the Caspase-3 
Colorimetricc Assay of R&D Systems (Oxon, UK). The assay was performed according to the 
manufacturer'ss manual, except that after lysis of the cells (2 x 106 cells per 50 ul), the cell 
lysatess were centrifuged for 5 minutes at 18620 x g at 4 °C. The caspase-3 activity is 
expressedd relative to that observed in untreated control cells. The caspase-3 activities of the 
variouss cultures that had been treated with CPEC, CdA or the combination were analysed 
withh the t-test for paired samples, using the MS Excel software package. A p-value < 0.05 
wass considered to be statistically significant. 

2.. Results and discussion 

3.11 Modulation of cytotoxicity 

SK-N-BE(2)cc cells were insensitive to CdA when incubated for 4 days at concentrations 

upp to 500 nM (figure 1). Increasing the concentration up to 1.5 uM did not result in 

cytotoxicity.. However, SK-N-BE(2)c cells were sensitised to CdA when they were incubated 

withh 100 or 250 nM CPEC for 24 hr, followed by 4 days of incubation with CdA. After pre-

incubationn for 24 hr with 100 or 250 nM CPEC, the ED50 values were 419  125 nM and 70

300 nM, respectively. Pre-incubation with 50 nM CPEC did not sensitise SK-N-BE(2)c cells 
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(dataa not shown). In SK-N-BE(2)c cells, an increase in the caspase-3 activity was observed 

afterr treatment with CPEC and CPEC in combination with CdA. As a single drug, CPEC 

causedd a 6.4-fold increase (p <0.01) of the caspase-3 activity after a 24-hr incubation with 100 

nMM CPEC, followed by 3 days incubation with ordinary medium. CdA (500 nM) did not 

significantlyy increase the caspase-3 activity of SK-N-BE(2)c cells. The combination of CPEC 

andd CdA induced the same caspase-3 activity as treatment with CPEC alone, despite the fact 

thee effect of the combination of CPEC plus CdA was greater than both drugs separately. 

Thesee results suggest that in SK-N-BE(2)c cells incubated with CPEC plus CdA, the 

predominantt form of cell death is necrosis rather than apoptosis. 
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Figuree 1: Dose-effect curves of CdA with 
andd without 24 hrs pre-incubation with CPEC 
determinedd in SK-N-BE(2)c cells. The data 
shownn are the mean of 4 experiments  SD. 
solidd diamonds: no CPEC; solid triangles: 100 
nMM CPEC, x 250 nM CPEC. 

3.22 Modulation of CdA metabolism and DNA synthesis 

Whenn SK-N-BE(2)c cells were pre-treated with 100 nM CPEC for 24 hr, followed by 
aa 24 hr incubation with 100 or 250 nM [3H]CdA, the total uptake had increased 1.2 to 4.7-
foldd (table 1). This was likely due to an increased activity of dCK, caused by depletion of the 
dCTPP pool [17; 18]. The accumulation of CdAMP had increased 26-fold when 100 nM CdA 
wass used and CdADP and CdATP pools had increased to detectable levels (table 1). When 
2500 nM CdA was used, the CdAMP, CdADP and CdATP-pools had increased 3.8-, 2.0- and 
2.1-fold,, respectively. While, after pre-incubation with 100 nM CPEC, the incorporation of 
CdAA into the DNA increased 4-fold at a concentration of 100 nM CdA, it was unchanged 
whenn 250 nM CdA was used. Apparently, the incorporation was maximal at 250 nM CdA and 
couldd not be further increased by pre-incubation with CPEC. The fact that the CdAMP pool is 
increasedd dramatically by co- and pre-treatment with CPEC suggests that CdAMP plays an 
importantt role in the cytoxicity of CdA. 
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[3H]CdAMP P 
fmol/ugg protein 

[3H]CdADP P 
fmol/p.gg protein 

[3H]CdATP P 
fmol/ugg protein 

[3H]CdAA in DNA 
fmol/ugg protein 

1000 nM 
control l 

0.133 2 

N.D. . 

N.D. . 

4.266  0.68 

[3H]CdA A 
CPEC C 

pre-incubation n 
3.422  0.43* 

0.322  0.08 

0.744  0.08 

16.11  1.5* 

2500 nM 
control l 

1.933 8 

0.422  0.02 

0.688  0.05 

1 1 

[3H]CdA A 
CPEC C 

pre-incubation n 
7.344  0.49* 

0.866 * 

1.466 * 

45.99  2.3 

Tablee 1: Modulation of CdA metabolism by CPEC in SK-N-BE(2)c cells. The cells were 
incubatedd for 24 hr with 100 or 250 nM [3H]CdA, or with 100 nM CPEC for 24 hr, followed 
byy 24 hr incubation with 100 or 250 nM [3H]CdA. Subsequently the cells were extracted and 
analysedd as described in materials and methods. The data shown are mean of three 
experimentss  SD. *  p < 0.01. N.D. not detected. 

Duringg a 3-hr incubation period, untreated SK-N-BE(2)c cells incorporated 0.66  0.02 
pmoll  [14C]TTP into DNA. After a 24 hr incubation with 100 nM CPEC and subsequent 
incubationn for 24-hr with ordinary medium, DNA synthesis was inhibited by 45 % ip< 0.01). 
Afterr 24 hr of incubation with CdA, DNA synthesis was unaltered by 100 nM CdA, but was 
increasedd 2.4-fold by 250 nM CdA (p< 0.01). Previously, it has been shown that CdA did not 
increasee the rate of DNA synthesis, but increased the number of cells synthesising DNA in the 
S-phasee of the cell cycle [19]. When SK-N-BE(2)c cells were incubated with 100 nM CPEC 
forr 24 hr, followed by 24 hrs of incubation with CdA, DNA synthesis was inhibited by 54 % 
(p<(p< 0.01) when 100 nM CdA was used. When 250 nM CdA was used, DNA synthesis was 
inhibitedd by 95 % (p< 0.01). An accumulation in the S-phase of the cell-cycle caused by CdA 
wouldd render the cell sensitive to the dCTP depletion caused by CPEC. These results are in 
linee with those obtained with cytarabine, an analogue of dCyd. At a low concentration, 
cytarabinee did not cause inhibition of DNA synthesis, despite the fact that all cytarabine 
nucleotidess incorporated in DNA. However, no free cytarabine-triphosphate was present to 
inhibitt DNA polymerase [20]. In contrast, when the concentration of cytarabine was raised, an 
accumulationn of cytarabine metabolites was observed, as well as severe inhibition of DNA 
synthesis.. In an analogous way, it appears that the accumulation of free CdA nucleotides 
(possiblyy CdAMP) is essential to induce inhibition of DNA synthesis. The fact that after pre-
treatmentt with CPEC a relative accumulation of CdAMP was observed, indicates that 
nucleosidenucleoside monophosphate kinase is the rate-limiting enzyme in the CPEC-stimulated 
anabolismm of CdA. The increased anabolism of CdA and profound inhibition of DNA 
synthesis,, after pre-incubation with CPEC, corresponds well with the increased cytotoxicity 
off  CdA observed. 

Partt of the increased toxicity of CdA observed when combined with CPEC may be due to 
thee fact that CdA causes its own erroneous incorporation into DNA as dTTP, dCTP and dGTP 
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[21].. CPEC may increase the erroneous incorporation of CdATP into DNA, especially in 
thosee cases where dCTP should be incorporated. CdA is an inhibitor of DNA repair and, 
therefore,, inhibits its own excision from DNA and possibly also the repair of DNA damage 
inducedd by CPEC [6;22]. 

Inn conclusion, the profound toxicity of the combination of CPEC plus CdA appeared to be 
causedd by profound inhibition of DNA synthesis. The results presented in this paper 
demonstratee that via inhibition of CTP synthetase, an initially resistant neuroblastoma cell 
linee became highly sensitive for the anti-tumour properties of CdA. 
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Abstract t 

Neuroblastomaa is the most common solid malignancy of childhood. Despite intensive 
chemotherapeuticc regimens, the survival rate of children suffering from metastasized 
neuroblastomaa remains very poor. Poor prognosis is often associated with amplification of the 
MKCjV-oncogene.. In this paper, we demonstrate that 2',2'-difluorodeoxycytidine 
(Gemcitabine,, dFdC) has potent anti-tumor activity against neuroblastoma in vitro. dFdC is a 
pro-drugg that is activated by phosphorylation to its nucleotides, of which deoxycytidine 
kinasee (dCK) catalyzes the first and rate-limiting step. dFdC was tested on a panel of human 
neuroblastomaa cell lines consisting of A^CW-amplified and MKCN-single copy cell lines. In 
bothh types of cell lines, low ED50 values (nM range) were observed. Despite the fact that the 
specificc deoxycytidine kinase (dCK) activity was 60% higher in MFC/V-amplified cell lines 
thann in A/KCiV-single copy cell lines, this did not correlate with the ED50 values observed. 
However,, while treatment with dFdC induced cell death in MKCAf-amplified cell lines, 
A/yCN-singlee copy cell lines underwent neuronal differentiation. Shep21N cells underwent 
celll  death after incubation with dFdC when MYCN was expressed, but no cytotoxicity was 
observedd when MYCN was not expressed. This may be caused by the fact that the dCK 
activityy was higher in MYCN expressing Shep21N cells than in Shep 21 cells that did not 
expresss MYCN. Pre-incubation with the CTP synthetase inhibitor cyclopentenyl cytosine 
(CPEC)) significantly lowered the ED50 values of 13 out of 15 cell lines. In SK-N-BE(2)c cells 
thatt had been incubated with 100 nM CPEC for 1-4 days, the anabolism of dFdC was 
increasedd to 6-44 times as compared to untreated control cells. This was paralleled by an 
significantt increase in the expression of dCK-mRNA, dCK proteins and increase of dCK 
activity.. We feel that the combination of dFdC and CPEC may hold promise for the treatment 
off  high-risk neuroblastoma. 

1.. Introductio n 

Neuroblastomaa is the most frequently occurring extra cranial solid malignancy of 
childhoodd and is responsible for 15% of all childhood cancer deaths [1]. The tumor arises 
mostt commonly from sympathetic precursor cells in the adrenal medulla, and to a lesser 
extend,, from ganglion precursor cells in the spinal cord. The prognosis for patients suffering 
fromm metastasized neuroblastoma is very poor. The majority of these children die from 
diseasee progression despite intensive therapy. Therefore, new and effective strategies need to 
bee developed and evaluated in an effort to increase the survival of patients suffering from 
high-riskk neuroblastoma. 

Poorr prognosis is associated with amplification of the MYCN oncogene and is found in 
approximatelyy 25% of primary, predominantly metastasized neuroblastomas[2]. Increased 
expressionn of MYCN increases the transcription of a large set of genes that function in 
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ribosomee biogenesis and protein synthesis [3]. Moreover, increased expression of MYCN 
enhancess the proliferation potential and tumorigenicity [4;5]. 

Gemcitabinee (dFdC) is an analog of deoxycytidine and has proven anti-tumor activity in 
vivovivo against non-small-cell lung cancer [6] and pancreatic cancer [7;8]. dFdC is a pro-drug 
thatt has to be activated by phosphorylation to its nucleotide-diphosphate and nucleotide-
triphosphatee forms to be therapeutically effective. The first and rate-limiting enzyme in the 
activationn of dFdC is deoxycytidine kinase (dCK) [9; 10]. dFdC-monophosphate is 
subsequentlyy phosphorylated to dFdC-diphosphate and dFdC-triphosphate by nucleoside 
monophosphatee kinases and diphosphate kinases, respectively. dFdC interferes with 
nucleotidee metabolism in a number of ways. dFdC-diphosphate inhibits ribonucleotide 
reductasee (RR) [11], causing depletion of the deoxyribonucleotide pools, including dCTP. 
Sincee dCTP is a feedback inhibitor of dCK, the inhibition of RR by dFdC-diphosphate 
stimulatess the activation of dFdC by dCK [11]. dFdC-triphosphate is an inhibitor of CTP 
synthetasee [12], DNA synthesis, DNA repair and is incorporated into the DNA, causing DNA 
damagee [13]. After one moiety is incorporated into DNA, one more nucleotide is added, after 
whichh chain elongation stops (masked DNA chain termination), rendering the dFdC moiety 
resistantt to excision by DNA exonuclease activity [14]. 

Cyclopentenyll  cytosine (CPEC) is an analog of cytidine, which in its triphosphate 
nucleotidee form, is a potent inhibitor of CTP synthetase and causes depletion of both the 
cytidinee ribonucleotide pools and the deoxycytidine nucleotide pools [15; 15-17]. CPEC 
possessess anti-tumor activity against leukemia (in vitro and in vivo) [15; 18; 19] and in vitro 
againstt solid tumors such as colon carcinoma [20-22], glioblastoma [23] and neuroblastoma 
[24-26].. We have shown previously that CPEC causes a retardation in the S-phase of the cell 
cyclee in neuroblastoma cells [25]. This makes the combination of CPEC with a 
deoxycytidinee analog, which is toxic to cells in the S-phase of the cell cycle, e.g. dFdC, an 
attractivee one to explore. 

Hitherto,, no reports have been published on the cytotoxic effects of dFdC on 
neuroblastoma.. In the present paper, the cytoxicity of dFdC towards a panel of neuroblastoma 
celll  lines, consisting of MyCN-single copy and A/yCN-amplified cell lines, is reported. 
Moreover,, the modulating effect of CPEC on the anabolism dFdC and thereby an increase of 
cytotoxicityy of dFdC is explored. 

2.. Materials and methods 

2.11 Chemicals 

CPECC (NSC 375575) was obtained from the Developmental Therapeutics Program 
Nationall  Cancer Institute (Bethesda, MD, USA). dFdC was obtained from Eli Lill y 
(Nieuwegein,, The Netherlands). [3H]-2',2'-difluorodeoxycytidine 14 Ci/mmol), was 
purchasedd from Moravek Biochemicals (Brea, CA), [,4C]Thymidine (2.04 GBq/mmol) was 
obtainedd from Amersham International (Buckinghamshire, UK). CdA and all nucleotide 
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standardss and tetracycline were obtained from Sigma Chemicals (Zwijndrecht, The 
Netherlands).. Dulbecco's Modified Eagles Medium, Bovine Fetal Serum and 
Penicillin/Streptomycin/Fungizone-mixx were obtained from BioWhittaker Europe (Verviers, 
Belgium).. L-glutamine and gentamycin were obtained from Gibco BRL (Paisley, Scotland). 
Al ll  other chemicals were of analytical grade. 

2.22 Cell culture 

Thee SK-N-BE(2), SK-N-BE(2)c and SK-N-SH neuroblastoma cell lines were obtained 
fromm the American Type Culture Collection (Manassas, VA, USA). All the other 
neuroblastomaa cell lines were a generous gift from Dr. R. Versteeg (Dept. Human Genetics, 
Academicc Medical Center, Amsterdam, The Netherlands). The cells were routinely cultured 
inn Dulbecco's Modified Eagles Medium (DMEM), supplemented with 2 mM L-glutamine, 50 
I.U./mll  penicillin, 50 ug/ml streptomycin, 0.2 mg/ml gentamycin, 0.25 ug/ml fungizone and 
100 % v/v bovine fetal serum at 37 °C in humidified (90 %) air with 5 % C02. Shep2 and 
Shep21NN cell lines were maintained in RPMI 1640 medium, under the same conditions as the 
celll  lines cultured in DMEM, with the addition of 10 mM HEPES and 0.15 % (w/v) NaHC03. 
Tetracyclinee was used at a concentration of 10 ng/ml to inhibit MYCN expression. The cells 
weree maintained in 75 cm2 loosely capped culture flasks (Co-star Corp, Camebridge, MA, 
USA)) and maintained in logarithmic growth phase. Cell cultures were consistently free of 
mycoplasmaa (tested with Mycoplasma PCR ELISA, Boehringer Mannheim) 

2.33 Extraction and analysis of radio-labeled nucleotides 

Cellss were seeded in 6-wells plates at a density of 0.5 xlO6 cells per well. The cells were 
pre-incubatedd with CPEC for 1-4 days, after which the medium containing CPEC was 
removedd and replaced my medium containing 50 nM [3H]dFdC and 250 nM [14C]Thymidine. 
Afterr 3 h, the cells were extracted and analyzed as described previously [27]. 

2.44 Chemo-sensitivity assay 

Cellss were plated in 24-wells plates at a density of 20-50 x 103 cells per well, 
dependingg on the cell line used, in a total volume of 0.5 ml and the cells were allowed to 
adheree overnight. Subsequently, the medium was changed with normal medium or medium 
containingg 100 nM CPEC. After 24 hrs, experiments were started by adding dFdC to a final 
concentrationn of 7.8 - 1000 nM. After an incubation period of 3 hr, the medium containing 
dFdCC was removed and changed for normal culture medium. After 4 days the viability of the 
culturee was measured with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT).. The MTT activity of the cultures at the start of the experiments was determined in 
orderr to be able to measure a decline in the number of cells (LD50 values). ED50 and LD50 

valuess were determined from at least 4 experiments. The differences in ED50 values and LD50 
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valuess determined with and without pre-treatment with CPEC were analyzed using the 
Student'ss t-test for paired samples, using MS Excel computer program. 

2.55 Differentiation 

Too assess the degree of differentiation induced by dFdC, cell cultures were examined by 
microscopy.. Cells with neurites with a length of approximately twice the diameter of the cell 
bodyy were scored as being differentiated, as well as cells that were connected to one another 
byy means of neurites. 

2.55 Fractional effect analysis 

Inn order to determine whether the combination of CPEC and dFdC were synergistic, 
additivee or antagonistic, the combination index (CI), as described by Chou and Talalay[28] was 
determinedd for each combination of CPEC and dFdC. The CI values were determined using the 
Calcusynn computer program (Biosoft, Ferguson, MO). The qualitative interpretation was made 
accordingg to Peters et al. [29]. 

2.66 dCK immuno-blot analysis 

Thee anti-dCK antibody was a kind gift from Prof. dr. I. Talianidis (Institute of Molecular 
Biologyy and Biotechnology, Fo.R.T.H., Heraklion, Greece). Cell extracts (50 ug) were 
fractionatedd on a 15% (w/v)) SDS-polyacrylamide gel and transferred to a nitrocellulose filter. 
Blockingg of the membrane was performed for 16 h with TBS (25 mM Tris, 137 mM NaCl and 
2.77 mM KC1, pH 7.4) containing 5% (w/v) nonfat dry milk. Subsequently, the membrane was 
incubatedd for 1 h with a 1:5000 dilution of rabbit anti-rat dCK monoclonal antibody in TBS, 
supplementedd with 0.05% (v/v) Tween 20. The membranes were washed three times (5 min 
each)) with TBS containing 0.05% (v/v) Tween 20 and incubated for 45 min with TBS 
containingg 0.05% (v/v) Tween 20, 5% (w/v) nonfat dry milk and a 1:5000 dilution of a goat 
anti-rabbitt secondary antibody conjugated to alkaline phosphatase (Dako, Copenhagen, 
Denmark).. After rinsing the membrane three times (5 min each) with TBS containing 0.05% 
(v/v)) Tween 20, detection of dCK was performed with NBT, nitroblue tetrazolium, and BCIP, 
5-bromo-4-chloro-5-indolyl-phosphatee (Biorad, Veenendaal,The Netherlands). 

dCKK  mRNA expression 

RNAA was isolated from SK-N-BE(2)c cells by standard procedures using TRIZOL (Life 
Technologies,, Breda, The Netherlands). Subsequently, cDNA was synthesized from lug 
RNAA in 20 ul with oligo-dT primer using the First Strand cDNA synthesis Kit for RT-PCR, 
(Roche,, Basel, Switzerland) according to the manufacturer's manual. dCK and 
glyceraldehydedehydrogenasee (GAPDH) cDNA were amplified with the Light Cycler-DNA 
Masterr SYBR Green kit (Roche, Basel, Switzerland) using 1 ul of the cDNA preparation, 5 
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mMM MgCb and 0.5 uM of each primer in the PCR reaction. The primers used to detect dCK 
(Genbankk accession number XM 003471) were: forward: 5'-
TGGATTAACCAGTCCAGACG-3',, reverse: 5-CAATGAGTGTAGCTCCACTG-3'. 
GAPDHH (Genbank accession number: XM 006959) was detected using the following primers: 
forward:: S'-CAACGACCACTTTGTCAAGC-S', 
reverse:: 5'-TGAGCACAGGGTACTTTATTG-3'. Amplification of cDNA was performed in 
aa Light Cycler (Roche) for 35-40 cycles (dCK: 0" 95 °C, 0" 60 °C, 8" 72 °C; GAPDH: 0" 95 
°C,, 0" 60 °C, 12" 72 °C. The data were analyzed using the Light Cycler Data Analysis 
softwaree (Roche) with the second derivative maximum module. 

2.77 dCK activity assay 

Forr determination of the in vitro dCK activity, cells were suspended in 50 mM Tris-HCl 
pHH 7.4, 200 mM NaCl, 2.5 mM PMSF, and 10 mM DTT and disrupted by sonication. 
Subsequently,, the lysates were centrifuged for 15' at 10,000g at 4 °C. The dCK activity was 
determinedd in the supernatant with CdA as the substrate. 25 ul supernatant ( 5-100 ug protein 
perr assay) was added to 25 ul of the reaction mixture, containing (final concentrations): 500 
uMM CdA, 5 mM ATP, 5 mM MgCl2, 200 mM NaCl, 10 mM NaF, and 6 mM DTT. After 60 
minutess incubation at 37 °C, the reaction was terminated on ice by addition of an equal 
volumee of ice-cold methanol. After centrifugation, CdA and CdAMP (the product) were 
separatedd by reversed-phase HPLC using a 250 x 4.6-mm Supelcosil LC-18-S column at a 
floww rate of 1 ml/min, using a gradient of 50 mM NH4H2PO4 (buffer A) and 50% methanol in 
500 mM NH4H2PO4 (buffer B). After elution for 10 minutes with 90% buffer A, a linear 
gradientt to 50% buffer A was applied in 10 minutes, and these conditions were maintained for 
100 minutes. Detection of CdA was performed at a wavelength of 265 nm. CdA and CdAMP 
concentrationss were calculated using pure CdA as a standard. The protein pellet obtained after 
thee methanol precipitation was dissolved in 0.2 M NaOH and the protein content was 
determinedd as described before [30]. 

3.. Results 

3.11 Modulation of dFdC metabolism by CPEC 

Pre-treatmentt of SK-N-BE(2)c cells with 100 nM CPEC for 1-4 days, followed by a 3-hr 
incubationn with 50 nM [3H]dFdC, dramatically increased the anabolism of dFdC as compared 
too cells treated with dFdC only. The increase in the amount of [3H]dFdC metabolized was 
dependentt on the length of pre-incubation with CPEC. Pre-incubation of SK-N-BE(2)c cells 
withh 100 nM CPEC for 1-3 days increased the anabolism of dFdC 17 to 40-fold (table 1) as 
comparedd to cells that had not been pre-incubated with CPEC. After 4 days of pre-incubation 
withh 100 nM CPEC, however, the increase in [3H]dFdC-anabolism was 7-fold as compared 
too cells that had not been pre-incubated with CPEC. 
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Thee [3H]dFdCMP pool increased up to 54-fold after 3 days of pre-incubation with 100 nM 
CPEC.. The predominant [3H]dFdC metabolite, however, was [3H]dFdCTP, with or without 
pre-incubationn with CPEC. A maximum of 39-fold increase in [3H]dFdCTP accumulation 
wass observed after 3 days of pre-incubation with 100 nM CPEC. [3H]dFdCDP was the 
smallestt pool of the [3H]dFdC metabolites, regardless of the presence or absence of CPEC. 
CPEC,, however, did not alter the relative distribution of [3H]dFdC over the mono- (5-9%), 
di-- (2-4%), tri-phosphates (58-63%) and DNA-incorporated [3H]dFdCTP (25-33%). The 
increasee in incorporation of [3H]dFdCTP into DNA (6-44 fold), after pre-incubation with 
CPEC,, paralleled the increase observed for the free [3H]dFdC metabolites. After a 4-day pre-
incubationn with 100 nM CPEC, the phosphorylation of [3H]dFdC decreased when compared 
too 1-3 days of pre-incubation. The observed decrease in phosphorylation of [3H]dFdC, 
coincidedd with an approximately 50% decrease of the intracellular pools of UTP, ATP and 
GTPP (data not shown). 

Noo deaminated metabolites of dFdC were observed in extracts of non-CPEC and CPEC-
treatedd SK-N-BE(2)c cells. Hence, dCMP deaminase activity was not considered to be 
significantt in this cell line. 
Thee incorporation of [14C]TTP into DNA, was inhibited by 50-77 % by 100 nM CPEC in SK-
N-BE(2)cc cells, depending on the length of the incubation and by 70% by 50 nM dFdC after 3 
hrr of incubation (table 1). DNA synthesis was profoundly inhibited (83-95%) by the 
combinationn of 100 nM CPEC and 50 nM dFdC. 

pre-incubation n 
timee (days) 
[JH]dFdCMP P 
(fmol/pgg protein) 
[3H]dFdCDP P 
(fmol/pgg protein) 
[JH]dFdCTP P 
(fmol/(igg protein) 
[JH]dFdCC in DNA 
(fmol/jigg protein) 
[HC]TTPP in DNA 
(pmol/ngg protein) 
CPECC only 
[14C]TTPP in DNA 
(pmol/ngg protein) 
CPECC and dFdC 

0 0 

0.0255  0.002 
100% % 

0.0188 6 
100% % 

0.2488 1 
100% % 

0.1200 6 
100% % 

0.9111 1 
100% % 

0.2766  0.009 
30% % 

1 1 

0.3611 2 
14766 % 

0.1677 2 
954% % 

4.1800 9 
16833 % 

2.3300  0.660 
19433 % 

0.4544 2 
50% % 

0.0700  0.004 
8% % 

2 2 

1.0400 5 
42399 % 

0.2222  0.060 
12699 % 

7.1800 0 
28900 % 

3.2800  0.260 
27422 % 

0.2433 6 
27% % 

0.0511 2 
6% % 

3 3 

1.3200 1 
53888 % 

0.3800  0.058 
21711 % 

9.6600  0.857 
38955 % 

5.2600  0.490 
43833 % 

0.2766 5 
30% % 

0.1555 9 
17% % 

4 4 

0.2733  0.034 
1114% % 

0.0677  0.005 
385% % 

1.8700 2 
754% % 

0.7355 3 
613% % 

0.2111  0.010 
23% % 

0.0499  0.003 
5% % 

Tablee 1: Modulation of dFdC metabolism in SK-N-BE(2)c cells by CPEC. SK-N-BE(2)c 
cellss were incubated with 50 nM [3H]dFdC with or without prior exposure to 100 nM CPEC 
forr 1-4 days. [3H]dFdC metabolites and DNA synthesis were measured as described in 
materialss and methods. The results shown are the mean of three experiments  SD. 
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3.22 dFdC cytotoxicity and its modulation by CPEC 

ED500 values for dFdC were determined in a panel of neuroblastoma cell lines, consisting 
off  A/rcW-single copy and M^CN-amplified neuroblastoma cell lines. A total of 15 cell lines 
weree tested and in 14 cell lines an ED50 value for dFdC could be determined (table 2). ED50 

valuess ranged from 12 nM to 175 nM, with no apparent difference between MKC/V-single 
copyy and A/KCiV-amplified cell lines. Only in the LAN6 cell line, which is a MKC/V-single 
copyy cell line, no ED50 could be determined. When the neuroblastoma cell lines were pre-
incubatedd with 100 nM CPEC for 24 hr, followed by a 3-hr incubation with dFdC and 
subsequentt washout of the drugs, the ED50 for dFdC was significantly lowered in 13 cell 
lines.. The LAN6 cell line remained resistant to dFdC, while the SJNB8 cell line became less 
sensitivee towards dFdC. In the remaining cell lines, ED50 values for dFdC were lowered by 
21-80%,, again with no apparent difference between A/KC/V-single copy and M/CN-amplified 
celll  lines. 

LD500 values were determined in the same panel of neuroblastoma cell lines (table 2). A 
strikingg difference became clear between MTCN-single copy and A/yCN-amplified cell lines. 
LD500 values could not be established in all MyCN-single copy cell lines, with or without pre-
incubationn with 100 nM CPEC. In 6 out of 9 MKCN-amplified cell lines, LD50 values could be 
determinedd without pre-incubation with 100 nM CPEC. LD50 values varied between 16 and 
2022 nM dFdC. After pre-incubation for 24 hr with 100 nM CPEC, the LD50 values were 
loweredd by 8-84 %. The SK-N-BE(2) cell line, in which no LD50 value could be determined 
withoutt pre-incubation with 100 nM CPEC, was sensitized towards dFdC by CPEC. No LD50 

valuess could be established in the SJNB6 and SJNB8 cell lines. Further examination of the 
celll  lines revealed that all MYCN-sing\e copy cell lines differentiated after treatment with 
dFdC.. Of the A/FCN-amplified cell lines differentiation was observed in SK-N-BE(2) cells, 
whichh were sensitized by CPEC, the dFdC-sensitive cell line SJNB10 and the dFdC-resistant 
celll  line SJNB8. 

3.33 The time-dependence of modulation of dFdC cytoxocity by CPEC 

Thee modulating effect of CPEC on the efficacy of dFdC proved to be time-dependent. 
LD500 and ED50 values for dFdC were determined in SK-N-BE(2)c cells that had been pre-
incubatedd with lOOnM CPEC for 1 to 3 days. The values obtained after 1, 2 and 3 days of pre-
incubationn were: 1 day pre-incubation: ED50 = 34  4 nM (p<0.001), LD50 = 725  185 nM 
(p<0.00l);(p<0.00l); 2 days pre-incubation: ED50 = 20  4 nM (/><0.001), LD50 = 51  24 nM 
(/><0.001);; 3 days pre-incubation: ED50 = 84  9 nM (p<0.00l), LD50 > 500 nM. 
Fractionall  effect analysis of these data revealed a synergistic interaction between dFdC and 
CPECC after 1 day of pre-incubation with CPEC (figure 1). After pre-incubation with 100 nM 
CPECC for 2 or 3 days, however, the CI versus dFdC concentration plots indicates synergistic 
interactionn between CPEC and dFdC for low concentrations of dFdC, but for higher 
concentrationss of dFdC the calculated CI indicates antagonism. 
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a a 
(30 0 

c c 
V ) ) 

?? 8 

"E, , 
E E 
ca a 

Celll  line 

SK-N-FI I 
SK-N-SH H 
SK-N-AS S 
GI-M-EN N 

LAN 6 6 
SJNB12 2 

KCNR R 
NMB B 

SK-N-BE(2) ) 
SK-N-BE(2)c c 

SJNB6 6 
AMC106 6 
SJNB8 8 
N206 6 

SJNB10 0 

ED500 (nM) 

1744 5 
1488  37 
522 7 
511  15 
>1000 0 
1055  23 

588 2 
1 1 

1200  19 
1755  20 
1366  24 
1700  42 
388 4 
244 2 
577  14 

ED500 CPEC 
(nM) ) 

1111 * 
* * 

399 * 
288  5** 

>500 0 
388  1** 

* * 
8.55 * 
388 * 
344  4** 

1066  24** 
* * 
* * 

122 * 
177 * 

E D J O/ / 

ED500 C P EC 

1.56 6 
2.04 4 
1.33 3 
1.82 2 
n.a. . 
2.78 8 

1.89 9 
1.41 1 
3.13 3 
5.26 6 
1.28 8 
1.89 9 
0.65 5 
2.00 0 
3.33 3 

LD500 (nM) 

>1000 0 
>1000 0 
>> 1000 
>> 1000 
>> 1000 
>> 1000 

1233 8 
266 3 
>1000 0 

7255  185 
>1000 0 

2488  58 
>1000 0 
533 7 

2533  65 

LD500 CPEC 
(nM) ) 
>500 0 
>500 0 
>500 0 
>500 0 
>500 0 
>500 0 

777 0 
166 * 
1922 0 

* * 
>500 0 

2011 1 
>500 0 

88 * 
1977  19 

LD50/LD500 CPEC 

n.a. . 
n.a. . 
n.a. . 
n.a. . 
n.a. . 
n.a. . 

1.59 9 
1.61 1 

sensitization n 
4.55 5 
n.a. . 
1.23 3 
n.a. . 
6.67 7 
1.09 9 

Differentiation n 

+++ + 

+++ + 

++ + 

+++ + 

+ + 

++ + 

--
--

++ + 

--
--
--
+ + 

--
++ + 

Tablee 2: Anti-tumor effects of dFdC towards a panel of neuroblastoma cell lines and 
modulationn by CPEC. 
ED500 and LD50 values for dFdC were determined four days after 3 hr of exposure to dFdC, 
withh or without prior exposure to 100 nM CPEC for 24 hr. ED50 values determined after 
exposuree to CPEC are corrected for CPEC toxicity. Differentiation was appreciated by 
microscopicc examination of dFdC-only treated cells at the end of the incubation period. The 
valuess shown are the mean of 4-6 experiments  SD. * p < 0.05, **  p < 0.01. - No 
differentiatedd cells observed, + 20-40 % differentiation, ++ 40-60% differentiation, +++ 75-
1000 % differentiation, n.a. not applicable. 

3.44 The effect of MYCN expression of dFdC sensitivity 

ED500 and LD50 values for dFdC were determined in the Shep21N cell line, in which 
MYCNMYCN expression is regulated via a tetracycline sensitive promotor. As a control, the mock-
transfectedd parent cell line Shep2 was used. No ED50 and LD50 values could be established in 
Shep21NN cells with and without expression of MYCN, after a 3 hr incubation with dFdC. 
Afterr 24 hr pre-incubation with CPEC, the ED50 value for dFdC in MYCN expressing 
Shep21NN cells was 44  11 nM. When MYCN was not expressed, CPEC did not sensitize 
Shep21NN cells for dFdC. Shep2 cells had ED50 values of 202  49 nM and 184  68 nM 
dFdC,, with and without pre-incubation with CPEC, respectively. No LD50 values could be 
determinedd in Shep2 cells. The presence of tetracycline did not affect dFdC toxicity in Shep2 
cells.. Both Shep21N and Shep2 cells readily differentiated to a neuronal phenotype upon 
incubationn with dFdC, CPEC, or the combination thereof. 

Becausee 4 days after a 3 hr exposure to dFdC no ED50 and LD50 values were established in 
Shep21NN cells, Shep21N cells were incubated for 3 days with dFdC concentrations between 2 
andd 250 nM. The ED50 values were 25  1 nM without tetracycline (MycN on) and 14  0 nM 
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withh tetracycline (Myc off)- In the case that MycN was expressed, the LD50 value was 63  6 
nMM dFdC, while without MycN expression the ED50 value was greater than 250 nM dFdC. 

Figuree 1: Combination index for 7.8-500 nM dFdC and 100 nM CPEC after 1-3 days pre-
treatmentt with CPEC. Solid diamonds: 1 day pre-treatment with CPEC, solid squares: 2 days 
pre-treatmentt with CPEC, solid triangles: 3 days pre-treatment with CPEC. 

3.55 Regulation of dCK expression and activity by CPEC 

Whenn SK-N-BE(2)c cells were incubated with 100 nM CPEC for 1-4 days, the amount of 
dCKK protein increased in a time-dependent fashion (figure 2A). This increase in dCK protein 
wass paralleled by a 1.8- to 2.5-fold increase in dCK-mRNA expression (figure 2B). 
Furthermore,, the dCK activity increased 2 to 4-fold after incubation with 100 nM CPEC, 
whenn compared to non-CPEC treated cells (figure 2C). 

3.66 dCK activity in neuroblastoma cell lines 

Thee dCK activity was measured in the panel of cell lines (table 3). There appeared to be 
noo correlation between dCK activity and the ED50 values for dFdC. In fact, the LAN6 cell 
line,, which is resistant to dFdC, had the highest dCK activity. However, when the dCK 
activitiess of the dFdC-sensitive cell lines were compared, a marked difference between 
MYCN-singlcMYCN-singlc copy and A/FCV-amplified cell lines became clear. While the mean dCK 
activityy of dFdC-sensitive MFCTV-single copy cell lines was 19.0  3.76 pmol/ug protein/hr, 
thee mean dCK activity of AfFC/V-amplified cell lines was 29.8  5.4 pmol/ug protein/hr (p < 
0.01).0.01). The dCK activity in MYCN expressing Shep 21N cells was slightly higher (12.5 %) 
thann in Shep 2IN cells that did not express MYCN. 
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Figuree 2: The effect of CPEC on dCK expression and activity. SK-N-BE(2)c cells were 
incubatedd with 100 nM CPEC for 0-4 days. At the indicated time-points the dCK protein 
contentt of the cell cultures was estimated by Western blot analysis (panel A). The expression 
off  dCK-mRNA is shown in panel B. The results shown are the mean of 4 experiments  SD. 
whitee bars: uncorrected relative dCK-mRNA expression, black bars: relative dCK-mRNA 
expressionn corrected for GAPDH expression. **  p < 0.01. In panel C, the relative dCK 
activityy of SK-N-BE(2)c cells incubated for 0-4 days with 100 nM CPEC is shown. 100 % 
dCKK activity = 41.9  1.5 nmol CdAMP/ug protein/ hr. The results shown are the mean of 
threee determinations  SD. 
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A/KCJV-singlee copy 

celll  line 

SK-N-FI I 

SK-N-SH H 

SK-N-AS S 

GI-MEN N 

LAN6 6 

SJNB12 2 

Shep2 2 

Shep2INN (A/MFCoff) 

dCKK activity 

pmol/ugg protein/hr 

18.11 4 

16.33 4 

23.11  1.3 

14.88 3 

42.00  1.3 

24.11  1.5 

17.55 0 

16.77  1.6 

A/raV-amplified d 

celll  line 

KCNR R 

NMB B 

SK-N-BE(2) ) 

SK-N-BE(2)c c 

SJNB6 6 

AMC106 6 

SJNB8 8 

N206 6 

SJNB10 0 

Shep21N(;VA/FCon) ) 

dCKK activity 

pmol/jigg protein/hr 

29.66  0.8 

27.77  1.4 

23.88  0.8 

41.9  1.5 

32.66  1.1 

26.11 1 

25.99  0.5 

29.77  0.5 

34.88  3.6 

18.88 9 

Tablee 3: dCK activity of neuroblastoma cell lines. The results shown are the mean of three 
determinationss  SD. 

4.. Discussion 

Gemcitabinee has been shown to be a potent agent for the treatment of various solid tumors 
suchh as non-small cell lung cancer and pancreatic cancer. In this paper, we demonstrate that 
dFdCC also has profound cytotoxic and differentiation inducing effects in neuroblastoma in 
vitro.vitro. Both A/yOV-amplified and MYCN-smgle copy cell lines were highly sensitive to dFdC. 
However,, the effect of dFdC was significantly different between the two types of cell lines. 
While,, after incubation with dFdC, irreversible differentiation was induced in 6 out of 6 
MYCN-s'mgleMYCN-s'mgle copy cell lines, cell death was induced in 6 out of 9 MKCA -̂amplified cell lines. 
Inn MYCN expressing Shep21N cells, incubation with dFdC was lethal, while no cytotoxicity 
wass observed in Shep21N that did not express MYCNl, indicating that dFdC induces cell 
deathh in neuroblastoma cells that express MYCN. This may be explained by the fact that 
MYCNMYCN sensitizes neuroblastoma cells for drug induced apoptosis[31]. The induction of 
differentiationn in MYCN-singie copy cell lines cannot be explained by absence of MYCN 
alone,, as dFdC also induced differentiation in some MFC/V-amplified cell lines and in MYCN-
expressingg Shep21N cells. Shep21N was created from a MFC/V-single copy cell line[5] and, 
therefore,, behaved both as a A/KCN-single copy cell line in the sense that differentiation was 
inducedd by dFdC, as well as a A/yCN-amplified cell line in the sense that cell death was 
inducedd by dFdC. In general, MYCN-single copy neuroblastomas are relatively more 
differentiatedd than A/yCN-amplified neuroblastomas. It may be that interference in the 
nucleotidee metabolism and DNA synthesis triggers the progression of differentiation in these 
relativelyy differentiated neuroblastoma cells. The fact that the dCK activity in MYCN-
amplifiedd neuroblastoma cell lines was 60% higher than in A/KCN-single copy cell lines may 
also,, in part, explain the observed cytotoxicity. An increased activity is associated with an 
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increasedd phosphorylation, and thus increased cytotoxicity of dFdC. Hence, dFdC is more 
toxicc to MFC/V-amplified neuroblastoma cell lines than to A/KCN-single copy cell lines. Also 
inn MYCN expressing Shep21N cells, the dCK activity was higher than in Shep21N cells that 
didd not express MYCN. Expression of MYCN is thought to increase the expression of genes 
involvedd in protein synthesis [3]. Thus the increased expression of dCK in MKCiV-amplified 
neuroblastomaa cells is in line with the increased protein synthesis. 

Thee ED50 value for dFdC was significantly decreased in 13 out of 15 cell lines, after 
pre-incubationn with CPEC. This increased sensitivity was caused by an increase in the 
anabolismm of dFdC and concomitant incorporation into the DNA, as was demonstrated in SK-
N-BE(2)cc cells. A dramatic increase in the uptake and phosphorylation of dFdC was observed 
inn SK-N-BE(2)c cells after pre-incubation with 100 nM CPEC for 1-3 days. However, after 4 
days,, this effect declined, and was paralleled by depletion of the UTP and ATP pools. 
Becausee UTP and ATP are the phosphate donors utilized by dCK[32], a decrease in the UTP 
andd ATP pools may cause a decrease of the in situ activity of dCK. This observation is 
supportedd by fractional effect analysis, which indicated a tendency towards antagonism for 
prolongedd exposure to CPEC or dFdC concentrations greater than 200 nM. Apparently, high 
concentrationss of dFdC or prolonged exposure to CPEC result in a maximum effect that can 
bee only marginally increased. The effects of low concentrations of dFdC or short incubations 
withh CPEC, however, are rather small and can strongly be increased, hence the observed 
synergismm under these conditions. 

Duringg incubation with CPEC, the mRNA expression of dCK, dCK protein level and 
thee specific dCK activity increased in SK-N-BE(2)c cells. dCK activity is regulated via 
feedbackk inhibition by dCTP [33], while expression of dCK is increased in response to 
inhibitionn of DNA synthesis and DNA damage [34-36]. By depleting the CTP pool, CPEC 
alsoo depleted the dCTP pool and, hence, inhibited DNA synthesis. These combined effects 
mayy very well have caused the observed increase in dCK mRNA and protein expression and 
activity. . 

Withh or without prior exposure to CPEC, dFdCTP and dFdC incorporated into DNA 
weree the major metabolites of dFdC, with an approximate ratio of 2:1. This is in accordance 
withh the results of Heinemann and colleagues obtained in Chinese hamster ovary cells [10]. 
Thee fact that no relative accumulation of dFdCMP was observed indicated that, when the 
feedbackk inhibition of dCK is relieved, the rate-limiting step in the anabolism of dFdC was its 
incorporationn into DNA. In this respect, dFdC differs from AraC, of which nucleoside 
monophosphatee kinase activity is the rate-limiting enzyme in its anabolism, once the feedback 
inhibitionn of dCK is relieved [37]. This is in accordance with the observation of van Rompay 
andd colleagues who showed that dFdCMP is a better substrate for human UMP/CMP kinase 
thanAraCMP[38]. . 

Despitee the fact that the LAN6 cell line had a very high dCK activity, it was resistant 
too dFdC. The mechanism of resistance of LAN6 cells to dFdC remains to be elucidated. 
Possiblee causes could be high (d)Cyd deaminase activity or deletion of nucleoside 
transporterss for which dFdC is a substrate. 
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Inn conclusion, dFdC is a highly potent drug against both A/yCN-amplified and MYCN-single-
copyy neuroblastoma cells. Both the cell-death and differentiation inducing properties of dFdC 
aree of great interest in the treatment of neuroblastoma. We feel that dFdC, disserves further 
developmentt towards clinical application in the treatment of patients suffering from 
neuroblastoma. . 
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Abstract t 

Inn this paper, it is demonstrated that al\-trans, 9-cis and 13-cis retinoic acid (RA) 
decreasedd the sensitivity of SK-N-BE(2)c neuroblastoma cells towards the chemotherapeutic 
agentt cyclopentenyl cytosine (CPEC), a potent inhibitor of CTP synthetase. RA attenuated 
CPEC-inducedd apoptosis as reflected by a decreased caspase-3 induction. RA decreased the 
accumulationn of CPEC, whereas the salvage of cytidine was strongly increased. Metabolic 
labelingg studies using [3H]uridine showed a strongly decreased biosynthesis of CTP via CTP 
synthetase.. RA likely confers resistance of neuroblastoma cells to CPEC in part by slowing 
downn proliferation, and in part by shifting the synthesis of CTP towards the salvage of 
cytidine,, thereby bypassing CTP synthetase. 

1.. Introductio n 

Neuroblastomaa is the most common extra cranial solid tumor of childhood. The 
tumorss are derived from the neural crest and originate where nervous tissue is present. The 
diseasee has five distinct prognostic stages, stage 1-4 and 4S. Despite considerable research, 
thee prognosis for patients suffering from stage 4 neuroblastoma, which is characterized by 
disseminatedd disease, is still very poor [1]. Stage 4S neuroblastoma, however, is able to 
differentiatee into more mature forms and has a high rate of spontaneous regression [2,3]. This 
spontaneouss differentiation of neuroblastoma cells has triggered a great deal of research 
focusedd on the induction of differentiation of neuroblastoma in vivo. Both in vitro and in vivo, 
neuroblastomaa cells can be induced to differentiate by all-trans retinoic (ATRA) acid and its 
conformationall  isomers 9-cis retinoic acid (9-cis RA) and 13-cis retinoic acid (13-cis RA) 
[4,5].. Clinical trials studying the effects of ATRA and 13-cis RA in the treatment of 
disseminatedd neuroblastoma indicate a clinical response in some patients [6-11]. Of the 
retinoicc acid isomers 9-cis RA has been reported to have the strongest differentiation inducing 
effectt in several cell line systems [12-14]. Furthermore, ATRA has been shown to be 
isomerizedd partly to 9-cis RA in liver [15,16]. Hence, 9-cis RA may be tested in clinical 
settingss as well as ATRA and 13-cis RA. 

Too date, littl e is known about the effect of differentiating agents on the efficacy of 
cytostaticc nucleoside analogues in neuroblastoma. Results from clinical trials in which 
patientss suffering from leukemia were treated with ATRA and cytarabine, an analog of 
deoxycytidine,, showed a synergistic effect when ATRA and cytarabine were combined [17-
19].. In this study, we studied the effect of ATRA, 9-cis RA and \3-cis RA on the cytotoxicity 
andd metabolism of cyclopentenyl cytosine (CPEC) as well as pyrimidine nucleotide 
biosynthesiss in neuroblastoma cells. CPEC is a pro-drug that in its nucleoside tri-phosphate 
formm (CPECTP) potently inhibits CTP synthetase, causing depletion of cytidine nucleotides 
[20].. We have previously shown that CPEC, as single agent, has profound and long lasting 
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cytostaticc effects on human neuroblastoma cells in vitro [21]. In this paper we demonstrate 
thatt retinoic acid to a large extent attenuates the cytostatic effect of CPEC. 

2.. Materials and methods 

2.1.. Chemicals 

CPECC (NSC 375575) was obtained from the Developmental Therapeutics Program, NCI 
(Divisionn of Cancer treatment, National Cancer Institute, Maryland, USA). All-trans retinoic 
acid,, 13-cis retinoic acid, 9-cis retinoic acid and all nucleotide standards were obtained from 
Sigma-Aldrichh Chemie (Zwijndrecht, The Netherlands). [14C-U]Uridine (18.6 GBq/mmol) 
andd [l4C-Cytosine]Cytidine (2.04 GBq/mmol) were obtained from Amersham International 
(Buckinghamshire,, UK). Nonidet P40 was obtained from LKB-produkter AB (Bromma, 
Sweden).. Dulbecco's Modified Eagles Medium, Bovine Fetal Serum and 
Penicillin/Streptomycin/Fungizone-mixx were obtained from BioWhittaker Europe (Venders, 
Belgium).. L-glutamine and gentamycin were obtained from Gibco BRL (Paisly, Scotland). 
Alll  other chemicals were of analytical grade. 

2.2.. Cell culture 

Thee SK-N-BE(2)c neuroblastoma cell line was obtained from the American Type Culture 
Collection.. The cells were routinely cultured in Dulbecco's Modified Eagles Medium 
(DMEM),, supplemented with 2 mM L-glutamine, 50 I.UVml penicillin, 50 ug/ml 
streptomycin,, 0.2 mg/ml gentamycin, 0.25 ug/ml fungizone and 10 % v/v bovine fetal serum 
att 37 °C in humidified air with 5 % CO2. The cells were maintained in 75 cm2 loosely capped 
culturee flasks (Co-star Corp.) and maintained in logarithmic growth phase. SK-N-BE(2)c was 
usedd up to passage 45. Differentiated cells were obtained by incubation with ATRA (100 nM 
forr 6 days or 10 uM for 2 days, resulting in the same degree of differentiation). Cell cultures 
weree consistently free of mycoplasma (tested with Mycoplasma PCR ELISA, Boehringer 
Mannheim,, Mannheim, Germany). 

2.3.. Proliferation and differentiation 

Cellss were seeded into 6-wells plates (Corning Co-star) at a density of 0.25-0.50 x 106 

cellss per well, and allowed to adhere overnight. The experiments were started by replacing the 
mediumm with medium containing the appropriate retinoic acid isomer in 0.1 % ethanol. As a 
control,, the proliferation of cells in medium containing only 0.1 % ethanol was also 
measured.. Adherent cells were harvested by trypsinization and cell numbers were determined 
afterr solubilizing the cells in isoton II containing 2.7 xlO"7 % (v/v) Triton X-100 and 2.7 x 10" 
33 % (w/v) saponin. The nuclei were counted with a Coulter Counter Z 1000 with a 100 uM 
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orificee (Coulter Electronics Ltd, Buckinghamshire, England). The viability of adherent cells 
wass more than 99%, as determined by exclusion of Trypan Blue. 
Too assess the degree of differentiation induced by retinoic acid, 400 cells per culture per day 
weree examined by microscopy. Cells with neurites with a length of approximately twice the 
diameterr of the cell body were scored as being differentiated, as well as cells that were 
connectedd to one another by means of neurites. 

2.4.. Assay for  drug sensitivity 

Cellss were plated in 24-wells plates at a density of 30 x 103 cells per well in a total 
volumee of 0.5 ml. After overnight adherence, the medium was changed for medium 
containingg CPEC and/or retinoic acid. In the case of pre-incubation with retinoic acid, cells 
weree incubated for 2 days with 100 nM retinoic acid, and subsequently harvested and cultured 
inn medium without retinoic acid in 24-wells plates, as described above. After the incubation 
time,, the number of viable cells was measured using the MTT assay as described previously 
[22]]  and IC50 values were determined. 

2.5.. Nucleotide extraction and analysis 

Cellss were seeded in 6-wells plates at a density of 0.25-1 xlO6 cells per well. After 
overnightt adherence, the cells were incubated with 100 nM ATRA for 6 days or with 10 uM 
ATRAA for 2 days. After incubation with ATRA, the medium was changed with fresh medium 
andd subsequently CPEC was added to the culture medium. Control cells, which were not pre-
treatedd with ATRA, were incubated with CPEC after overnight adherence. After 6-hr 
incubationn with CPEC, the cells were washed once with PBS and extracted with perchloric 
acidd and analyzed, as described previously [21]. 

2.6.. Extraction and analysis of radio labeled nucleotides. 

Cellss were seeded and pre-treated as described under Nucleotide extraction and analysis. 
Afterr incubation with ATRA, the medium containing ATRA was removed and replaced by 
mediumm spiked with 1.8 uM [14C]Cyd or 0.36 uM [14C]Urd. The final concentrations 
(radiolabeledd + endogenous nucleosides) of Cyd and Urd in the medium were 2.0 uM and 1.8 
uM,, respectively. As a consequence, the specific activity of the label was corrected for the 
presencee of the endogenous amounts of cytidine and uridine. After 3 hr, the cells were 
extractedd with 0.4 M perchloric acid and nucleotide profiles were determined by ion-
exchangee HPLC, as described previously [21]. Radioactivity was detected online with a 
Radiomaticc 525TR Row Scintillation Analyzer with a 500 ul TR-LSC cell (Packard 
Instrument,, Meriden, CT, USA) using Ultima Flo AP (Packard, Dowers Grove, IL, USA) at 
ann effluent to scintillation fluid ratio of 1:1. 
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Thee acid precipitate was taken up in 300 ul of 0.2 M NaOH and precipitated again by 
addingg an equal volume of 1.2 M perchloric acid. The protein and DNA containing fraction 
wass obtained by centrifugation and dissolved in a final volume of 200 ul 0.2 M NaOH. An 
aliquott of the dissolved pellet was mixed with scintillation fluid and the radioactivity was 
measuredd on a 6-counter. The protein content was determined using bicinchonic acid solution 
containingg 0.1% Q1SO4, as described previously [23]. 

2.7.. CTP synthetase assay and calculation of the flux through CTP synthetase 

Thee CTP synthetase activities in crude homogenates were determined as described 
previouslyy [21,24]. From the distribution of the radio-label after labeling with [14C]Uridine 
thee flux through CTP synthetase could be calculated. The flux through CTP synthetase was 
calculatedd using the following ratio [,4C]CTP/([14C]UDPG + [l4C]UDPNAG + [14C]UTP + 
[14C]CTP). . 

2.8.. Apoptosis 

Apoptosiss was detected by measuring Caspase-3 activity using the Caspase-3 
Colorimetricc Assay of R&D Systems (Oxon, UK). The assay was performed according to the 
manufacturer'ss manual, except that after lysis of the cells (2 x 106 cells per 50 ul), the cell 
lysatess were centrifuged for 5 minutes at 18620 x g at 4 °C. The caspase-3 activity is 
expressedd relative to that observed in untreated control cells. The caspase-3 activities of the 
variouss cultures that had been treated with CPEC, ATRA or the combination were analyzed 
withh the t-test for paired samples, using the MS Excel software package. A p-value < 0.05 
wass considered to be statistically significant. 

3.. Results 

3.1.. The effect of retinoic acid on the proliferatio n and induction of differentiation of 
SK-N-BE(2)cc cells 

Alll  three retinoic acid isomers inhibited the proliferation of SK-N-BE(2)c 
neuroblastomaa cells in a concentration dependent manner (fig. 1 A). The results obtained with 
ATRAA were also representative for the results obtained with 9-cis and 13-cis RA. 
Proliferationn was not strongly inhibited by retinoic acid concentrations up to 100 nM ATRA, 
butt was inhibited strongly by 1 u.M ATRA. 

Retinoicc acid had a strong differentiation inducing effect on SK-N-BE(2)c cells (fig. 1 
B).. After 3 days of incubation with 1 nM ATRA 35 % of the cell population was 
differentiated.. However, when SK-N-BE(2)c cells were incubated with 10-1000 nM ATRA 
forr 3 days 65-80% of the cell population was differentiated. Apparently, differentiation did 
nott exclude proliferation. 
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Figuree 1: The effect of ATRA on the proliferation and differentiation of SK-N-BE(2)c cells. 
Panell  A: The effect of ATRA on proliferation. The results shown are the mean of three 
experimentss  SD. Panel B: The induction of differentiation by ATRA. The differentiation 
indexx was assessed by microscopically examination of 400 cells per culture per day. open 
circles:: 0.1 % ethanol; solid circles: 1 nM; x 10 nM; open squares: 100 nM; solid triangles: 1 
HMM ATRA. 

3.2.. The effect of retinoic acid on CPEC cytotoxicity 

Treatmentt of SK-N-BE(2)c cells with retinoic acid followed by incubation with CPEC 
attenuatedd the cytostatic effect of CPEC when compared to cells treated with CPEC only. 
Afterr pre-treatment SK-N-BE(2)c cells with ATRA, 9-cis RA or \3-cis RA, the IC50 values 
weree approximately 5 times higher than SK-N-BE(2)c cells treated for 4 days with CPEC 
onlyy (50  2 nM) (table 1). The inhibitory effect of retinoic acid on the cytostatic effect of 
CPECC was even greater when SK-N-BE(2)c cells were co-incubated with CPEC and retinoic 
acid.. In that case, the IC50 values were at least 8-20 fold higher when compared to SK-N-
BE(2)cc cells treated with merely CPEC (table 1). 

3.3.. The effects of retinoic acid on CTP depletion and CPECTP accumulation 

Thee CTP depletion caused by incubating SK-N-BE(2)c cells with CPEC was less in 
cellss pre-treated for 6 days with 100 nM ATRA than in control cells (fig. 2A). After 6 hours 
off  incubation with 1 uM CPEC, the CTP concentration of ATRA treated cells was 26 % of 
thatt of untreated cells whereas the CTP content of control cells had dropped to 7 % of the 
initiall  value. Control cells accumulated more CPECTP than cells that had been pre-incubated 
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withh 100 nM ATRA for 6 days (fig 2B). After 6 hr of incubation with 2.5 uM CPEC, control 
SK-N-BE(2)cc cells had accumulated twice the amount of CPECTP when compared to SK-N-
BE(2)cc cells that had been pre-treated with 100 nM ATRA for 6 days. 

normall  medium 
ATRA A 

9-cis9-cis RA 
13-mRA A 

pre-treatment t 
IC500 (nM) 

500 2 
2377  55 
2533  45 
2588  58 

co-treatment t 
IC500 (nM) 

500 2 
400-1000 0 

>1000 0 
>1000 0 

Tablee 1: The effect of retinoic acid on CPEC cytotoxicity. To asses the effect of pre-
treatment,, cells were cultured in the presence of 100 nM ATRA, 9-cis RA or \3-cis and 
subsequentlyy plated in 24-well plates in the absence of retinoic acid. After overnight 
adherencee the medium was changed for medium containing CPEC and the cells were 
incubatedd for 4 days. To asses the effect of co-incubation, cells were plated in 24-wells plates 
andd after overnight adherence, the medium was changed for medium containing CPEC and 
1000 nM retinoic acid and the cells were incubated for 4 days. IC50 values (  SD, n=3) were 
determinedd using the MTT assay. 
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Figuree 2: CTP depletion and CPECTP accumulation before and after treatment of SK-N-
BE(2)cc cells with ATRA. Cells were incubated with CPEC for 6 hr and subsequently 
extractedd and the intracellular CTP content (panel A) and CPECTP content (panel B) were 
determined,, solid circles: control cells; open circles: cells treated for 6 days with 100 nM 
ATRA.. The values shown are the mean of three experiments  SD. The CTP content of 
controll  cells was 3.6  0.5 pmol CTP/ug protein and of ATRA treated cells was 2.8  0.1 
pmoll  CTP/ug protein. 

97 7 

file:///3-cis


ChapterChapter 6 

3.4.. The effect of retinoic acid on pyrimidin e metabolism and ribonucleotide 
triphosphatee levels 

Thee biosynthesis of CTP via CTP synthetase was less in SK-N-BE(2)c cells that had 
beenn treated with ATRA than in untreated control cells. The CTP synthetase activity in crude 
celll  homogenates of cells treated with 100 nM ATRA for 6 days decreased from 16.6  2.1 
pmoll  CTP/mg protein/hr in control cells to 9.4  0.7 pmol CTP/mg protein/hr in ATRA 
treatedd cells. The same trend was observed with higher concentrations of ATRA and shorter 
incubationn periods (data not shown). On the other hand, the salvage of pyrimidine nucleosides 
wass increased (fig. 3). Both the accumulation of cytosine nucleotides and incorporation into 
DNAA of radiolabeled cytidine increased 2 fold after treatment of SK-N-BE(2)c cells for 2 
dayss with 10 uM ATRA. When radiolabeled uridine was used instead of radiolabeled 
cytidine,, the accumulation of metabolites and the incorporation of label into DNA were, 
respectively,, 1.6 and 1.4 fold higher in ATRA treated cells than in control cells. After 3 hr 
incubationn with 1.8 uM [14C]Uridine control cells contained 0.183  0.010 pmol {[ 14C]UDPG 
++ [l4C]UDPNAG}/ug protein, 0.226  0.020 pmol [l4C]UTP/ug protein and 0.0668  0.080 
pmoll  [l4C]CTP/ug protein. SK-N-BE(2)c cells that had been treated with 10 uM ATRA for 2 
dayss prior to the labeling with 1.8 uM [14C]Uridine contained 0.277  0.020 pmol 
{[ ,4C]UDPGG + [14C]UDPNAG}/ug protein, 0.415  0.036 pmol [l4C]UTP/ug and 0.070
0.0055 pmol [l4C]CTP/ug protein. Thus, the flux through CTP synthetase, calculated as 
describedd under materials and methods, was 0.14 in control cells and 0.09 in cells that had 
beenn treated with 10 uM ATRA for 2 days. Uridine and cytidine mono- and diphosphates 
weree only present in trace amounts. The contribution of CTP synthetase to the biosynthesis of 
CTPP was, therefore, decreased by 36 % in SK-N-BE(2)c cells treated with ATRA when 
comparedd to untreated control cells. 

Noo major changes in the total pools of UTP, CTP, ATP and GTP were observed cells that 
weree treated with ATRA (0.1 - 10 pM) for 2-6 days when compared to untreated cells. 

3.5.. The effect of retinoic acid on CPEC induced apoptosis 

Whenn SK-N-BE(2)c cells were incubated with 250 nM CPEC for 3 days, a 2-fold 
increasee in the caspase-3 activity was observed as compared to untreated controls, reflecting 
thee induction of apoptosis. Culturing the cells in the presence of 100 nM ATRA for 3 days did 
nott induce caspase-3 activity. Combined incubation of 100 nM ATRA and 250 nM CPEC 
resultedd in less caspase-3 activity (1.6 fold when compared to controls) than incubation with 
2500 nM CPEC alone (p = 0.03). Pre-treatment with 100 nM ATRA for 2 days, followed by 3 
dayss of incubation with 250 nM CPEC resulted in 1.9 fold increase in caspase-3 activity 
whenn compared to controls. 
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Figuree 3: The effect of ATRA on pyrimidine salvage. Cells were pre-treated with 10 uM 
ATRAA for 2 days after which they were incubated with 2.0 uM [14C]Cyd or 1.8 uM [l4C]Urd 
forr 3 h. The total amount of radioactive metabolites was measured (panel A), as well as the 
incorporationn of label into DNA (panel B). In untreated control cells, the salvage and the 
incorporationn of metabolites into DNA of Urd was significantly higher than that of Cyd (p < 
0.05),, after incubation with ATRA, the difference between Urd and Cyd salvage was not 
statisticallyy significant. The results shown are the mean of three experiments  SD. When no 
SD-barr is visible, then SD < 0.05. White bars: [14C]Urd, black bars [l4C]Cyd 

4.. Discussion 

Wee have previously shown that CPEC as a single agent has profound and long lasting 
cytostaticc effects on human neuroblastoma cells in vitro [21]. In this paper, we demonstrate 
thatt retinoic acid largely attenuates the cytostatic effect of CPEC. This is best illustrated by 
thee 5-20 fold increase in the IC50 value for CPEC upon either co- or pre-incubation with 
retinoicc acid. 

Becausee all three isomers of retinoic acid had the same effect on the toxicity of CPEC, 
ATRAA was used as the representative compound in the metabolic studies. To some extend, 
thee acquired resistance towards CPEC might be due to decreased proliferation caused by 
retinoicc acid. When proliferation slows down or is arrested, de novo nucleotide metabolism is 
reducedd and salvage metabolism upregulated [25]. In such a situation, a drug targeted at de 
novonovo synthesis is likely to become less cytotoxic. 

Ourr metabolic studies demonstrated that cells pre-treated with retinoic acid showed a 
decreasedd accumulation of CPECTP, the effective compound that inhibits CTP synthetase 
[20],, when compared to untreated control cells. A decreased uptake of CPEC would be in line 
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withh the fact that a decreased expression of the nucleoside transporters, by which CPEC is 
takenn up by the cell, was observed in differentiated neuroblastoma cells [26,27]. 

Althoughh the accumulation CPECTP was less in SK-N-BE(2)c cells treated with 
ATRA,, the depletion of CTP caused by CPEC was still profound. Therefore, the decreased 
accumulationn of CPECTP was probably not the sole cause of the resistance towards CPEC 
inducedd by retinoic acid. The flux through CTP synthetase of radio-labeled uridine was 
reducedd by 36% in ATRA treated cells when compared to control cells. This observation is in 
linee with the fact that the CTP synthetase activity in cell homogenates was 43 % less in SK-
N-BE(2)cc cells that had been treated with ATRA than in untreated SK-N-BE(2)c cells. The 
preferentiall  salvage of cytidine over uridine in ATRA treated cells might allow the cells to 
bypasss at least partly the inhibition of CTP synthetase by CPECTP. Previous studies have 
alsoo shown a decreased contribution of CTP synthetase in the biosynthesis of CTP in 
differentiatedd neuroblastoma and gastric cancer cells as compared to their more primitive 
counterpartss [28,29]. Thus, a less significant role for the synthesis of CTP via CTP synthetase 
inn ATRA treated cells and a relatively increased utilization of cytidine nucleotides may 
contributee to the decreased sensitivity towards CPEC. 

Thee resistance induced by retinoic acid towards CPEC-induced apoptosis may 
partiallyy be explained by induction of differentiation, which is paralleled by decreased 
inductionn of apoptosis in ATRA treated cells [30,31]. ATRA has been reported to inhibit the 
responsee to apoptotic stimuli in neuroblastoma by several mechanisms such as suppression of 
thee cell death pathway by altered Bcl-2 expression and altered trafficking of the p53 protein 
[30-33]. . 

Inn conclusion, we have shown that retinoic acid largely blocks the cytostatic and 
apoptoticc effects of CPEC in SK-N-BE(2)c neuroblastoma cells. Furthermore, retinoic acid 
increasedd the salvage of uridine and cytidine and decreased the contribution of CTP 
synthetasee to the intracellular CTP pool. Our findings may have clinical implications as they 
demonstratee that the sequence of administration of drugs in a multi-drug schedule plays a 
pivotall  role. At present, retinoic acid is being used for the treatment of patients suffering from 
neuroblastoma.. In case of a relapse after treatment with retinoic acid neuroblastoma cells 
mightt have become resistant to other anti-metabolites than CPEC as well. 
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Abstract t 

AA non-radioactive procedure to measure the deoxycytidine kinase activity in crude cell free 
homogenatess was developed. 2-Chloro-deoxyadenosine (CdA) was used as the substrate and 
wass separated from its 5'-monophosphate by reversed-phase HPLC. A complete separation of 
CdAA and its metabolites was achieved in 40 minutes. The minimum amount of CdA that 
couldd be detected was 1 pmol. The assay was linear with reaction times up to at least 3 hours. 
Withh respect to the protein concentration, the reaction was linear with protein concentrations 
upp to 760 (ig/ml in the assay. An amount of 8 x 103 cells was already sufficient to determine 
thee specific dCK activity in SK-N-BE(2)c cells. 

CdAA was not only converted to its 5'-monophosphate but also to 2-Chloroadenine and, 
surprisingly,, also to 2-Chlorodeoxyinosine, in MOLT-3 cells. Therefore, our results 
demonstratee that CdA is also a substrate for adenosine deaminase. 

1.. Introductio n 

Deoxycytidinee kinase (dCK) is a deoxynucleoside kinase with a broad substrate specificity. 
Thee natural substrates of dCK are dCyd, dAdo and dGuo [1]. However, dCK also 
phosphorylatess therapeutically important deoxynucleoside analogues, such as 1-B-D-
arabinofuranosyll  cytosine (cytarabine), 2',2'-difluorodeoxycytidine (gemcitabine) and 2-
Chlorodeoxyadenosinee (cladribine, CdA). In fact, it is the rate-limiting enzyme in the 
activationn of these cytotoxic nucleoside analogues [2]. Resistance of cancer cells to these 
cytotoxicc deoxynucleoside analogues is often associated with a reduced dCK activity. 
Recently,, it was demonstrated that resistance of acute myeloid leukaemia towards AraC is 
causedd by alternative splicing of dCK mRNA, which leads to expression of inactive dCK 
proteinss [3]. 
Thee regulation of the activity and expression of dCK is complex and depends on multiple 
factors.. The activity of dCK is regulated via feedback inhibition by dCTP, thus low intra-
cellularr levels of dCTP increase the activity of dCK [4], and by post-translational 
modification.. While the dCK activity may be cell-cycle dependent, the expression of mRNA 
encodingg dCK proved to independent of the cell-cycle. Cell-cycle dependent regulation of 
dCKK activity is a much-debated subject, but appears to depend on the cell line model studied 
[1].. Furthermore, inhibition of DNA synthesis and DNA damage cause the expression of 
dCKK mRNA to increase and, consequently, the dCK activity [5;6]. 
Itt is evident that a reliable method to measure the dCK activity in cell homogenates is a 
prerequisitee when studying the salvage metabolism of (cytotoxic) deoxynucleoside 
analogues.. To date, all procedures to measure dCK activity are based on the method 
describedd by Ives and Durham [4], and rely on thin-layer chromatography or weak ion-
exchangee paper chromatography to separate the radioactive substrate (CdA or dCyd) from the 
correspondingg nucleoside-5'-monophospate. These procedures, using radio-labelled 
substrates,, proved to be extremely laborious and time consuming. Another major 
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disadvantagee of these traditional analytical methods is that the formation of other metabolites, 
whichh might hamper accurate measurement of dCK activity, may not be detected. 
CdA,, is an analogue of deoxyadenosine and is phosphorylated to CdAMP with high 
specificityy by dCK [7]. CdA is thought to be resistant to degradation by adenosine deaminase 
andd is highly toxic to proliferating and non-proliferating lymphocytes. CdA is successfully 
usedd in the treatment of several haematological malignancies, such as hairy cell leukaemia 
andd chronic lymphatic leukaemia. 
Inn this paper, we developed a dCK activity assay, using non-radio-labelled CdA as a substrate 
combinedd with reversed phase HPLC for analysis. By using HPLC, we observed that CdA-
5'-monophosphatee is not the only metabolite formed during the dCK assay. We describe the 
identificationn of the metabolites formed in the reaction-mixture of the dCK assay, including 
thee novel metabolite of CdA: 2-chloro-deoxyinosine. 

2.. Materials and methods 

2.11 Chemicals 

2-Chloro-2'-deoxyadenosinee and ATP were obtained from Sigma-Aldrich Chemie 
(Zwijndrecht,, THe Netherlands). [3H]2-Chloro-2'-deoxyadenosine (21.1 Ci/mmol) was 
obtainedd form Moravek Biochemicals (Brea, CA). Dulbecco's Modified Eagles Medium, 
Bovinee Fetal Serum and Penicillin/Streptomycin/Fungizone-mix were obtained from 
BioWhittakerr Europe. L-glutamine and gentamycin were obtained from Gibco BRL. Isoton II 
wass obtained from Beekman Coulter. Triton X-100 and saponine were from BDH Laboratory 
Supplies.. All other chemicals were of analytical grade. 

2.2.. Cell culture 

Thee SK-N-BE(2)c neuroblastoma cell line, the MOLT-3 and HL-60 leukaemia cell lines were 
obtainedd from the American Type Culture Collection (Manassas, VA, USA) The cells were 
routinelyy cultured in Dulbecco's Modified Eagles Medium (DMEM, BioWhittaker Europe, 
Verviers,, Belgium), supplemented with 2 mM L-glutamine, 50 I.UVml penicillin, 50 ug/ml 
streptomycin,, 0.2 mg/ml gentamycin, 0.25 jig/ml fungizone and 10 % v/v bovine fetal serum 
att 37 °C in humidified (90 %) air with 5 % C02. The cells were maintained in 75 cm2 loosely 
cappedd culture flasks (Co-star Corp, Camebridge, MA, USA) and maintained in logarithmic 
growthh phase. Cell cultures were consistently free of mycoplasma (tested with Mycoplasma 
PCRR ELISA, Boehringer Mannheim) 
SK-N-BE(2)cc cells were harvested by trypsinisation and cell numbers were determined after 
solubilizingg the cells in isoton II containing 2.7 xlO"7 % (v/v) Triton X-100 and 2.7 x 103 % 
(w/v)) saponin. The nuclei were counted with a Coulter Counter Z 1000 with a 100 uM orifice 
(Coulterr Electronics Ltd, Buckinghamshire, England). Molt-3 and HL-60 cells were 
harvestedd by centrifugation and washed once with phosphate-buffered saline and counted. 
Celll  pellets were snap-frozen in liquid nitrogen and stored at -80 °C until use. 

2.33 Standard dCK-assay procedure 

Thee dCK assay conditions were essentially as described by Arner and colleagues, with a few 
modificationss [7]. Cells were homogenised in a buffer consisting of 50 mM Tris-HCl pH 7.4, 
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2000 raM NaCl, 10 mM DTT, and 2.5 mM phenylmethylsulphonyl fluoride, by sonication (4 
xx 10 sec 40 J/Ws) at a density of 10 x 106 cells/ml. After 15 minutes incubation on ice, the 
homogenatess were centrifuged for 15 minutes at 10,000 x g at 4 °C. The supernatant was 
usedused for dCK activity assays. 
Thee assay mix consisted of 1 mM CdA, 10 mM ATP, 10 mM MgCl2, 200 mM NaCl, 20 mM 
NaF,, 2 mM DTT in 10 mM Tris-HCl pH 7.4. To 25 ul of the assay mix, 25 ul of cell 
homogenatee was added. The final concentrations were 0.5 mM CdA, 5 mM MgCb, 5mM 
ATP,, 200 mM NaCl, 10 mM NaF, 6 mM DTT in 10 mM Tris-HCl pH 7.4. After 60 minutes 
incubationn at 37 °C the reaction was terminated by placing the reaction tube on ice and 
addingg 50 ul of ice-cold methanol. The samples were then stored at -20 °C until analysis. 
Reactionn blanks were created by directly performing the methanol-precipitation after mixing 
thee assay mix with the cell homogenates. Prior to analysis, the samples were centrifuged for 5 
minutess at 10,000 x g at 4 °C and the supernantant was diluted 2-fold with 50 mM 
NH4H2PO4.. The protein pellet obtained after centrifugation of the methanol-precipitated 
reactionn mixture was dissolved in 50 ul 0,2 M NaOH and the protein content was determined 
usingg a bicinchoninic acid solution containing 0.1% (w/v) CuSC»4, as described previously 
[8]. . 

2.44 HPLC analysis 

CdAA and its metabolites were separated by HPLC using a 250 x 4.6-mm Supekosil LC-18-S 
columnn at a flow rate of 1 ml/min, using a gradient of 50 mM NH4H2PO4 (buffer A) and 50% 
(v/v)) methanol in 50 mM NH4H2PO4 (buffer B). The gradient used was: 10 minutes at 90% 
bufferr A, in 10 minutes to 50% buffer A, hold for 10 minutes. Detection of CdA and 
CdAMPP was performed at 265 nm and at 253 nm. CdA and CdAMP concentrations were 
calculatedd using pure CdA as a standard. Because of slight variation in the elution times, the 
ratioratio A265/A253 was determined for the compounds of interest in order to confirm their 
identity.. The A265/A253-ratios were 1.4 for CdA and CdAMP, respectively, 1.3 for CAde and 
0.66 for Cdl. 
Forr purpose of identification of metabolites, spectra were recorded on line using a Gynkotek 
UVDD 340S photo diode array detector (Gynkotek, Germering, Germany) and, where possible, 
comparedd to the spectra of pure standards. 

2.55 Purification of radio-labelled cladribine 

[3H]CdAA was purified by HPLC using a 250 x 4.6-mm Supelcosil LC-18-S column at a flow 
ratee of 1 ml/min. Purification was performed using a gradient of H2O (buffer A) and 50% 
methanoll  (buffer B). The gradient used was: 10 minutes at 90% buffer A, in 10 minutes to 
50%% buffer A, hold for 10 minutes. Detection of CdA was performed at a wavelength of 265 
nm.. Pure [3H]CdA was obtained by collecting the fraction eluting at 27 minutes. The 
purifiedd [3H]CdA was concentrated by evaporation of methanol. 

2.66 Assay validation 

Thee intra-assay variation of the procedure was assessed by determining the activity of dCK in 
tenn replicate cell pellets of a culture of SK-N-BE(2)c cells, which was harvested divided over 
multiplee cell pellets. The inter-assay (between-day) variation of the procedure was 
determinedd by measuring the activity of dCK on 8 different days in replicate cell pellets of 
SK-N-BE(2)cc cells from the same culture. The reproducibility of the assay is expressed at the 
relativee standard deviation. 
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2.77 Synthesis of 2-Chloro-deoxyinosine 

Cdll  was synthesised both chemically and by enzymatic deamination of CdA. 
Enzymaticc preparation: Enzymatic preparation of 2-chloroinosine from 2-chloroadenosine 
wass previously described by Antonino and Wu [9]. To obtain Cdl, an 8 mM CdA solution 
wass mixed with an equal volume of a 144 U/ml solution of adenosine deaminase and 
incubatedd for 16 hrs at 37 °C. 
Chemicall  synthesis: Cdl was synthesised analogous to the synthesis of 2-chloroinosine as 
describedd by Suzuki et al. [10]. Briefly, dGuo (1 mM) was incubated with 100 mM NaN02 

andd 2 M NaCl in 3M sodium acetate at pH 3.2 at 37 °C for 2 hr. The chemical preparation of 
Cdll  yielded 5.9% Cdl (peak purity). 
Thee spectra of enzymatically en chemically prepared Cdl were recorded an used for 
identificationn of metabolites formed in the dCK assay. 

2.88 Preparation of 2-Chloroadenine and 2-Chlorohypoxanthine 

CAdee and 2-Chlorohypoxanthine were prepared by incubating CdA and Cdl, respectively, in 
0.11 M HC104 for 2 hrs at 37 °C, followed by neutralisation with K2CO3. 

B B 

66 0 - , 

44 0 -

22 0 

1 22 1 E 

66 0 

44 0 -

22 0 

CdA A 

Cdl l 

\\ 2-CI-Hypoxanthine 

1 22 1 f 

r ee te n t i o n t i m e ( m i n ) 

Figuree 1: HPLC elution profiles and UV-VIS absorption spectra of CdA (panel A), Cdl 
(panell  B) and 2-Cl-Hypoxanthine (panel C). The chromatograms were at 265 nm. The 
optimumm absorption wavelength was 265 nm for CdA and 253 nm for Cdl and 2-C1-
Hypoxanthine. . 
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3.. Results 

3.11 Synthesis of CdA metabolites 

Thee enzymatic deamination of CdA resulted in 100 % degradation of CdA and yielded 95% 
Cdll  and 5% 2-Chloro-hypoxanthine (figure 1). The UV-VIS spectrum of enzymatically 
preparedd Cdl corresponded with that of chemically prepared Cdl, thus confirming the 
deaminationn of CdA by ADA. The maximum absorption wavelength of Cdl was 253 nm 
(figuree 1), at which wavelength Cdl was detected in further experiments. When the 
enzymaticallyy prepared reaction mixture was treated with 0.1 M HCLO4 for two hours, Cdl 
wass hydrolysed to 2-Chloro-hypoxanthine with 100% efficiency (figure 1). 
Acidd hydrolysis of CdA resulted in 100% breakdown of CdA and yielded > 95% CAde. The 
preparationn of CAde by acid hydrolysis of CdA is depicted in figure 2. 

600 T CdA 40 -

200 25 30 0 

2200 240 260 280 300 

retentionn time (min) wavelength (nm) 

Figuree 2: CAde was prepared from CdA by acid hydrolysis (panel A) and the UV-VIS 
absorptionn spectrum was recorded (panel B) and the absorption maximum was determined to 
bee 265 nm. 

3.22 HPLC analysis and identification of metabolites 

Inn order to determine the amount of CdAMP formed in the reaction mixture during the 
incubationn time, we separated CdA and CdAMP by reversed-phase HPLC. Using the gradient 
systemm described in the materials and methods section, we achieved complete baseline 
separationn (figure 3). The optimal detection wavelength of CdA and CdAMP proved to be 
2655 nm, as determined by recording the spectra of these compounds under the conditions 
described.. The minimum amount of CdA that could be detected was 1 pmol. The identity of 
thee CdAMP peak was confirmed by comparison of absorption spectra and the retention time. 
Figuree 3 shows that CdAMP is formed during the dCK assay, as it was not detected in 
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reactionn blanks. When the reaction was performed in the presence of 5 mM dCyd, the 
phosphorylationn of CdA by dCK was nearly completely inhibited. 
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Figuree 3: Elution profile of a 
standardd dCK assay performed 
withh SK-N-BE(2)c cells. Panel 
AA shows the elution profile of 
aa reaction blank. The elution 
profilee of the reaction mixture 
iss shown in panel B. 

Besidess CdAMP, another metabolite, which eluted before CdAMP, was formed when the 
dCKK assay was performed in SK-N-BE(2)c cells. The formation of this metabolite proved to 
bee inhibited by the presence of 10 mM NaF. Therefore, the assay was repeated without the 
presencee of NaF, in order to facilitate the identification of this unknown metabolite. Based on 
thee retention time, the match of the UV-VIS absorption spectrum with chemically prepared 
CAdee and spiking the reaction mixture with chemically prepared CAde, it was demonstrated 
thatt CAde was formed from CdA during the assay procedure. In order to determine whether 
CAdee was formed from CdA or CdAMP, the assay was repeated in the presence of excess 
dCydd (5 mM) which completely inhibited the phosphorylation of CdA. Figure 4 shows that 
CAdee was also formed when the assay was performed in the presence of 5 mM dCyd, 
indicatingg that CdA is directly metabolised to CAde. 
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Whenn the assay was performed with MOLT-3 cells, a metabolite was observed that eluted 
afterr CdAMP (figure 5). The UV-VIS absorption spectrum of this spectrum resembled that of 
inosine,, and had an absorption maximum at 253 nm. Therefore, we prepared Cdl from CdA 
bothh enzymatically and chemically, with the purpose to record the UV-VIS absorption 
spectrumm of Cdl. The UV-VIS spectrum of the unknown metabolite formed in lysates of 
MOLT-33 cells corresponded with that of chemically and enzymatically prepared Cdl. 
Subsequentlyy a sample was spiked with enzymatically prepared Cdl, which confirmed that 
CdAA was deaminated to Cdl in lysates of MOLT-3 cells. When the assay was repeated in the 
presencee of 5 mM dCyd, the phosphorylation of CdA was >95% inhibited. However, the 
deaminationn of CdA to Cdl was unaffected, which indicated that Cdl is directly formed from 
CdA. . 
Repeatingg the dCK-assay with radioactive CdA as a substrate confirmed that CdAMP, CAde 
andd Cdl were the only metabolites formed and thus the sum of the substrate and metabolites 
accountedd for all radioactivity added to the assay mixture. 
Thee intra-assay C.V. and the inter-assay C.V. for the complete assay, including HPLC 
detectionn and protein determination, were 4.3 % (n = 10) and 10.9 % (n = 8), respectively. 

Figuree 4: Elution profile 
off  the dCK assay 
performedd without NaF 
(panell  A). Homogenised 
SK-N-BE(2)cc cells were 
addedd to the reaction 
mixturee to a density of 
200 x 106 cells/ml. The 
phosphorylationn of CdA 
wass inhibited > 90% by 
thee addition of 5 mM 
dCyd,, while CdA was 
stilll  metabolised to 
CAdee (panel B). 
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Figuree 5: Elution profile 
off  the dCK assay 
performedd under 
standardd conditions, 
usingg MOLT-3 cells 
(panell  A). The presence 
off  5 mM dCyd in the 
reactionn mixture 
completelyy inhibited the 
phosphorylationn of CdA, 
butt not the deamination 
off  CdA to Cdl (panel B). 

3.33 Reaction conditions 

Figuree 6 shows that the amount of CdAMP produced by dCK from SK-N-BE(2)c cells 
increasedd linearly with the amount of protein added to the reaction mixture in the range of 
0.66 pg to 18 pg, which corresponded to a concentration in the assay mixture of 12 ug/ml to 
3800 ug/ml. The highest amount of protein in figure 2 corresponds with 0.25 x 106 SK-N-
BE(2)cc cells added to the reaction mixture. The reaction was linear up to approximately 0.75 
xx 10 cells in the assay, which corresponded with a cell density of 15 x 106 cells/ml. At 
higherr cell densities, a deviation from linearity was observed with respect to the amount of 
CdAMPP formed and the amount of protein added (data not shown). 

Withh respect to the time dependence of the dCK reaction, the formation of CdAMP from 
CdAA by dCK from SK-N-BE(2)c cells was linear with reaction times up to at least 180 min 
(figuree 7). 

Approximatelyy 8 x 103 cells proved to be sufficient to measure the specific dCK activity in 
SK-N-BE(2)cc neuroblastoma cells. By using the assay we have developed, we have measured 
thee specific activity of dCK in SK-N-BE(2)c neuroblastoma cells, HL-60 acute 
promyolocyticc leukaemia cells and MOLT-3 acute lymphoblastic leukaemia cells (table 1). 
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Thee specific activity of MOLT-3 cells proved to be 2 and 5 times higher than that of HL-60 
andd SK-N-BE(2)c cells, respectively. 
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Figuree 6: Protein dependence of the dCK reaction. 
Thee figure shows the amount of CdAMP produced 
byy dCK from SK-N-BE(2)c cells. The reactions 
weree allowed to proceed for 1 h at 37 °C. 
Eachh data point represents the mean of three 
experimentss  SD. 

Figuree 7: Time dependence of the dCK reaction. 
Thee figure shows the amount of CdAMP formed 
byy dCK from SK-N-BE(2)c cells. The dCK 
activityy was measured at a protein concentration 
off  0.39 mg/ml (19.7 ug of protein added to the 
reactionn mixture). 
Eachh data point represents the mean of three 
experimentss  SD 

4.. Discussion 

Inn this paper we developed a fast and sensitive assay of dCK activity in crude cell 
homogenates,, based on a simple, non-radioactive, reversed phase HPLC-method using UV 
detection.. The assay procedure was very reproducible, with an inter assay C.V of 10.9 %. 
Thee major advantages of the assay procedure presented in this paper are that it is much 
cheaperr and less elaborate than the standard procedures, which require the use of radio-
labelledd CdA or dCyd as substrates and analysis by thin layer chromatography or paper 
chromatography.. The advantage of using CdA as a substrate for dCK, in stead of dCyd, is 
thatt it has a higher specificity for dCK than dCyd [7]. Not only is dCyd a substrate for dCK, 
butt it is also a substrate for thymidine kinase 2 [1]. Furthermore, in case that dCyd is used as 
thee substrate for the dCK reaction, the addition of an inhibitor of (d)Cyd deaminase is 
required.. Tetrahydrouridine is a potent inhibitor of (d)Cyd deaminase and is often added to 
thee dCK reaction mixture when dCyd is used as the substrate. When CdA is used as the 
substrate,, the addition of tetrahydrouridine in unnecessary. 
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celll  line 

SK-N-BE(2)c c 

HL-60 0 

MOLT-3 3 

Specificc dCK activity 
(pmol/ugg protein/h) 

32.00  LI 

73.33  1.1 

158.66 0 

CdAA is also a substrate for dGK [11]. However, the dGK activity in our preparations proved 
too be negligible as the phosphorylation of CdA by dCK was completely inhibited by addition 
off  excess dCyd. 

Tablee 1: Specific dCK activities 

inn SK-N-B(2)c, HL-60 and 
MOLT-33 cells. The data shown 

representt the mean of three 

experimentss  SD. 

Ourr standardised assay procedure, was performed at a concentration of 200 mM NaCl. 
Usovaa and Erikkson previously demonstrated that addition of high concentrations of NaCL 
increasedd the activity of purified recombinant dCK, the optimum concentration being 400 
mMM NaCl [12]. However, addition of NaCL in concentrations greater that 200 mM NaCl, 
causedd an unacceptably high standard deviation in our assay (data not shown). This may be 
causedd by denaturation and precipitation of protein due to high ion-strength in the buffer. 
Byy using HPLC analysis, we observed that next to CdAMP, also CAde and Cdl are formed 
underr the assay conditions. CAde and Cdl were metabolised directly from CdA, thus before 
itss phosphorylation to CdAMP. This was confirmed by the fact that in the presence of excess 
dCyd,, a better substrate for dCK than CdA , CAde and Cdl were still formed from CdA. To 
date,, these metabolites of CdA have not been observed by using thin-layer chromatography 
orr weak ion-exchange paper chromatography. Although the formation of CdA and Cdl 
apparentlyy did not affect the dCK reaction, the metabolites of CdA need to be properly 
separatedd in order to make an accurate assessment of dCK activity. 

Withh respect to CdA being metabolised to CAde, our results are in accordance with the in 
vitrovitro observation made by Bontemps and colleagues, who have previously shown that CAde 
wass the major metabolite of CdA in a leukaemic cell line [13]. The conversion of CdA to 
CAdee is most likely catalysed by purine nucleoside phosphorylase. 
Inn the present report, we demonstrate that CdA is deaminated to Cdl in cell lysates prepared 
fromm MOLT-3 cells. Purified, commercially available, ADA also proved to efficiently 
deaminatee CdA. Previously, Antonino and Wu have enzymatically prepared 2-Cl-Inosine 
fromm 2-Cl-adenosine and demonstrated this way that a chlorine atom at the 2-position of the 
adenosine-ringg does not confer resistance to ADA [9]. This and our results are in contrast 
withh the general consensus that CdA is resistant to ADA. 

Thee fact that the specific dCK activity in the leukaemic cell lines was 2-5 times higher than in 
SK-N-BE(2)cc cells correlates well with sensitivity of these types of cancer towards 
cytarabine.. Cytarabine is an analogue of dCyd and is the drug of choice for the treatment of 
patientss suffering from acute leukaemia as it is highly toxic to leukaemic cells. The first and 
rate-limitingg step in the anabolism of cytarabine is its phosphorylation to cytarabine 
monophosphate,, catalysed by dCK. High activity of dCK in leukemic cells correlates with 
theirr sensitivity toward cytarabine. 

115 5 



ChapterChapter 7 

Acknowledgements s 
Thiss study was supported by the "Stichting Kindergeneeskundig Kankeronderzoek". The 
authorss thank Ms. Lida Zoetekouw and Mr. Henk van Lenthe (Department of Clinical 
Chemistryy and Emma Kinder Ziekenhuis, Academic Medical Center, University of 
Amsterdam)) for the useful discussions and their expert advice. 

References s 

1.. Arner ES and Eriksson S (1995) Mammalian deoxyribonucleoside kinases. Pharmacol.Ther. 67: pp 155-
186. . 

2.. Liliemark JO and Plunkett W (1986) Regulation of 1 -beta-D-arabinofuranosylcytosine 5-triphosphate 
accumulationn in human leukemia cells by deoxycytidine 5'-triphosphate. Cancer Res. 46: pp 1079-1083. 

3.. Veuger MJ, Honders MW, Landegent JE, Willemze R, and Barge RM (2000) High incidence of 
alternativelyy spliced forms of deoxycytidine kinase in patients with resistant acute myeloid leukemia. 
BloodBlood 96: pp 1517-1524. 

4.. Ives DH and Durham JP (1970) Deoxycytidine kinase, 3. Kinetics and allosteric regulation of the calf 
thymuss enzyme. J.Biol.Chem. 245: pp 2285-2294. 

5.. Sasvari-Szekely M, Spasokoukotskaja T, Szoke M, Csapo Z, Turi A, Szanto I, Eriksson S, and Staub M 
(1998)) Activation of deoxycytidine kinase during inhibition of DNA synthesis by 2-chloro-2'-
deoxyadenosinee (Cladribine) in human lymphocytes. Biochem.Pharmacol, 56: pp 1175-1179. 

6.. Csapo Z, Sasvari-Szekely M, Spasokoukotskaja T, Talianidis I, Eriksson S, and Staub M (2001) 
Activationn of deoxycytidine kinase by inhibition of DNA synthesis in human lymphocytes. 
Biochem.Pharmacol.Biochem.Pharmacol. 61: pp 191-197. 

7.. Arner ES, Spasokoukotskaja T, and Eriksson S (1992) Selective assays for thymidine kinase 1 and 2 and 
deoxycytidinee kinase and their activities in extracts from human cells and tissues. 
Biochem.Biophys.Res.Commun.Biochem.Biophys.Res.Commun. 188: pp 712-718. 

8.. Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD, Fujimoto EK, Goeke 
NM,, Olson BJ, and Klenk DC (1985) Measurement of protein using bicinchoninic acid. Anal.Biochem. 
150::  pp 76-85. 

9.. Antonino LC and Wu JC (1994) Human IMP dehydrogenase catalyzes the dehalogenation of 2-fl. 
BiochemistryBiochemistry 33: pp 1753-1759. 

10.. Suzuki T, Ide H, Yamada M, Morn T, and Makino K (2001) Formation of 2-chloroinosine from 
guanosinee by treatment of HNO(2) in the presence of NaCl. Bioorg.Med.Chem. 9: pp 2937-2941. 

11.. Zhu C, Johansson M, Permert J, and Karlsson A, (1998) Phosphorylation of anticancer nucleoside 
analogss by human mitochondrial deoxyguanosine kinase. Biochem.Pharmacol. 56: pp 1035-1040. 

12.. Usova EV and Eriksson S (1997) The effects of high salt concentrations on the regulation of the substrate 
specificityy of human recombinant deoxycytidine kinase. Eur.J.Biochem. 248: pp 762-766. 

13.. Bontemps F, Delacauw A, Cardoen S, Van Den Neste E, and Van den Berghe G (2000) Metabolism and 
cytotoxicc effects of 2-chloroadenine, the major catabolite of 2-chloro-2'-deoxyadenosine. 
Biochem.PharmacolBiochem.Pharmacol 59: pp 1237-1243. 

116 6 



Generall  discussion and recommendations 



ChapterChapter 8 

Introductio n n 

Cytotoxicc nucleoside analogues are a class of compounds that is widely used in anti-
cancerr therapy and in anti-viral therapy. Although synthesised over 2-3 decades ago, drugs 
likee AraC, 5-Fluoro-uracil and 6-Mercaptopurine are still being used in the treatment of a 
varietyy of haematological and solid malignancies. The development of new nucleoside 
analoguess is still ongoing. Detailed knowledge of nucleotide metabolism is of pivotal 
importancee for both the design and elucidation of the mechanism of action of novel 
nucleosidee analogues. New nucleoside analogues that in recent years have found their way to 
thee clinic, as potent anti-cancer agents, are 2-Chlorodeoxyadenosine (cladribine, CdA), 1-6-
D-arabinofuranosyl-2-fuoroadeninee (fludarabine, FAra-A) and 2',2'-difluorodeoxycytidine 
(gemcitabine,, dFdC). In addition, many more cytotoxic nucleoside analogues have been 
developedd and are being tested with the aim to improve the treatment of patients suffering 
fromm cancer or viral diseases. 

Ass becomes clear from chapter 1, cytotoxic nucleoside analogues are currently not 
beingg used in the treatment of patients suffering from neuroblastoma. Because the prognosis 
forr patients suffering from high-risk neuroblastoma has not increased significantly over the 
lastt decade, novel approaches towards the treatment of neuroblastoma have to be explored. 
Onee approach is to target the nucleotide metabolism of neuroblastoma cells (and other neural 
crest-derivedd tumours). The studies described in this thesis demonstrate that the nucleotide 
metabolismm of neuroblastoma is a promising target for chemotherapy. Slingerland and 
colleaguess were the first to demonstrate that CPEC has cytostatic activity against human 
neuroblastomaneuroblastoma in vitro (Slingerland et al, 1995a;Slingerland et al, 1995b). These results 
weree part of a series of detailed measurements of the ribonucleotide metabolism of neural 
crest-derivedd cells that showed that an imbalance exists in the pyrimidine metabolism of these 
cellss (Slingerland et al, 1995c;Slingerland et al, 1994). Furthermore, it was demonstrated 
thatt exponentially growing SK-N-SH cells use relatively more uridine than cytidine and that 
thee contribution of CTP synthetase to the cytidine nucleotide pools in exponentially growing 
cellss is more substantial than their differentiated counterparts (Slingerland et al, 1996). 

Inn the present thesis, the effects of CPEC on neuroblastoma cells and mechanism of 
actionn are studied in more detail. The studies described in this thesis clearly demonstrate that 
inhibitionn of CTP synthetase by CPEC is an attractive strategy for chemotherapy in human 
neuroblastomaa cells. 

Combinationn therapy 

Thee main effect of CPEC as single agent proved to be cytostasis (chapter 2). However, 
whenn CPEC was combined with AraC, dFdC or CdA cell death became a much more 
importantt effect. Although pre-incubation with CPEC increased the phosphorylation of all 
threee deoxynucleoside analogues tested in SK-N-BE(2)c cells, there were significant 
differencess between the different analogues. While SK-N-BE(2)c cells were sensitive to AraC 
andd dFdC, they were resistant to CdA. dFdC was, by far the most potent, followed by AraC. 
Inn contrast to AraC, dFdC possesses self-potentiating characteristics as it is an inhibitor of RR 
andd hence stimulates its own phosphorylation via dCK by virtue of dCTP depletion. Despite 
thee fact that CdA is also a self-potentiating agent, no cytotoxic effects were observed in SK-
N-BE(2)cc cells, even though these cells did take-up CdA. CdA has a complex mechanism of 
actionn and also its metabolism is more complex than that of AraC and dFdC. An explanation 
forr the resistance to CdA observed in SK-N-BE(2)c cells, may be competition between CdA 
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andd the abundant dAdo nucleotide pools. Furthermore, CdA is metabolised to 2-
Chloroadeninee (CAde) (Bontemps et al, 2000) which is a substrate for APRT. From CAde, 2-
Chloroadenosine-monophosphatee is synthesised, which is subsequently phosphorylated to the 
di-- and triphospates. 2-Chloro-Adenosine is considerably less toxic than CdA (Bontemps et 
al,al, 2000), likely due to competition with the adenosine nucleotides. 

AA 24-hr pre-incubation with 100 nM CPEC, increased the sensitivity of SK-N-BE(2)c 
cellss towards AraC and dFdC and, surprisingly, sensitised SK-N-BE(2)c for CdA as well. A 
relativee accumulation of AraCMP and CdAMP was observed, which indicates that the rate-
limitingg factor in the anabolism of AraC and CdA in cells treated with CPEC is nuceloside 
monophosphatee kinase activity. In the case of dFdC, the pool sizes of all dFdC metabolites 
weree increased proportionally. This is in line with the findings of van Rompay and colleagues 
whoo have found that dFdCMP is a better substrate for UMP/CMP kinase than AraCMP (Van 
Rompayy et al, 1999). 

Prooff  of principle that pre-incubation with CPEC increases the sensitivity of 
neuroblastomaa towards cytotoxic deoxycytidine analogues was obtained in chapter 5 in which 
sensitisationn of neuroblastoma cells towards dFdC was demonstrated in a panel of cell lines. 
Thesee results strongly suggest that CPEC would be a suitable drug to increase the efficacy of 
dFdCC or AraC. The combination of CPEC and dFdC deserves further pre-clinical 
investigationn in an in vivo model to develop this combination strategy towards a possible 
futuree clinical setting. 

Differentiatio n n 

Inn chapter 6 it was demonstrated that retinoic acid-induced differentiation rendered 
SK-N-BE(2)cc cells resistant to CPEC. The probable causes of this phenomenon were 
decreasedd proliferation and increased salvage of cytidine, which bypasses the inhibition of 
CTPs.. The combination of CPEC and retinoic acid is, therefore, not an attractive combination 
forr chemotherapy. Our observation is in line with those of others who have found that upon 
differentiationn with retinoic acid, neuroblastoma cells became resistant to DNA damaging 
agentss (Biedler et al, 1991;Lasorella et al, 1995;Ronca et al, 1999). A possible explanation 
mightt be that upon differentiation the expression of MYCN decreases (Han et al, 
1995;Spenglerr et al, 1997). MKC/V has an important function in the induction of cell death, as 
itt sensitises neuroblastoma cells for drug-induced apoptosis (Fulda et al, 1999). With respect 
too combination therapy involving retinoids and genotoxic agents, encouraging results have 
beenn obtained using the synthetic retinoid fenretinide. Fenretinide is though to induce 
apoptosiss by induction of oxidative stress via the induction of free radicals (Shen et al, 
1999;Sunn et al, 1999). Combination of fenretinide with cisplatin and carboplatin led to a 
synergisticc increase in the degree of apoptosis induced (Lovat et al, 2000). 

Inductionn of differentiation, instead of cell death, by CPEC and dFdC, as we observed 
inn chapters 2 and 5, may be regarded as useful characteristic of these drugs. A commonly 
encounteredd problem with chemotherapy is the tumour-lysis syndrome. Because many tumour 
cellss become necrotic at the same time, their contents are spilled into the patients' 
bloodstream,, which leads to immune responses and fever. If differentiation induced by CPEC 
andd dFdC proofs to be irreversible, which still has to be investigated, this would be very 
usefull  in the treatment of neuroblastoma. After having reached a fully differentiated state, 
cellss are thought to be removed from the body by means of apoptosis. 

Whyy all tested MXC/V-single copy cell lines and some M^CN-amplified cell lines 
differentiatee when they are incubated with CPEC or dFdC is unclear. When cells are induced 
too differentiate by natural agents, they loose, as a consequence, their self-renewal capacity. It 
mayy be that in the cells, in which differentiation was observed after treatment with CPEC or 
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dFdC,, the process of differentiation is blocked, thus favouring proliferation over 
differentiation.. However, when proliferation is inhibited by treatment with CPEC or dFdC, 
thee process of differentiation may, as a consequence, be allowed to proceed. Previously, it has 
beenn suggested that, during replication of the cellular genome in the S-phase of the cell cycle, 
thee cell is highly susceptible agents that induce differentiation by disturbance of the tight 
regulationn of DNA precursor synthesis and utilisation (Hatse et ai, 1999). Further 
characterisationn of the changes that are induced in these cell lines upon incubation with 
cytotoxicc nucleoside analogues would enhance the knowledge on the differentiation inducing 
propertiess of cytotoxic nucleoside analogues. It would be interesting to study the expression 
off  genes that are associated with differentiation, cell-cycle control and apoptosis, such as p53, 
pRb,, bcl-2 and Id2 upon treatment with CPEC and dFdC. The expression/activity profiles of 
enzymess involved in the catecholamine biosynthesis could also provide information regarding 
thee degree of differentiation of cells obtained after treament with CPEC or dFdC. 

Regulationn of dCK activity and expression 

dCKK is the rate-limiting enzyme in the anabolism of deoxynucleoside analogues. We 
observedd that CPEC caused a depletion of the intracellular (d)CTP pool and concomitantly 
increasedd the phosphorylation of AraC, dFdC and CdA. The decreased CTP pool results in 
depletionn of the dCTP pool, which in turn causes inhibition of DNA synthesis and increases 
thee activity of dCK. The activity and/or the expression of dCK is reported to be dependent on 
fourr factors: 
1.. dCK activity is regulated via feedback inhibition by dCTP. Thus, low intra-cellular levels 

off  dCTP increase the activity of dCK (Ives and Durham, 1970). 
2.. The activity of dCK may be cell-cycle dependent, while the mRNA expression is not. 

Cell-cyclee dependent regulation of dCK activity is a much-debated subject, but appears to 
dependd on the type of cell line studied (Arner and Eriksson, 1995). 

3.. Inhibition of DNA synthesis and DNA damage causes an increase in the expression and 
activityy of dCK (Sasvari-Szekely etal., 1998) (Csapo et ai, 2001). 

4.. The dCK activity is regulated by post-translational modification. 
Ourr results suggest that in SK-N-BE(2)c cells all four factors mentioned influence the dCK 
activity.. The fact that the phosphorylation of AraC and dFdC correlates with the cell-cycle 
distributionn is in line with increased dCK activity during the S-phase of the cell-cycle. 
However,, after 4 days of incubation with 100 nM CPEC, the intracellular levels of UTP, ATP 
andd GTP are reduced by 50% when compared to non-CPEC treated controls, while the in 
vitrovitro dCK activity remained elevated. Since UTP and ATP are the phosphate donors utilised 
byy dCK, this may be responsible for the observed decline of the phosphorylation of AraC and 
dFdCC after 4 days of incubation with 100 nM CPEC. The effect observed might still, in part, 
bee cell-cycle dependent. Up to 70% of the cells were arrested in the Go/Gj-phase of the cycle, 
afterr 4 days of incubation with 100 nM CPEC. The intracellular concentration of 
ribonucleotidesribonucleotides of cells in the Go/Gi-phase of the cycle is 30-70% less than that of cells in the 
S-phasee of the cell cycle (van den Berg et ai, 1995;McCormick et ai, 1983). The observed 
depletionn of UTP, ATP and GTP after 4 days of incubation with CPEC might thus be a 
combinedd effect of cell-cycle distribution and prolonged exposure to CPEC. 
Uponn incubation with CPEC, the phosphorylation of AraC and dFdC remains elevated when 
comparedd to non-CPEC treated controls, even after 4 days of incubation with 100 nM CPEC. 
Thiss suggests that dCK activity is regulated in part by the dCTP pool. The mRNA expression 
increasedd upon incubation with CPEC and remained elevated, as was the case for the amount 
off  dCK protein and activity measured in cell lysates. These results suggest that the expression 
off  dCK is increased as a response to inhibition of DNA synthesis or to depletion of (d)CTP. 
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Inn chapter 7, a non-radioactive procedure to measure the dCK activity in cell lysates is 
described.. In contrast to the elaborate standard procedures using substrates and thin layer 
chromatographyy (TLC) or weak-ion exchange paper chromatography, we developed a 
reversed-pasee HPLC procedure with UV detection. By doing so, we observed a novel 
metabolitee of CDA in cell lysates of MOLT-3 cells, the deamination product 2-Chloro-
deoxinosinee (Cdl), which we probably would not have detected using TLC or paper 
chromatography.. This finding demonstrates that CDA is not resistant to deamination by ADA. 
Cdll  is a very interesting topic of study, because knowledge of its biochemical characteristics 
mayy increase the knowledge and understanding of the metabolism and cytoxicity of CdA. In 
thiss respect, it would be interesting to investigate whether or not Cdl is a substrate for the 
humann (deoxy)nucleoside kinases dCK, dGK and Adenosine kinase. It would also be very 
interestingg to find out if CdIMP is a substrate for adenylosuccinate synthetase. If so, 
adenylosuccinatee synthetase may catalyse the conversion of CdIMP to succinyl-2-Cl-dAMP, 
whichh in turn would be converted back to CdAMP by adenylosuccinate lyase. Conversion of 
CdIMPP to CdAMP via the proposed pathway would salvage the therapeutically valuable 
metabolitess of CdA. 
Theoretically,, CdIMP may inhibit the synthesis of GMP from IMP via XMP, leading to an 
accumulationn of IMP. Considering the chlorine atom at the 2-position of the purine ring of 
Cdl,, CdIMP may be a substrate for IMP dehydrogenase. However, the potential reaction 
product,, 2-Chloro-dXMP, cannot be converted to GMP by GMP synthetase as the chlorine at 
thee 2-position blocks transfer of the amino-group to this position. 

Suggestedd studies for  the futur e 

Ourr studies show that administration of low, but biochemically active, concentrations of 
CPECC is a powerful tool the modulate the cytotoxicity of AraC, dFdC and CdA. As a single 
drug,, CPEC had a profound cytostatic effect on neuroblastoma cells. However, for a possible 
futuree clinical application of CPEC in the treatment of neuroblastoma, or any other solid 
tumour,, its' potential must be sought in combination therapy. Because CPEC caused cytostasis 
ratherr than cell death, from which MyCiV-amplified neuroblastoma cells are capable to 
recover,, it would be better to induce cell death in vivo by combining CPEC with e.g. dFdC. 
Ass of September 2002, a phase I/II clinical trial has been started investigating the 
pharmacokineticc properties and therapeutic effect of CPEC in patients suffering from 
leukaemia.. Given our results obtained neuroblastoma cell lines and pending the results of the 
clinicall  trial, we feel that the possibilities of the use of CPEC for the treatment of 
neuroblastomaa should be further developed. Moreover, from our results, it appeared that 
dFdCC is a very promising agent for the treatment of neuroblastoma as well. In addition to the 
suggestionss above, the following studies are suggested. 

 In chapter 5 we showed that dFdC is a promising drug for the treatment of neuroblastoma. 
Inn neuroblastoma cells that express MYCN, cell death is induced after exposure to dFdC, 
whilee this is not the case in cells that do not express MYCN. Further investigation of the 
effectt of yVfyC/V-expression on the expression and activity of enzymes from the pyrimidine 
pathwayy that are either targets or detoxifying enzymes is, therefore, warranted. The uptake 
andd metabolism of gemcitabine and CPEC should be studied in detail in a panel of 
neuroblastomaa cell lines consisting of both A/KCN-amplified and M^CN-single copy cell 
lines.. These experiments should also be performed in the Shep21N cell line, in which 
MYCNMYCN expression can be turned off after addition of tetracyline to the culture medium. 
Measurementt of the flux of radioactive gemcitabine metabolites combined with in vitro 
enzymee activity assays will give detailed information on the expression of the enzyme 
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systemss involved in both anabolism and degradation of gemcitabine and CPEC in 
neuroblastoma.. Primary target-enzymes to be studied are CTP synthetase, deoxycytidine 
kinase,, ribonucleotide reductase, (deoxy)cytidine deaminase and uridine/cytidine kinase. 

 In this thesis, it is demonstrated that inhibition of CTP synthetase by CPEC stimulates the 
anabolismm and increases the cytotoxicity of the cytotoxic nucleoside analogues AraC, 
dFdCC and CdA. An elegant path to follow would be to target CTP synthetase at the level 
off  mRNA expression, preferentially by stabile, inducible, expression of short interfering 
RNAA (siRNA) with subsequent administration of AraC or dFdC and measurement of dCK 
activity.. This way, interference in metabolic pathways other than the synthesis of CTP is 
excluded,, hence providing proof of principle that inhibition of CTP synthetase stimulates 
thee anabolism of deoxycytidine analogues. 

 Isolation of mammalian, preferentially human, CTP synthetase and subsequent kinetic 
experimentss to determine the number of nucleotide binding sites and their possible 
catalyticc and regulatory function will provide a better understanding of the function of the 
enzyme.enzyme. It may also contribute to the design and synthesis of new inhibitory small 
moleculess with different toxicity profiles than CPEC. 

 A characteristic of dFdC, which certainly deserves attention, is its ability to increase the 
sensitivityy of cells towards ionising radiation (radio-sensitisation or radio enhancement). 
Thee mechanism by which dFdC increases radio-sensitivity is still largely unclear. In some 
celll  lines, radio-sensitisation has been associated with redistribution of the cells to S-phase 
off  the cell cycle, in which they are most sensitive towards ionising irradiation (Latz et al, 
1998).. Radio-sensitisiation by dFdC has also been associated with depletion of the 
intracellularr dATP pool (Shewach and Lawrence, 1995). Because of its radio-sensitising 
potential,, phase I/II clinical trials have been performed combining gemcitabine with 
externall  beam irradiation radiotherapy in adult patients. Although the results are 
promising,, severe toxicity in the field of irradiation due to sensitisation of normal tissue 
hass been reported (Wolff et al, 2001;Eisbruch et al, 2001). Studies in mice, however, 
suggestt that normal tissues recover more quickly from gemcitabine treatment than tumour 
tissuee (Milas et al, 1999). Targeting of radioactivity to gemcitabine radio-sensitised 
tumourr cells would serve a dual purpose. The efficacy of combined chemo- and 
radiotherapyy may be increased, and the injuries inflicted on normal tissue may be reduced 
too a minimum. With respect to the use of radio-sensitising agents, the biology of 
neuroblastomaa cells provides a potentially effective and elegant possibility for combined 
chemo-- and radiotherapy. As mentioned in chapter 1, neuroblastoma cells selectively 
accumulatee the norepinephrine analogue [131I]MIBG . Pre-treatment with dFdC will radio-
sensitisee both normal and neuroblastoma tissue, while radioactivity is selectively targeted 
too neuroblastoma tissue using [13II]MIBG , thus sparing normal tissue. As mentioned, a 
majorr side effect of radio-sensitising agents when combined with external beam 
irradiationn is severe injury to healthy tissue in the field of irradiation. This would 
theoreticallyy be circumvented by the proposed combination of a radio-sensitising agent 
withh addressed radiotherapy. 

 Continuing this line of thought of combined chemo-radiotherapy, it would be interesting 
too study the role of mitochondria in gemcitabine- and ionising irradiation-mediated cell 
death.. The gene coding for the initiator caspase, caspase-8 has been reported to be 
silencedd or deleted in most MYCN-amplified, poor prognosis neuroblastomas (Teitz et al, 
2000).. However, other apoptotic routes can bypass induction of apoptosis by caspase-8. 
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Forr instance, irradiation of mitochondria is a primary event that initiates ionising 
irradiation-inducedd apoptosis (Taneja et ai). Furthermore, Rebbaa and co-workers 
providedd evidence that in neuroblastoma cells apoptosis, induced by genotoxic agents, is 
mediatedd by mitochondria and downstream apoptotic signalling intermediates (Rebbaa et 
al,al, 2001). Gemcitabine is primarily phosphorylated by dCK, but is also a substrate for 
deoxyguanosinee kinase, which is located in the mitochondria, and may therefore be 
metabolisedd in mitochondria (Sjoberg et al, 1998). Incorporation of gemcitabine into 
mitochondriall  DNA might enhance the effect of ionising irradiation on mitochondria and 
thuss increase the induction of apoptosis. To verify this hypothesis, mitochondria from 
gemcitabinee treated neuroblastoma cells need to be isolated, and mitochondrial dFdC 
metabolitess as well as dFdC incorporated into mtDNA need to be measured. The role of 
mitochondriaa in the induction of cell death could be measured by adding of irradiated 
mitochondriaa and mitochondria isolated from irradiated neuroblastoma cells, with and 
withoutt prior incubation with gemcitabine, into naive cell-free extracts. The increase in 
thee activity of effector caspases (caspase-3), compared to untreated controls, would 
providee a measure for the cell death induced by the added mitochondria. 

Summaryy of recommendations: 

RecommendationsRecommendations for future research: 
 The combination of CPEC and AraC or dFdC should be developed further in a pre-clinical 

setting. . 
 Proof of principle that inhibition of CTPs is responsible for the increased anabolism of 

deoxynucleosidee analogues should be obtained. 
 Detailed studies of the metabolism of dFdC in a panel of neuroblastoma cell lines are 

recommended. . 
 The effect of the (over)expression of MYCN on the purine and pyrimidine metabolism in 

neuroblastomaa is highly recommended. 

RecommendationsRecommendations for a possible clinical setting: 
 Retinoic acid should be used with great caution when it is to be combined with an 

inhibitorr of CTP synthetase or inhibitor of CTP de novo synthesis. 
 The combination of CPEC with AraC or dFdC is likely to work best when AraC or dFdC 

aree administered after CPEC rather than simultaneously. 
 Ideally, the dCK activity should be measured in a tumour biopsy when treatment with a 

deoxynucleosidee analogue is intended. 
 The use of dFdC for the treatment of neuroblastoma may be attractive to explore. 
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Neuroblastomaa is the most common extra cranial tumour of childhood and originates from the 
sympatheticc nervous tissue. Poor prognosis for patients suffering from neuroblastoma is 
associatedd with deletion of part of chromosome lp (lp LOH) and amplification of the MYCN 
oncogene. . 

Exponentiallyy growing neuroblastoma cells primarily biosynthesise CTP via CTP synthetase, 
whereass their differentiated counterparts biosynthesise CTP by the salvage of cytidine. 
Cyclopentenyll  cytosine (CPEC) is a compound that in its nucleotide triphosphate form is a 
potentt inhibitor of CTP synthetase. In chapter 2 it is shown that CPEC depleted the cytidine 
nucleotidee pools, causing profound and long lasting cytostasis in MrcTV-amplified and 
A/yCN-singlee copy cell lines. While A/vC/V-single copy cells did not resume proliferation 
afterr treatment with CPEC, the ability of MyCTV-amplified cells to recover from treatment was 
dependentt on the duration of exposure to CPEC and the concentration of CPEC used. In both 
typess of neuroblastoma, CPEC caused retardation in the S-phase of the cell cycle, potentially 
increasingg the sensitivity to cytotoxic deoxynucleoside analogues. 

Thee first and rate-limiting step in the anabolism of deoxynucleoside analogues is catalysed by 
deoxycytidinee kinase (dCK), which is regulated via feedback inhibition by dCTP. Thus, 
depletionn of dCTP by incubation with CPEC should increase the dCK activity. In chapters 3-
5,, we demonstrated that pre-treatment of SK-N-BE(2)c neuroblastoma cells with CPEC 
increasedd the anabolism of cytarabine (AraC) (chapter 3), cladribine (CdA) (chapter 4) and 
gemcitabinegemcitabine (dFdC) (chapter 5). As single drugs, the order of toxicity was dFdC » AraC 
»CdA,, with SK-N-BE(2)c being resistant to CdA. Pre-incubation of SK-N-BE(2)c cells with 
CPECC greatly enhanced the cytotoxicity of AraC and dFdC and rendered them highly 
sensitivee to CdA. The increase in toxicity appeared to be caused by increased accumulation of 
cytotoxicc metabolites. In case of AraC, the increase in AraCTP caused profound inhibition of 
DNAA synthesis, while the CdA metabolite CdAMP appeared to be the major metabolite 
causingg cytotoxicity in neuroblastoma cells. After pre-treatment with CPEC, a relative 
accumulationn of AraCMP and CdAMP was observed, indicating that after release of the 
feedbackk inhibition of dCK, nucleoside monophosphate kinase was the rate limiting enzyme 
inn the anabolism of AraC and CdA. Pre-treatment with CPEC increased the intracellular 
concentrationn of all dFdC metabolites proportionally. The rate-limiting step in the CPEC-
stimulatedd anabolism of dFdC, is the incorporation of dFdC into DNA. An increased 
expressionn and activity of dCK paralleled the increased metabolism of deoxynucleotide 
analoguess during incubation with CPEC, as described in chapter 5. This indicates that CPEC 
causess increased expression of dCK due to depletion of (d)CTP and inhibition of DNA 
synthesis. . 

dFdCC proved to have potent anti-tumour activity against panel of neuroblastoma cell lines, 
consistingg of MyCN-amplified and AfrcW-single copy cell lines. As discussed in chapter 5, 
theree was no difference between the ED50 values for dFdC of MKCTV-amplified and MYCN-
singlee copy cell lines. However, in all A/yC/V-single copy cell lines tested, dFdC induced 
differentiationn without inducing apparent cell death, while in 6 out of 9 A/yC/V-amplified cell 
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liness dFdC did induce cell death. In Shep21N cells, dFdC induced cell death only when 
MYCNMYCN was expressed. The specific dCK activity in A/yCAf-amplified cell lines was 60% 
higherr than in MYCN-single copy cell lines, possibly causing an increased intracellular 
concentrationn of dFdC metabolites in MyCTV-amplified cell lines when compared to MYCN-
singlee copy cell lines. 
Inn chapter 7 it was shown that SK-N-BE(2)c cells were rendered resistant to CPEC after pre-
treatmentt with retinoic acid (all-trans, 9-cis and 13-cis). This was caused by a decreased 
proliferationn rate, combined with a shift of CTP biosynthesis towards salvage of cytidine 
insteadd of CTP synthetase, thus bypassing the inhibitory effect of CPECTP on CTP 
synthetase. . 
Thee dCK activity of the neuroblastoma cell lines tested was measured using a newly 
developed,, non-radioactive, re versed-phase HPLC method with UV detection, described in 
chapterr 8. This method is sensitive, cheaper and less elaborate than the traditional methods to 
measuree dCK activity, which use TLC and paper chromatography to separate the 
radioactivelyy labelled substrate and product. By using reversed-phase HPLC with UV 
detection,, a novel metabolite of CdA was identified: 2-Chlorodeoxyinosine. This 
demonstratess that CdA is a substrate for adenosine deaminase. 
Inn conclusion, the studies presented in this thesis clearly demonstrate that CPEC is an 
excellentt drug to increase the cytotoxic effect of deoxunucleoside analogues in 
neuroblastoma.. Furthermore, dFdC proved to be promising drug for the treatment 
neuroblastomaa in vitro and, therefore, deserves further pre-clinical development towards 
clinicall  application of the drug in the treatment of patients suffering from neuroblastoma. 
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Hett lichaam is opgebouwd uit organen en weefsel, die op hun beurt weer opgebouwd zijn uit 
cellenn die ieder hun eigen specifieke functie hebben. Het is niet moeilijk voor te stellen dat de 
ontwikkelingg van eicel tot volwassen organisme een zeer complexe en fijn gereguleerde 
aangelegenheidd is. In de overgrote meerderheid van de gevallen verloopt deze ontwikkeling 
zonderr problemen. In sommige gevallen worden er fouten gemaakt tijdens de ontwikkeling 
vann embryo. Het DNA, de blauwdruk van de cel, kan bijvoorbeeld beschadigd raken, 
waardoorr een cel niet stopt met delen wanneer dat wel zou moeten, waardoor er nog meer 
abnormalee cellen ontstaan. De populatie van ontspoorde cellen, kanker cellen, die zo ontstaat, 
overleeftt de gezonde cellen en zal deze gaan overwoekeren. Omdat kanker cellen niet stoppen 
mett groeien en dus blijven delen, zijn zij afwijkend van gewone, gezonde cellen. Vormen van 
kankerr die al tijdens de embryogenese ontstaan worden embryonale maligniteiten genoemd. 
Dezee vormen van kanker komen bijna uitsluitend bij (zeer) jonge kinderen voor. Een 
voorbeeldd van een embryonale maligniteit is het neuroblastoom. Het neuroblastoom is een 
kwaadaardigee embryonale tumor die ontstaat in het sympathische zenuwstelsel. De ziekte 
wordtt gekarakteriseerd door een grote klinische verscheidenheid. De huidige prognose voor 
patiëntenn die lijden aan neuroblastomen met uitzaaiingen is zeer slecht. De kans op langdurige 
overlevingg is slechts 10-30%. De slechte prognose is in hoge mate gecorreleerd aan een aantal 
moleculairr biologische kenmerken van neuroblastoom cellen, waarvan deletie van 
chromosoomm lp en amplificatie van het MYCN gen de belangrijkste zijn. MYCN is een 
klassiekk dominant oncogen: overexpressie van dit gen in gezonde cellen leidt tot tumor 
vorming.. MycN is een eiwit dat de groei van de cel stimuleert, een teveel van dit eiwit leidt 
tott ongecontroleerde groei van de cel. 
RNAA is de boodschapper in de cel die er zorg voor draagt dat de coderende delen van het 
DNAA vertaald worden in eiwitten. RNA bestaat uit vier verschillende bouwstenen, 
ribonucleotidenribonucleotiden genaamd, ATP, GTP, UTP en CTP. De ribonucleotiden zijn ook de 
voorloperss voor de aanmaak van het DNA. Van de vier ribonucleotiden komt CTP in de 
laagstee concentratie in de cel voor. In het verleden is gebleken dat kwaadaardige cellen een 
verhoogdee concentratie CTP hebben. De cel kan op drie manieren CTP aanmaken. Twee van 
dezee metabole routes eindigen in een gezamenlijke stap waarbij CTP uit UTP gevormd wordt. 
Dezee stap wordt gekatalyseerd door het enzym CTP synthetase (CTPs). In de andere route 
wordtt cytidine door de cel in drie stappen gefosforyleerd tot CTP, dit wordt de salvage route 
genoemd.. Het enzym CTP synthetase is voor kwaadaardige cellen de voornaamste bron voor 
CTP.. Niet delende en niet kwaadaardige cellen maken voornamelijk gebruik van de salvage 
routee van cytidine. In theorie kunnen kwaadaardige vrij selectief bestreden worden door het 
enzymm CTPs te remmen, en daarmee hun vermogen tot het maken CTP weg te nemen. Een 
remmerr van CTPs is cyclopentenyl cytosine (CPEC), een analoog van cytidine. Om 
werkzaamm te zijn, moet CPEC door de cel worden opgenomen en via de cytidine salvage 
routee tot het corresponderende trifosfaat, CPECTP, gefosforyleerd worden. CPECTP is een 
krachtigee remmer van CTPs en blijf t zeer lang in de cel aanwezig. 
Inn hoofdstuk 2 van dit proefschrift worden de effecten van CPEC op een tweetal 
neuroblastoomm cel lijnen beschreven. De twee gebruikte cellijnen vertegenwoordigen twee 
typenn van neuroblastomen. De ene cel lijn heeft een deletie van de korte arm van 
chromosoomm lp (lp deletie) en amplificatie van het MYCN oncogen (SK-N-BE(2)c), de 
anderee cel lijn heeft deze genetische afwijkingen niet (SK-N-SH). Beide cellijnen waren zeer 
gevoeligg voor CPEC, hoewel de concentratie CPEC, nodig om 50% groeiremming te 
verkrijgenn in SK-N-SH cellen 12.5 maal zo hoog was dan in SK-N-BE(2)c cellen. Na 
behandelingg met CPEC herstelden SK-N-BE(2)c cellen zich slechts moeizaam en SK-N-SH 
cellenn niet. SK-N-SH cellen bleken onder invloed van CPEC zelfs uit te rijpen 
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(differentiëren).. In beide cel lijnen werd CPEC snel opgenomen en veroorzaakte een bijna 
completee depletie van de CTP pool in de cel. Bovendien had behandeling met CPEC tot 
gevolgg dat de cellen er veel langer over deden om hun DNA te dupliceren, waardoor zij zich 
nagenoegg allemaal tegelijkertijd in de verdubbelingfase bevonden (S-fase). In voorgaand 
onderzoekk is gebleken dat een depletie van CTP gepaard gaat met depletie van dCTP, één van 
dee vier bouwstenen van DNA. De cel kan dCTP op twee manieren aanmaken, de ene route 
looptt via CTP en het enzym ribonucleotide reductase, waarbij CTP eerst omgezet moet 
wordenn in CDP. De andere route verloopt door de opname en fosforylering van 
deoxycytidine.. Het enzym dat deoxycytidine omzet in deoxycytidine monofosfaat is 
deoxycytidinee kinase (dCK). Het enzym dCK is weinig actief wanneer de dCTP concentratie 
inn de cel hoog is, maar wordt actief wanneer de dCTP concentratie in de cel laag is. Deze 
eigenschapp van het enzym maakt de combinatie van CPEC met andere verbindingen die op 
deoxycytidinee lijken zeer interessant. In hoofdstuk 3 wordt aangetoond dat na 
voorbehandelingg van neuroblastoom cellen met CPEC, deze gevoeliger zijn geworden voor 
AraC.. AraC is een analoog van deoxycytidine en wordt veelvuldig gebruikt voor de 
behandelingg van patiënten met leukemie. Fosforylering van AraC tot AraCMP wordt 
gekatalyseerdd door dCK en is de snelheidsbepalende stap in de verstofwisseling van AraC. De 
verhoogdee gevoeligheid van neuroblastoom cellen voor AraC werd veroorzaakt door een zeer 
sterkee toename van de opname en verstofwisseling van AraC. Hierdoor werd inbouw van 
AraCC in het DNA sterk verhoogd en tegelijkertijd de aanmaak van nieuw DNA zeer sterk 
geremd.. Deze versterking van het effect van twee stoffen, wanneer zij gecombineerd worden, 
wordtt synergisme genoemd. 
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Figuurr 1: Vereenvoudigde weergave van de biosynthese van CTP. 

Cladribinee is een analoog van deoxyadeosine, dat gebruikt wordt voor de behandeling van 
patiëntenn die lijden aan leukemie. Deoxyadenosine is een voorloper van dATP, één van de 
vierr bouwstenen van het DNA. Hoewel cladribine geen analoog is van deoxycytidine, is ook 
inn de verstofwisseling van cladribine dCK het snelheidsbepalende enzym. In hoofdstuk 4 
wordtt aangetoond dat SK-N-BE(2)c cellen, die resistent zijn voor cladribine, gevoelig 
gemaaktt worden voor cladribine wanneer ze voor behandeld worden met CPEC. Dit komt 
doordatt er dan meer cladribine wordt opgenomen en ingebouwd wordt in het DNA. De 
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concentratiee cladribine monofosfaat in de cel nam sterk toe na voor behandeling met CPEC, 
watt erop duidt dat cladribine monofosfaat een toxische metaboliet van cladribine is. 
Inn hoofdstuk 5 is de combinatie van CPEC en gemcitabine (dFdC) bestudeerd. dFdC is, net 
alss AraC, een analoog van deoxycytidine, maar heeft een veel complexere werking. dFdC 
wordtt door dCK gefosforyleerd tot dFdCMP, en vervolgens tot dFdCDP en dFdCTP. 
dFdCDPP remt de aanmaak van dCTP via ribonucleotide reductase, waardoor de concentratie 
dCTPP in de cel wordt verlaagd en de activiteit van dCK wordt verhoogd. dFdC stimuleert dus 
zijnn eigen opname en fosforylering door de cel. Daarnaast remt dFdC de aanmaak van CTP 
viaa CTPs en de aanmaak van DNA. Bovendien wordt het in DNA ingebouwd op een zodanige 
manierr dat de enzymen die fouten in het DNA corrigeren het ingebouwde dFdC niet kunnen 
verwijderen.. Wanneer we SK-N-BE(2)c cellen voorbehandelden met CPEC, observeerden wij 
eenn spectaculaire toename van de opname en fosforylering en inbouw in het DNA van dFdC. 
Dezee toename ging gepaard met een verhoogde aanmaak en daarmee activiteit van dCK. Dit 
toontt aan dat remming van CTPs een opregulatie van dCK bewerkstelligt. De efficiëntere 
opnamee van dFdC resulteerde er in dat de doses die nodig waren om 50% groeiremming en 
50%% celdood te bewerkstelligen sterk verlaagd werden. dFdC bleek zeer effectief te zijn 
tegenn zowel neuroblastoom cellijnen met en zonder amplificatie van MYCN. De effectiviteit 
vann dFdC werd versterkt wanneer de cellen werden met CPEC werden voor behandeld. Er 
wass echter een groot verschil tussen de twee typen cel lijnen. MyCN-geamplificeerde cel 
lijnenn werden gedood door dFdC, al dan niet in combinatie met CPEC, terwijl cel lijnen 
zonderr MYCN-amplificatie stopten met groeien en differentieerden. Cel lijnen met MYCN-
amplificatiee hadden een hogere specifieke dCK activiteit dan cel lijnen zonder MYCN-
amplificatie,, hoewel dit niet correleerde met de gevoeligheid voor dFdC. Amplificatie van 
MYCNMYCN lijk t neuroblastoom cellen een basale, in potentie dodelijke, gevoeligheid voor dFdC te 
geven. . 
Neuoblastoomm cellen kunnen aangezet worden tot differentiatie wanneer zij met vitamine A, 
off  stoffen die daar veel op lijken, behandeld worden. De resultaten die in hoofdstuk 6 
besprokenn worden, laten zien dat wanneer neuroblastoom cellen behandeld worden met all-
transtrans retinol zuur de groeisnelheid verlaagd wordt en dat er een belangrijke verandering in de 
aanmaakk van CTP plaats vindt. Terwijl onbehandelde cellen voornamelijk CTP aanmaakten 
viaa CTPs, werd in behandelde cellen CTP voornamelijk aangemaakt via de salvage route van 
cytidine.. Dit had tot gevolg dat cellen die behandeld werden met all-trans retinol zuur 
resistentt werden voor CPEC. 
Inn hoofdstuk 7 wordt een nieuwe procedure beschreven om de activiteit van dCK te meten in 
(neuroblastoom)) cellen. In principe is de beschreven procedure een aanpassing van de reeds 
beschrevenn procedures. Het nadeel van die procedures is dat er gebruik gemaakt wordt van 
radioactievee uitgangsmaterialen en verouderde analyse technieken. Dit maakt de 
enzymactiviteitss assay omslachtig en vooral duur. Onze assay maakt gebruik van niet-
radioactieff  cladribine als substraat en HPLC met UV-VIS absorptie als analytische techniek. 
Hierdoorr is onze methode minder omslachtig, goedkoper en nauwkeurig. Bovendien 
ontdektenn wij door gebruik te maken van HPLC dat gedurende de procedure meerdere 
metabolietenn van cladribine gevormd worden, waaronder een niet eerder beschreven 
metaboliet:: 2-chlorodeoxyinosine. 
Dee resultaten van ons onderzoek tonen aan dat CPEC de effectiviteit van deoxynucleoside 
analogen,, zoals AraC, dFdC en cladribine sterk kan verhogen. Wij hopen dat deze kennis van 
dee manipulatie van het nucleotiden metabolisme van neuroblastoom cellen uiteindelijk zal 
bijdragenn aan de verbeterde behandeling van patientjes die aan neuroblastomen lijden. 
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