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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.. Introduction 

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 
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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.. Materials 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 distribution 

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 

timee (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. 
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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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