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Abstract The effect of the CTP synthetase inhibitor cy-
clopentenyl cytosine (CPEC) on the metabolism and
cytotoxicity of 2¢,2¢-difluorodeoxycytidine (dFdC, gem-
citabine) and the expression and activity of deoxycyti-
dine kinase (dCK) was studied in human neuroblastoma
cell lines. The cytotoxicity of dFdC and CPEC was
studied in a panel of MYCN-amplified and MYCN-
single-copy neuroblastoma cell lines using 3-(4,5-dim-
ethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide-as-
says. dFdC-metabolism was studied in SK-N-BE(2)c
cells using [3H]-radiolabeled dFdC. dCK activity and
expression were measured using enzyme assays, immu-
noblot and quantitative PCR, respectively. Both
MYCN-amplified and MYCN-single-copy neuroblas-
toma cell lines were highly sensitive to dFdC, with
concentration of the drug resulting in 50% effect when
compared to untreated controls (ED50) values in the
nanomolar range after a 3-h exposure to dFdC. There
was no correlation of the observed ED50 with the dCK
activity. Treatment with dFdC induced cell death in
MYCN-amplified cells whereas MYCN-single-copy-cell
lines underwent neuronal differentiation. Pre-incubation
with CPEC significantly increased dFdC-cytotoxicity

from 1.3 to 5.3-fold in 13 out of 15 cell lines. [3H]dFdC-
anabolism increased 6–44 fold in SK-N-BE(2)c cells
after incubation with CPEC and was paralleled by a
significant increase in expression and activity of dCK. In
conclusion, the combination of dFdC and CPEC is
highly toxic to neuroblastoma in vitro.
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Abbreviations dFdC: Gemcitabine, 2¢,2¢-
difluorodeoxycytidine Æ dFdCMP: 2¢,2¢-
difluorodeoxycytidine-5¢-monophosphate Æ dFdCDP:
2¢,2¢-difluorodeoxycytidine-5¢-diphosphate Æ dFdCTP:
2¢,2¢-difluorodeoxycytidine-5¢-triphosphate Æ CdA: 2-
chloro-2¢-deoxyadenosine Æ CdAMP: 2-chloro-2¢-
deoxyadenosine 5¢-monophosphate Æ CI: Combination
index Æ CPEC: Cyclopentenyl cytosine Æ CPECTP:
Cyclopentenyl cytosine-5¢-triphosphate Æ dCK:
Deoxycytidine kinase Æ ED50: Concentration of drug
resulting in 50% effect when compared to untreated
controls Æ MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide Æ Thd: Thymidine

Introduction

Neuroblastoma is the most common extra cranial solid
malignancy in children and is responsible for 15% of all
childhood cancer deaths [13]. Despite extensive efforts to
improve the treatment of patients suffering from neu-
roblastoma, the prognosis for most patients remains
poor. Therefore, new and effective strategies need to be
developed and evaluated.

Poor prognosis is associated with amplification of the
MYCN-oncogene and is found in approximately 25% of
primary, predominantly metastasized, neuroblastomas
[5]. Increased expression of MYCN increases the tran-
scription of multiple genes that function in ribosome
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biogenesis and protein synthesis [4] and enhances pro-
liferation and tumorigenicity [22, 24].

Gemcitabine (dFdC) is an analog of deoxycytidine
and has proven anti-tumor activity in vivo against
pancreatic cancer [21] and non-small-cell lung cancer
[23]. dFdC is a pro-drug that has to be activated by
phosphorylation to its nucleotide-diphosphate and
nucleotide-triphosphate forms to be therapeutically
effective. The first and rate-limiting enzyme in the acti-
vation of dFdC is deoxycytidine kinase (dCK) [17].
dFdC-monophosphate is subsequently phosphorylated
to dFdC-diphosphate and dFdC-triphosphate by
nucleoside monophosphate kinases and diphosphate
kinases, respectively. dFdC interferes with nucleotide
metabolism in a number of ways. dFdC-diphosphate
inhibits ribonucleotide reductase (RR) [15] causing
depletion of the deoxyribonucleotide pools, including
dCTP. Since dCTP is a feedback inhibitor of dCK, the
inhibition of RR by dFdC-diphosphate stimulates the
phosphorylation of dFdC by dCK [15]. dFdC-triphos-
phate is an inhibitor of CTP synthetase [16], DNA
synthesis, DNA repair and is incorporated into the
DNA, causing DNA damage [26]. After one moiety is
incorporated into DNA, one more nucleotide is added,
after which chain elongation stops (masked DNA chain
termination), rendering the dFdC moiety resistant to
excision by DNA exonuclease activity [18].

Cyclopentenyl cytosine (CPEC) is an analog of cyti-
dine, which in its triphosphate nucleotide form, is a
potent inhibitor of CTP synthetase and causes depletion
of both the cytidine ribonucleotide pools and the de-
oxycytidine nucleotide pools [20, 31]. CPEC possesses
anti-tumor activity against leukemia (in vitro and in
vivo) [11, 20, 30] and in vitro against several solid tu-
mors, including neuroblastoma [1, 28]. We have shown
previously that CPEC causes a retardation in the S-
phase of the cell cycle in neuroblastoma cells [1]. The
combination of CPEC with an S-phase-active deoxy-
cytidine analog, like dFdC, is an attractive strategy to
explore. The interaction between CPEC- and dFdC-
metabolism is depicted in Fig. 1. Thus far, no reports
have been published on the cytotoxic effects of dFdC on
neuroblastoma. In the present paper, the cytotoxicity of
dFdC towards a panel of neuroblastoma cell lines,
consisting of MYCN-single copy and MYCN-amplified
cell lines, is reported. Moreover, the modulating effect of
CPEC on the anabolism of dFdC and thereby an in-
crease of cytotoxicity of dFdC is demonstrated.

Materials and methods

Chemicals

Cyclopentenyl cytosine (NSC 375575) was obtained
from the Developmental Therapeutics Program, Na-
tional Cancer Institute (Bethesda, MD, USA). dFdC
was obtained from Eli Lilly (Nieuwegein, The Nether-
lands). [3H]-2¢,2¢-difluorodeoxycytidine 14 Ci/mmol),

was purchased from Moravek Biochemicals (Brea, CA),
[14C]Thymidine (Thd) (2.04 GBq/mmol) was obtained
from Amersham International (Buckinghamshire, UK).
All nucleotide standards and tetracycline were obtained
from Sigma Chemicals (Zwijndrecht, The Netherlands).
Dulbecco’s Modified Eagles Medium, Bovine Fetal
Serum, and Penicillin/Streptomycin/Fungizone-mix
were from BioWhittaker Europe (Verviers, Belgium). L-
glutamine and gentamycin were obtained from Gibco
BRL (Paisley, Scotland). All other chemicals were of
analytical grade.

Cell culture

The SK-N-BE(2), SK-N-BE(2)c, and SK-N-SH neuro-
blastoma cell lines were obtained from the American
Type Culture Collection (Manassas, VA, USA). All
other neuroblastoma cell lines were a generous gift from
Dr. R. Versteeg (Dept. Human Genetics, Academic
Medical Center, Amsterdam, The Netherlands). The
cells were routinely cultured in Dulbecco’s Modified
Eagles Medium (DMEM), supplemented with 2 mM L-
glutamine, 50 I.U./ml penicillin, 50 lg/ml streptomycin,
0.2 mg/ml gentamycin, 0.25 lg/ml fungizone, and 10%
v/v bovine fetal serum at 37�C in humidified (90%) air
with 5% CO2. Shep2 and Shep21N cell lines were
maintained in RPMI 1640 medium with the same sup-
plements plus 10 mM HEPES and 0.15% (w/v) NaH-
CO3. Tetracycline was used at a concentration of 10 ng/
ml to inhibitMYCN expression. It was checked in Shep2
cells that tetracycline did not influence sensitivity in
CPEC or dFdC. Cell cultures were consistently free of
mycoplasma (tested with Mycoplasma PCR ELISA,
Boehringer Mannheim).

Extraction and analysis of radiolabeled nucleotides

Cells were seeded in six well plates at a density of 0.5
·106 cells per well and allowed to adhere overnight. The

Fig. 1 The interaction between cyclopentenyl cytosine (CPEC) and
dFdC metabolism. Bold black arrows indicate reactions that are
stimulated by incubation with CPEC. Large white arrows indicate
target enzymes of CPEC and dFdC, respectively, which are
indicated with italics
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cells were pre-incubated with CPEC for 1–4 days, after
which the medium containing CPEC was removed and
replaced by medium containing 50 nM [3H]dFdC and
250 nM [14C]Thd. Changing the medium removed any
floating non-viable cells, leaving only adherent viable
cells [1]. After 3 h of incubation, the cells were extracted
and analyzed as described previously [2]. Briefly, after
incubation with radiolabeled precursors, the cells were
extracted with perchloric acid (0.4 M) on ice for 10 min
and then centrifuged for 5 min at 4�C at maximum
velocity in a tabletop centrifuge. The supernatant was
neutralized using K2CO3 and was then centrifuged
again. The resulting supernatant was used for the anal-
ysis of free nucleotides. The pellet obtained after the
perchloric acid precipitation was taken up in a 0.2 M
NaOH solution and precipitated again with perchloric
acid (1.2 M). After centrifugation, the protein- and
DNA-containing pellet was dissolved in NaOH and
radioactivity was measured on a ß-counter.

Chemo-sensitivity assay

Cells were plated in 24-wells plates at a density of
20–50 · 103 cells per well and allowed to adhere
overnight. Subsequently, the medium was exchanged
with normal medium or medium containing 100 nM
CPEC. After 24 h, experiments were started by adding
dFdC to a final concentration of 7.8–1000 nM. After
3 h exposure, the medium was changed for normal
medium. The viability of the culture was measured
4 days after exposure using 3-(4,5-dimethylthiazol-2-
yl)-2, 5-diphenyltetrazolium bromide (MTT)-assays.
Concentration of drug resulting in 50% effect when
compared to untreated controls (ED50) values were
deduced from dose-effect curves. LD50 was defined as
the dose causing a 50% decrease in MTT-activity after
exposure to the cytotoxic compounds relative to the
MTT-activity measured prior to the exposure to the
cytotoxic compounds. ED50 and LD50 values were
determined from at least four experiments. The statis-
tical significance was determined using the Student’s t-
test for paired samples, and using the MS Excel com-
puter program.

Differentiation

Differentiation induced by dFdC and/or CPEC was as-
sessed microscopically. Cells with neurites with a length
of approximately twice the diameter of the cell body as
well as cells that were connected to one another by
means of neurites were scored as being differentiated.

Fractional effect analysis

The mode of interaction (synergy, antagonism, and
additivity) was determined by the combination index

(CI), as described by Chou and Talalay [8] and was
calculated for each combination of CPEC and dFdC
using the Calcusyn computer program (Biosoft, Fergu-
son, MO). The qualitative interpretation was made
according to Peters et al. [25].

dCK immuno-blot analysis

The anti-dCK antibody was a kind gift from Prof. Dr. I.
Talianidis (Institute of Molecular Biology and Biotech-
nology, Fo.R.T.H., Heraklion, Greece). Cell extracts
(50 lg) were fractionated on a 15% (w/v) SDS-poly-
acrylamide gel and transferred to a nitrocellulose filter.
Blocking of the membrane was performed for 16 h with
TBS (25 mM Tris, 137 mM NaCl, and 2.7 mM KCl,
pH 7.4) containing 5% (w/v) non-fat dry milk. Subse-
quently, the membrane was incubated for 1 h with a
1:5000 dilution of rabbit anti-rat dCK monoclonal
antibody in TBS, supplemented 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 containing 0.05% (v/v)
Tween 20, 5% (w/v) non-fat dry milk and a 1:5000
dilution of a goat anti-rabbit secondary antibody con-
jugated 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, nitro-
blue tetrazolium, and BCIP, 5-bromo-4-chloro-5-indol-
yl-phosphate (Biorad, Veenendaal, The Netherlands).

dCK mRNA expression

RNA was isolated from SK-N-BE(2)c cells by standard
procedures using TRIZOL (Life Technologies, Breda,
The Netherlands). Subsequently, cDNA was synthesized
from 1 lg RNA in 20 ll 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 glyceraldehydedehydrogenase (GAP-
DH) cDNA were amplified with the Light Cycler-DNA
Master SYBR Green kit (Roche, Basel, Switzerland)
using 1 ll of the cDNA preparation, 5 mM MgCl2 and
0.5 lMof each primer in the PCR reaction. The primers
used to detect dCK (Genbank accession number XM
003471) were forward: 5¢-TGGATTAACCAGTCCA-
GACG-3¢, reverse: 5¢-CAATGAGTGTAGCTCC-
ACTG-3¢. GAPDH (Genbank accession number: XM
006959) was detected using the following primers: for-
ward: 5¢-CAACGACCACTTTGTCAAGC-3¢, reverse:
5¢-TGAGCACAGGGTACTTTATTG-3¢. Amplifica-
tion of cDNA was performed in a 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, in which 0¢¢ means
that upon reaching the programmed temperature, the
apparatus was programmed to proceed immediately to
the next programmed temperature). The data were
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analyzed using the Light Cycler Data Analysis software
(Roche) with the second derivative maximum module.

dCK activity assay

The dCK activity of the neuroblastoma cell lines used
was determined in an reaction mixture containing
500 lM 2-chloro-2¢-deoxyadenosine (CdA), 5 mM
ATP, 5 mM MgCl2, 200 mM NaCl, 10 mM NaF, and
6 mM DTT . Separation of CdA and 2-chloro-2¢-de-
oxyadenosine 5¢-monophosphate (CdAMP) was per-
formed using reversed-phase HPLC [3].

Results

Modulation of dFdC metabolism by CPEC

Pre-treatment of SK-N-BE(2)c cells with 100 nM CPEC
for 1–4 days, followed by a 3-hr incubation with 50 nM
[3H]dFdC, strongly increased the anabolism of dFdC in
a time-dependent manner. Pre-incubation with 100 nM
CPEC for 1–3 days increased dFdC-anabolism 17 to 40-
fold, while 4 days of pre-incubation with CPEC in-
creased dFdC metabolism seven fold (Fig. 2).

The 2¢,2¢-difluorodeoxycytidine-5¢-monophosphate
([3H]dFdCMP) pool increased 54-fold after 3 days of pre-
incubation with 100 nM CPEC. However, the predomi-
nant [3H]dFdC metabolite was 2¢, 2¢-difluorodeoxycyti-
dine-5¢-triphosphate ([3H]dFdCTP). A 39-fold increase in
[3H]dFdCTP accumulation was observed after 3 days
of pre-incubation with 100 nM CPEC. 2¢, 2¢-dif-
luorodeoxycytidine-5¢-diphosphate ([3H]dFdCDP) was
the smallest pool of the [3H]dFdC metabolites, regardless
of the presence or absence of CPEC. CPEC 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 increased
incorporation of [3H]dFdCTP into DNA (6–44 fold),
after pre-incubationwithCPEC, paralleled the increase in
[3H]dFdC nucleotides. After 4 days pre-incubation with
100 nM CPEC, phosphorylation of [3H]dFdC decreased
when compared to 1–3 days of pre-incubation. The ob-
served decrease in phosphorylation of [3H]dFdC, coin-
cided with a decrease of approximately 50% of the
intracellular UTP-, ATP- and GTP-pools (data not
shown).

No deaminated metabolites of dFdC were observed
in the extracts of non-CPEC and CPEC-treated SK-N-
BE(2)c cells. Hence, dCMP deaminase activity was not
considered to be significant in this cell line.

The incorporation of [14C]TTP into DNA was
inhibited by 50–77% by 100 nM CPEC in SK-N-BE(2)c
cells, depending on the length of the incubation and by
70% by 50 nM dFdC after 3 h of incubation (Table 1).

Fig. 2 The effect of pre-incubation with CPEC on the metabolism
of dFdC. SK-N-BE(2)c cells were incubated with 100 nM CPEC
and, subsequently at the indicated time-points incubated with
[3H]dFdC as described in materials and methods. panel A:
intracellular 2¢,2¢-difluorodeoxycytidine-5¢-monophosphate
([3H]dFdCMP) (black bars) and 2¢,2¢-difluorodeoxycytidine-5¢-
diphosphate ([3H]dFdCDP) pools (hatched bars). panel B: intracel-
lular 2¢,2¢-difluorodeoxycytidine-5¢-triphosphate ([3H]dFdCTP)
pools (black bars) and [3H]dFdC incorporated in DNA (hatched
bars). The results show the mean of three experiments ±SD

Table 1 The effect of 100 nM cyclopentenyl cytosine (CPEC) and 50 nM [3H]dFdC on DNA synthesis as measured by [14C]TTP
incorporation. The values shown are the mean of three experiments ± SD

Pre-incubation
time with 100 nM
CPEC (days)

No pre-incubation 1 2 3 4

[14C]TTP in DNA
(pmol/lg protein)
CPEC only

0.911±0.021
100%

0.454±0.012
50%

0.243±0.016
27%

0.276±0.015
30%

0.211±0.010
23%

[14C]TTP in DNA
(pmol/lg protein)
CPEC + dFdC

0.276±0.009
30%

0.070±0.004
8%

0.051±0.012
6%

0.155±0.009
17%

0.049±0.003
5%
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DNA synthesis was profoundly inhibited (83–95%) by
the combination of 100 nM CPEC and 50 nM dFdC.

dFdC cytotoxicity and its modulation by CPEC

Concentration of drug resulting in 50% effect when
compared to untreated controls values for dFdC were
determined in a panel of neuroblastoma cell lines,
consisting of MYCN-single copy and MYCN-ampli-
fied neuroblastoma cell lines. In 14 out of 15 cell lines
ED50 values could be determined (Table 2). ED50

values ranged from 12 to 175 nM, with no apparent
difference between MYCN-single copy and MYCN-
amplified cell lines. After a 24-h pre-incubation with
100 nM CPEC, the ED50 values were significantly
lowered by 21–80% in 13 cell lines with no apparent
difference between MYCN-single copy and MYCN-
amplified cell lines.

LD50 values were determined in the same panel of
neuroblastoma cell lines (Table 2). The LD50 values of
MYCN-amplified cell lines varied between 16 and
202 nM dFdC. After pre-incubation for 24 h with
100 nM CPEC, the LD50 values were lowered by 8–
84%. The SK-N-BE(2) cell line, in which no LD50 value
could be determined without pre-incubation with
100 nM CPEC, was sensitized towards dFdC by CPEC.
In none of the MYCN-single-copy cell lines LD50 values
could be established, with or without pre-incubation
with CPEC. All MYCN-single copy cell lines differen-
tiated after treatment with dFdC. Differentiation was
also observed in the MYCN-amplified cell lines SK-N-
BE(2), SJNB10 and SJNB8.

The time-dependence of modulation of dFdC
cytotoxicity by CPEC

The modulating effect of CPEC on the efficacy of dFdC
proved to be time-dependent. LD50 and ED50 values for
dFdC were determined in SK-N-BE(2)c cells that had
been pre-incubated with 100 nM CPEC for 1–3 days
and are shown in Table 3. Fractional effect analysis of
these data revealed a synergistic interaction between
dFdC and CPEC after 1 day of pre-incubation with
CPEC (Fig. 3). After pre-incubation with 100 nM
CPEC for 2 or 3 days, however, the CI versus dFdC
concentration plots indicates synergistic interaction be-
tween CPEC and dFdC for low concentrations of
dFdC, but for higher concentrations of dFdC the cal-
culated CI indicates antagonism.

The effect of MYCN expression on dFdC sensitivity

The effect of MYCN on the cytotoxicity of dFdC was
investigated in the Shep 21N cell line, in which the
expression of MYCN is regulated by a tetracycline
dependent promotor. Shep21N cells were incubated T
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continuously for 3 days with dFdC concentrations be-
tween 2 and 250 nM. The ED50 values were 25 ±1 nM
without tetracycline (MYCN is expressed) and
14±0 nM with tetracycline (MYCN is not expressed). In
the case that MYCN was expressed, the LD50 value was
63±6 nM dFdC, while without MYCN expression no
LD50 value could be established (>250 nM dFdC).
With or without the expression of MYCN, Shep 21N
cells underwent neuronal differentiation upon exposure
to dFdC (data not shown).

Regulation of dCK expression and activity by CPEC

When SK-N-BE(2)c cells were incubated with 100 nM
CPEC for 1–4 days, the amount of dCK protein in-
creased in a time-dependent fashion (Fig. 4A). This in-
crease in dCK protein was paralleled by a 1.8 to 2.5-fold
increase in dCK-mRNA expression (Fig. 4B). Further-
more, the dCK activity increased two to four fold after
incubation with 100 nM CPEC, when compared to non-
CPEC treated cells (Fig. 4C).

dCK activity in neuroblastoma cell lines

The dCK activity was measured in the panel of cell lines
(Table 4). There appeared to be no correlation between
dCK activity in the untreated cells and the ED50 values
for dFdC. In fact, the LAN6 cell line, which is resistant
to dFdC, had the highest dCK activity. However, the
dCK activities of the dFdC-sensitive cell lines differed
markedly between MYCN-single copy and MYCN-
amplified cell lines. While the mean dCK activity of
dFdC-sensitive MYCN-single copy cell lines was
19.0±3.76 pmol/lg protein/h, the mean dCK activity of

MYCN-amplified cell lines was 29.8±5.4 pmol/lg pro-
tein/h (p<0.01).

Discussion

dFdC is an effective agent for the treatment of various
solid tumors such as non-small cell lung cancer and
pancreatic cancer. In this paper, we demonstrate that
dFdC has profound cytotoxic and differentiation
inducing effects in both MYCN-amplified and MYCN-
single-copy neuroblastoma cell lines in vitro. These ef-
fects were observed after very short exposures (3 h) to
dFdC and at very low concentrations (nanomolar
range).

Fig. 3 Combination index for 7.8–500 nM dFdC and 100 nM
CPEC after 1–3 days pre-treatment of SK-N-BE(2)c cells with
CPEC. Solid circles: 1 day pre-treatment with CPEC, solid squares:
2 days pre-treatment with CPEC, solid triangles: 3 days pre-
treatment with CPEC

Fig. 4 The effect of CPEC on Deoxycytidine kinase (dCK)
expression and activity. SK-N-BE(2)c cells were incubated with
100 nM CPEC for 0–4 days. At the indicated time-points the dCK
protein content of the cell cultures was estimated by Western blot
analysis (panel A). The expression of dCK-mRNA was corrected
for GAPDH expression and is shown in panel B. The results shown
are the mean of four experiments ±SD. ** p<0.01. In panel C, the
relative dCK activity of SK-N-BE(2)c cells incubated for 0–4 days
with 100 nM CPEC is shown. 100% dCK activity =
41.9±1.5 pmol 2-chloro-2¢-deoxyadenosine 5¢-monophosphate
(CdAMP)/lg protein/h. The results shown are the mean of three
determinations ±SD

110



The cytotoxic effects observed appeared to be un-
correlated to the dCK activity. However, the cytotoxic
effect of dFdC is not only dependent on dCK activity,
but also on the accumulation of dFdC-metabolites be-
yond dFdCMP, the deactivation of dFdC-metabolites
and on the expression level of the target enzymes.

The effect of dFdC was significantly different between
MYCN-amplified and MYCN-single copy cell lines.
While the major effect in MYCN-single copy cell lines
appeared to be cytostasis associated with the induction
of differentiation, MYCN-amplified cell lines underwent
cell death. This phenomenon was also observed in
Shep21N cells in which cell-death was the predominant
effect whenMYCN was expressed, but whenMYCN was
not expressed, induction of differentiation was the pre-
dominant effect observed. This may be explained by the
fact that MYCN sensitizes neuroblastoma cells for drug
induced apoptosis [12]. The induction of differentiation
in MYCN-single copy cell lines cannot be explained by
the absence of MYCN alone, as dFdC also induced
differentiation in someMYCN-amplified cell lines. It has
recently been demonstrated that MYCN-overexpressing
neuroblastoma cells retain their capacity to undergo
differentiation [10]. In general, MYCN-single copy neu-
roblastomas have a relatively more differentiated phe-
notype than MYCN-amplified neuroblastomas. It may
be that interference in nucleotide metabolism and DNA
synthesis triggers the progression of differentiation in

these neuroblastoma cells with a relatively more mature
phenotype [14].

After pre-incubation with CPEC, the efficacy of
dFdC was significantly increased in 13 out of 15 cell
lines. Metabolic experiments in SK-N-BE(2)c cells
demonstrated that the increased sensitivity was caused
by highly increased levels of dFdC-metabolites and in-
creased incorporation into the DNA after 1–3 days pre-
incubation with CPEC. This increase in dFdC-anabo-
lism declined after 4 days of pre-incubation and was
paralleled by a depletion of the UTP and ATP pools and
by a reduced cytotoxic effect of dFdC. Because UTP and
ATP are the phosphate donors utilized by dCK [7], a
decrease in the UTP and ATP pools may cause a de-
crease of the in situ activity of dCK. Moreover, between
1 and 3 days of incubation with 100 nM CPEC, SK-N-
BE(2)c cells accumulate in the S-phase of the cell cycle.
However, after 4 days of incubation, the cells are ar-
rested in the G0/G1-phase of the cell cycle [1]. It is
known that the intracellular dCK activity is high in the
S-phase of the cell cycle and low in the G0/G1-phase of
the cell cycle. Therefore, a decreased in situ dCK activity
due to G0/G1-phase accumulation also contributes to
the decreased phosphorylation of dFdC [2]. These
observations are supported by the fractional effect
analysis, which indicated a tendency towards antago-
nism for prolonged exposure to CPEC or dFdC con-
centrations greater than 200 nM. The explanation for
the antagonism at high dFdC concentrations is the fact
that at these concentrations dFdC induced almost 100%
toxicity as a single drug. However, the cytotoxic effects
of low doses of CPEC and dFdC that are sub optimal in
a single-drug setting can dramatically be increased when
the drugs are combined at these low doses.

As a result of incubation with CPEC, the dCK-
mRNA and protein expression, as well as the dCK
activity, increased in SK-N-BE(2)c cells. dCK activity is
regulated via feedback inhibition by dCTP [19], while
expression of dCK increases in response to inhibition of
DNA synthesis and DNA damage [6, 9, 27]. By deplet-
ing the CTP pool, CPEC also depleted the dCTP pool
and, hence, inhibited DNA synthesis. These combined
effects may very well have caused the observed increase
in dCK mRNA, protein and activity. As a result, the
increased in situ dCK activity upon incubation with
CPEC caused the increased phosphorylation of dFdC in
SK-N-BE(2)c cells.

2¢,2¢-difluorodeoxycytidine-5¢-triphosphate and
DNA-incorporated dFdC (ratio 2:1) were the predomi-
nant metabolites of dFdC, regardless of the presence or
absence of CPEC. This is in accordance with the results
of Heinemann and colleagues [17]. The fact that no
accumulation of dFdCMP was observed indicated that
the incorporation of dFdC into DNA is the rate-limiting
step in its anabolism once feed-back inhibition of dCK
has been relieved. In this respect, dFdC-metabolism
differs from AraC-metabolism, of which UMP/CMP
kinase is the rate-limiting enzyme once feedback inhi-
bition of dCK is relieved [2]. This is in accordance with

Table 3 Time-dependence of modulation of dFdC cytotoxicity by
CPEC in SK-N-BE(2)c cells

Pre-incubation
time with 100 nM
CPEC (days)

No pre-incubation 1 2 3

ED50(nM) 175±20 34±4* 20±4* 51±24*
LD50 (nM) 725±185 160±21* 51±24* >500

*p<0.001. The results shown are the mean of 4–6 experiments ±
SD

Table 4 Deoxycytidine kinase (dCK) activity of neuroblastoma cell
lines

MYCN-single copy MYCN-amplified

Cell line dCK activity
pmol/lg protein/h

Cell line dCK activity
pmol/lg
protein/h

SK-N-FI 18.1±0.4 KCNR 29.6±0.8
SK-N-SH 16.3±0.4 NMB 27.7±1.4
SK-N-AS 23.1±1.3 SK-N-BE(2) 23.8±0.8
GI-MEN 14.8±4.3 SK-N-BE(2)c 41.9±1.5
LAN6 42.0±1.3 SJNB6 32.6±1.1
SJNB12 24.1±1.5 AMC106 26.1±0.1
Shep2 17.5±2.0 SJNB8 25.9±0.5

N206 29.7±0.5
SJNB10 34.8±3.6

The results shown are the mean of three determinations ±SD
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the observation by van Rompay and colleagues who
showed that dFdCMP is a better substrate for human
UMP/CMP kinase than AraCMP [29].

In conclusion, dFdC is a highly potent drug against
both MYCN-amplified and MYCN-single-copy neuro-
blastoma cells. Both the cell-death and differentiation
inducing properties of dFdC are of great relevance to the
treatment of neuroblastoma. We feel that dFdC deserves
further development towards a clinical application in the
treatment of patients suffering from neuroblastoma.
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