
Abstract. Cyclopentenyl cytosine (CPEC), targetting the
de novo biosynthesis of cytidine triphosphate (CTP), increases
the cytotoxicity of gemcitabine (2',2'-difluoro-2'-deoxycytidine,
dFdC) alone and in combination with irradiation in several
human tumour cells in vitro. We investigated whether CPEC
enhances the therapeutic ratio of gemcitabine and irradiation
in human pancreatic BxPC-3 xenografts and in rat syngeneic
L44 lung tumours. These models were selected because
gemcitabine and radiation are used to treat both pancreatic
and lung cancer patients and both models differ in growth
capacity and in gemcitabine-induced radiosensitisation. A
profound dose-dependent CTP-depletion was observed after
a single injection of CPEC in both tumour tissue and in normal
jejunum. In both models, CPEC alone induced a slight but
significant tumour growth delay. The combination of CPEC
with gemcitabine, at time intervals that showed CTP-depletion
after CPEC, enhanced neither tumour growth delay nor
toxicity as compared to gemcitabine alone. In addition, no
beneficial effect of CPEC was observed in combination
with gemcitabine and radiation. These results suggest that
CPEC and gemcitabine alone as well as in combination with
radiation target a similar cell population in both tumour
models. In conclusion, future clinical development of CPEC
as a modulator of gemcitabine combined with radiation is
unlikely.

Introduction

Despite the progress in diagnostic tools, approximately half
of all patients suffering from pancreatic cancer presents
with locally advanced disease with a very poor prognosis (1).
Currently, gemcitabine (Gemzar®, 2',2'-difluoro-2'-deoxy-
cytidine, dFdC) is the standard treatment for these patients,
but with only marginal clinical benefit (2). Since gemcitabine
enhances the radiosensitivity of tumour cells in vitro and
in vivo (3-10), several phase I and II studies have investigated
concurrent gemcitabine and radiotherapy. Unfortunately,
acute gastrointestinal toxicity was encountered with standard
doses of gemcitabine and radiotherapy, which depended on
the irradiated volume (11-14). Also in patients with non-
small cell lung cancer (NSCLC) caution needs to be used,
when gemcitabine and radiotherapy are applied concurrently
(15). Reduction of the dose of gemcitabine, radiation or the
radiation volume appears to facilitate concurrent chemo-
radiotherapy, but this may reduce the anti-tumour effective-
ness.

Recently, we showed that targeting the de novo pathway
for the synthesis of cytidine triphosphate (CTP) by cyclo-
pentenyl cytosine (CPEC, NSC 375575) in human pancreatic
carcinoma and NSCLC cell lines not only increased the
anabolism and the cytotoxicity of gemcitabine, but also
increased the radiosensitisation of gemcitabine (16). CPEC is
a cytidine analogue, which depletes both cytidine pools and
deoxycytidine pools by inhibiting CTP synthetase (17-19).
Because the activity of CTP synthetase has been shown to be
elevated in solid tumours (20) and CPEC has been suggested
to selectively target tumour cells in vivo (21), CPEC could
potentially increase the therapeutic ratio of gemcitabine and
radiation. To test this hypothesis, we used the human pancreatic
BxPC-3 xenograft model, in which gemcitabine combined with
radiation has limited efficacy (9), and the rat lung L44 tumour
model, in which gemcitabine significantly enhanced radiation
effectiveness (10). In this report, we show that CPEC reduces
CTP-levels selectively in tumour tissue and is effective in
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slowing down tumour growth. However, the effectiveness of
gemcitabine either alone or in combination with radiation was
not enhanced by CPEC in both tumour models.

Materials and methods

Drugs and chemicals. RPMI with HEPES, PSG (100* stock of
10000 U/ml penicillin, 10 mg/ml streptomycin and 20 mmol/l
glutamine) were purchased from Gibco-BRL (Paisley, UK),
gemcitabine from Eli Lilly (Nieuwegein, The Netherlands).
CPEC (NSC 375575) was obtained from the Developmental
Therapeutics Program, National Cancer Institute (Bethesda,
MD, USA). All nucleotide standards were obtained from
Sigma Chemicals (Zwijndrecht, The Netherlands). All other
chemicals were of analytical grade and commercially
available.

Tumour models. The L44 is a radiation-induced anaplastic
tumour, originally diagnosed as an adenosquamous lung
carcinoma, which grows in the Brown Norway rat [BN(Orl)Ico,
Charles River, Maastricht, The Netherlands] with a tumour
volume doubling time of about 4 days (22,23). Female BN
rats were inoculated in the flank with tumour pieces of about
2 mm3. L44 tumours were treated at a volume between 500
and 1000 mm3 (mean ± SE: 632±36 mm3).

The BxPC-3 is a moderately well to poorly differentiated
pancreatic carcinoma, originally derived from a 61-year old
female (24), which grows in athymic nude mice with a tumour
doubling time of about 10 days. The human pancreatic cell
line BxPC-3 (American Type Culture Collection, Manassas,
VA, USA) was grown as a monolayer in RPMI with HEPES
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and PSG at 37˚C at 5% CO2. BxPC-3 cells were
passaged twice weekly to ensure exponential growth. Female
nu/nu mice (6-8 weeks old, Harlan Sprague-Dawley, Horst,
The Netherlands) were subcutaneously injected with 107

BxPC-3 cells mixed (1:2) with Matrigel (BD Biosciences,
Erembodegem, Belgium). BxPC-3 tumours were treated at a
volume between 200 and 500 mm3 (mean ± SE: 353±24 mm3).
All animal experiments were approved by the animal ethics
committee of the University Medical Center Utrecht (L44
model) and of the Academic Medical Center in Amsterdam
(BxPC-3 model).

Chemotherapeutic treatments. CPEC was administered by an
i.p. injection of various doses based on earlier results of mice
and rat studies (21,25). A pilot experiment in BN rats without
tumours was performed to show that CPEC up to a dose of
90 mg/kg did not result in any toxicity for at least 3 months
after treatment. Lack of toxicity of CPEC alone in rats is in
agreement with data showing no toxicity after an i.v. bolus of
20 mg/kg (26) or after i.p. treatment with doses up to 90 mg/kg
(25). Treatment with CPEC was considered t=0 h throughout
this study.

Gemcitabine was administered at various time intervals
after treatment with CPEC by an i.p. injection of 120 or
240 mg/kg once a week for two consecutive weeks in the
BxPC-3 model (6,9) and of a single i.p. injection of 30 mg/kg
in the L44 model (10).

Radiation treatments. Irradiation was applied in both models
24 h after treatment with gemcitabine because of the reported
largest therapeutic benefit in animal models (6,9,10). For
the L44 model, X-ray doses of 10 Gy (200 kVp, 20 mA,
0.5 mm Cu, dose rate 4 Gy/min; Philips Orthovolt RT250)
were administered locally under hypnorm/dormicum anes-
thesia.

For the BxPC-3 model, animals received a dose of 3 Gy
once a week for two consecutive weeks by whole-body irra-
diation using a 137Cs-source (Cis Bio International IBL637,
Gif-sur-Yvette, France) at a dose rate of ~1 Gy per minute
without anesthesia. A pilot experiment in nude mice without
tumours was performed to show that this treatment did not
result in any toxicity for at least 3 months after treatment.

In vivo end-points. Tumours were measured 1-2x per week
with Vernier calliper and tumour volume was calculated as
based on two orthogonal cross-sectional diameter measure-
ments (V = 0.5a2b, with a the smallest diameter). Toxicity
was evaluated 1-2x per week by body-weight measurements
and the general physical condition of the animals.

At several time intervals after administration of CPEC,
the proximal part of the jejunum (~3 cm) and tumour tissue
were isolated and within 1 min snap-frozen in liquid nitrogen
and stored for nucleotide analysis at -80˚C. The tissue was
grinded in liquid nitrogen using a morter and after evaporation
of the nitrogen the tissue was quickly extracted with 200 μl
of ice-cold 0.4 M perchloric acid for 10 min on ice. The
resulting suspension was centrifuged at 10,000 g at 4˚C for
5 min. Supernatant was removed, neutralised with K2CO3 and
used for HPLC analysis. Nucleotide profiles were determined
by ion-exchange HPLC, using a Whatman (Clifton, NJ)
Partisphere SAX 4.6x125 mm column (5-μm particles) and a
Whatman 10x2.5 mm AX guard column (27).

Results

Biological activity of CPEC. To verify that CPEC was targeting
CTP synthetase in our tumour models, the CTP/UTP ratios
were analysed in both tumour tissue and jejunum (as the
normal tissue at risk for chemoradiotherapy for pancreatic
tumours) at several time-points after a single treatment with
different doses of CPEC. In the subcutaneous human
pancreatic BxPC-3 xenograft model in nude mice, the i.p.
administration of CPEC was able to significantly reduce
CTP/UTP-levels in tumours at a dose of 3 mg/kg (Fig. 1A).
A higher dose of 10 mg/kg resulted in a slightly increased
effect, but the kinetics were quite similar with a decrease
in CTP/UTP ratios lasting for at least 48 h. Comparing the
CTP/UTP levels in tumour tissue with those in jejunum showed
that only at 48 h after 3 mg/kg CPEC there was a significant
selective targeting of CTP/UTP levels in tumour tissue
(Fig. 1B). For treatment with 10 mg/kg however, we found a
selective targeting in tumour tissue from 16 to 48 h after
treatment. Subsequently, we found that CPEC was also able
to transiently decrease CTP/UTP levels in the subcutaneous
rat L44 tumour model (Fig. 1C).

Anti-tumour activity of CPEC. Next, the anti-tumour effects
of CPEC alone in doses that were able to decrease CTP/UTP
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ratios in the human pancreatic BxPC-3 xenografts were
investigated (Fig. 2A). Treatment with either 3 or 10 mg/kg

resulted in a similar tumour growth delay of ~7 days in the
BxPC-3 xenograft. A dose of 20 mg/kg CPEC caused a
growth delay of 3 days in the L44 tumour (Fig. 2B). With
respect to toxicity of CPEC-treatment we noted that in about
half of the nude mice treated with 10 mg/kg CPEC small,
subcutaneous bleedings occurred (Fig. 2C). The bleeding
always recovered within 1 week after CPEC administration
and were not accompanied by significant weight loss or other
types of toxicity. In the BN rats, subcutaneous bleeding was
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Figure 1. Kinetics of CTP-levels in tissue after a single treatment with
CPEC. The CTP/UTP ratio as compared to untreated control animals in
tumour tissue of human pancreatic BxPC-3 xenografts in nude mice (A) and
rat lung L44 (C) is plotted against time after CPEC-administration with
indicated doses. The ratio of CTP/UTP-levels of tumour tissue and jejunum
after CPEC-administration is shown for human BxPC-3 xenografts in nude
mice (B). A ratio below 1 indicates tumour selective CTP-depletion. Means
with standard errors are shown of at least three animals in two separate
experiments.

C

Figure 2. CPEC reduces growth of human pancreatic BxPC-3 xenografts
in nude mice (A) and rat lung L44 tumours (B). The tumour volume as
compared to the start of treatment is plotted against time after treatment with
CPEC at indicated doses. Means with standard errors are shown of at least
three animals. Examples of subcutaneous bleedings in two nude mice (middle
and right) treated with 10 mg/kg CPEC at 48 h after administration (C). An
untreated animal (left) is shown for comparison.
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not observed, even when doses up to 90 mg/kg were used.
No significant reduction of body weight was encountered
after treatment with CPEC in both animal strains.

Anti-tumour activity of combined treatments. Based on our
observation that CPEC (3 mg/kg) selectively targeted
CTP/UTP levels at 48 h after treatment (Fig. 1B), we first
combined this dose of CPEC with dFdC at this time-point.
Disappointingly, no differences were observed as compared
to treatment with dFdC alone (Fig. 3A). In addition, no
significant increase in tumour growth delay was observed in
the BxPC-3 model when dFdC was administrated 16 h after
the treatment with CPEC (Fig. 3B). At this time interval, an
optimal reduction in CTP/UTP ratios in tumour tissue was
present (Fig. 1). Because the interaction between CPEC and
dFdC depended on the dose of both drugs in vitro (16), we
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Figure 3. CPEC does not enhance the effectiveness of dFdC in human
pancreatic BxPC-3 xenografts in nude mice (A and B) and rat lung L44
tumours (C). The tumour volume as compared to the start of treatment is
plotted against time after treatment with CPEC and gemcitabine (dFdC) at
indicated doses. Treatment with dFdC was performed at 48 h (A) or 16 h (B
and C) after CPEC-administration. Means with standard errors are shown of
at least three animals.

Figure 4. CPEC does not enhance the effectiveness of dFdC in combination
with radiation (XRT) in human pancreatic BxPC-3 xenografts in nude mice
(A) and in rat lung L44 tumours (B). The tumour volume as compared to the
start of treatment is plotted against time after treatment with CPEC,
gemcitabine (dFdC, at t=16 h after CPEC) and XRT at indicated doses.
Tumour growth curves of CPEC alone, dFdC alone, CPEC+dFdC and
CPEC+XRT are similar to XRT alone and are not shown for clarity. Means
with standard errors are shown of at least three animals.
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tested different doses of both CPEC and dFdC in the BxPC-
3 model, but tumour growth delay of combined treatments
were not significantly larger than for dFdC alone (data not
shown). Also in the L44 tumour model, CPEC (20 mg/kg)
did not enhance the effectiveness of dFdC alone (Fig. 3C).

Finally, CPEC was combined at several time intervals
with dFdC and irradiation schedules, which have been
reported for human pancreatic BxPC-3 xenografts (9) and
for rat lung L44 tumours (10). The addition of CPEC to the
combination of dFdC and radiation did not result in a
significantly larger effect on tumour growth delay in either
tumour model (Fig. 4).

Discussion

Since its discovery as an anti-tumour agent, CPEC has shown
activity in leukemia, glioblastoma, neuroblastoma, colon
carcinoma, non-small cell lung carcinoma and pancreatic
carcinoma (16,18,21,27-29). The target of the triphosphate
form of CPEC is CTP synthetase, which catalyses the
conversion of UTP into CTP. A decrease in CTP/UTP levels
has therefore been used to demonstrate biological activity
both in cell culture (16-19) and in patients samples (30,31).
CPEC already entered phase-I clinical testing as a single
treatment modality. This trial included 26 patients with various
solid tumours, but was prematurely stopped because of fatal
hypotension in two patients (30). However, direct cardio-
toxicity was not observed when CPEC was given to rats in
doses up to 90 mg/kg (25), leaving the fatal hypotension
encountered in patients unexplained. It has become evident
that CPEC as a single anti-tumour agent has only limited
efficacy (30,32,33). Since CPEC was able to inhibit the
activity of CTP synthetase in bone marrow mononuclear
cells of patients treated with CPEC doses that did not induce
hypotension (30), it was suggested to use CPEC as a bio-
chemical modulator of other chemotherapeutic drugs, such as
cytarabine (Ara-C) and gemcitabine. 

CPEC indeed enhanced the anabolism and cytotoxicity of
cytarabine and gemcitabine have been shown for various
human tumour cell lines (16,18,19,27,34-36). To our know-
ledge there is only one report on the interaction between
CPEC and cytarabine or gemcitabine in vivo. CPEC was
combined with a palmitate derivative of cytarabine in a
murine L1210 leukemia model (37). CPEC at non-toxic
doses (<2.5 mg/kg: two i.p. doses with a 6-h interval on days
4 and 8 after inoculation) increased the effects of lower doses
of cytarabine, while higher dose combinations were toxic. No
additional in vivo studies on the combination of CPEC with
cytarabine or gemcitabine have been published, although the
applicability of modulating the de novo biosynthesis of
nucleotides to enhance the effectiveness of gemcitabine has
been shown in vivo (38). In a nude mouse xenograft model
of human pancreatic carcinoma Miapaca-2 cells, repeated
administration of siRNA against ribonucleotide reductase
enhanced the anti-tumour effect of gemcitabine without
increasing toxicity, while the number of liver metastases was
reduced. To study the efficacy of CPEC combined with
gemcitabine and radiation we used a human pancreas
xenograft model and a rat lung tumour model, in which
gemcitabine alone as well as gemcitabine in combination

with radiation have been described (9,10). These models are
clinically relevant, because gemcitabine is used for the
treatment of patients with both pancreatic and non-small cell
lung cancer. Moreover, gemcitabine is used in combination
with radiotherapy albeit with a small therapeutic ratio (11-15).

Our data clearly show that CPEC is biologically active
because it transiently depletes CTP levels both in tumour
tissue and in the jejunum, which is the critical normal tissue
for chemo-radiation treatment of locally advanced pancreatic
cancer (11-14). We also show prolonged and tumour-selective
depletion of CTP levels that would allow for an increase in
the therapeutic ratio of gemcitabine and radiation. A tumour-
selective depletion within 30 min has been reported in mice
bearing L1210 ascites after an i.p. injection with 1 mg/kg
CPEC (21). The slower kinetics of CTP depletion observed
in our models is probably related to the subcutaneous location
of the tumours.

Unfortunately, CPEC was not able to increase the anti-
tumour efficacy of gemcitabine in different doses and applied
at different time intervals. In addition, we did not observe
any effect on tumour growth delay when CPEC was combined
with gemcitabine and radiation in both tumour models. In
preliminary experiments, this lack of interaction between
CPEC, gemcitabine and radiation was also noted in a model
for the acute reaction of the skin of BN rats bearing L44
tumours (data not shown). The timing of the combined
treatment is very important, because it has been established that
pre-incubation with CPEC but not simultaneous application,
results in supra-additive effects in combination with cytarabine
or gemcitabine in vitro (18,19,27,32,35,36). Enhancement of
the efficacy of gemcitabine by hyperthermia also strongly
depends on the sequence in vitro as well as in vivo (39).
Most studies that investigate the efficacy of combined
antitumour treatments use exponentially growing tumour
cells (16,18,19,27,32,35,36). The importance of S-phase
cells for the efficacy of gemcitabine alone as well as in
combination with radiation has been well established in vitro
and in vivo (5,7). On the other hand, radiosensitisation by
high doses of gemcitabine has been demonstrated for
confluent human tumour cells with reduced proliferation
rates (8). Solid tumours are known to contain only a limited
number of proliferating tumour cells (40), which may be
related to so-called cancer stem cells recently also identified
in pancreatic cancer (41,42). Therefore, we investigated
the efficacy of the combined treatments in two tumour
models with quite different growth rates. Yet, we could not
demonstrate an effect of CPEC on growth delay after
gemcitabine without or with radiation in both tumour models.
The profound dose-dependent CTP-depletion by CPEC in
both tumour models argues against the hypothesis that CPEC
only depleted CTP-levels in cells that were actively cycling.
This may be postulated on the observation that retinoic
acid reduces human neuroblastoma cell proliferation with
a concomitant decrease in the cytotoxicity of CPEC (43).
Therefore, we assume that CPEC, gemcitabine and radiation
target the same cell populations in the tumour models used in
this study.

In conclusion, CPEC has anti-tumour efficacy but it does
not enhance the therapeutic ratio of gemcitabine alone or in
combination with radiation. Future clinical development of
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CPEC as a modulator of gemcitabine combined with radiation
is therefore unlikely.
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