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Abstract. To evaluate the optimal schedule of 5-fluorouracil
(5-FU) radiosensitization in rectal cancer, we investigated the
interaction between radiation and several doses of 5-FU on
colon cancer cell lines based on pharmacokinetics of oral
fluoropyrimidine. Cellular cytotoxicity in colon cancer cell
lines, LoVo, WiDr and Caco-2 was determined, using a WST-8
colorimetric assay, after 24 h exposure to several concentrations
of 5-FU and a radiation dose of 5 Gy. Cells were exposed to
5-FU 24 and 0 h before radiation. 5-FU doses were classified
into three groups: uracil-tegafur (0.01-0.1 yM), S-1 (0.1-
1.0 uM) and pharmacokinetic modulating chemotherapy
(0.1-10 uM). In addition, the effect of 5-FU on the steady-
state levels of a human excision repair cross-complementing
1 gene and cell cycle distribution were examined. Regardless
of time of 5-FU exposure, all cell growth was significantly
inhibited in a dose-dependent manner. In Caco-2 cells, the
cytotoxicity of radiation followed by 5-FU was significantly
greater than that of 5-FU followed by radiation, unlike in the
other cell lines. The growth inhibitory effect of radiation
followed by 5-FU increased in a dose-dependent manner to
reach a plateau at S-1 doses in all cell lines. In cell cycle
distribution, 5-FU exposure for 24 h increased the S phase
fraction in a dose-dependent manner. RT-PCR showed that
5-FU post-treatment graduallly inhibited mRNA expression of
ERCCI1, which may affect recombination repair efficiency,
accounting for the higher tumor sensitivity. Oral fluoro-
pyrimidines, like S-1, that can maintain a constant level of 5-
FU may be an acceptable alternative radiosensitizer to
protracted 5-FU infusion, when the aim of neoadjuvant
chemoradiotherapy for rectal cancer is locoregional control.
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Introduction

The combination of conventional chemotherapy with radiation
is now used in the definitive and adjuvant therapy of the
majority of cancer patients. Randomized trials have shown
that combination treatment improves survival compared with
radiation alone in patients with locally advanced cancers of
the head and neck, lung, esophagus, stomach, pancreas and
rectum. Despite these resounding clinical successes, the
mechanisms by which conventional chemotherapeutic agents
produce radiosensitization remain largely unknown.

5-Fluorouracil (5-FU) is one of the most commonly used
chemotherapeutic agents for colorectal cancer and it has been
used extensively with radiation. There are a number of mecha-
nisms by which 5-FU could increase radiation sensitivity at
the cellular level. One mechanism is thought to be through
the killing of S phase cells, which are relatively radioresistant
(1). This does not account for all of the increased radiation
sensitivity produced by the drug because non-cytotoxic
concentrations can also increase sensitivity. Radiosensiti-
zation under non-cytotoxic conditions occurs only when cells
are incubated with the drug before and during radiation.
Thus, several studies have suggested that 5-FU should be
given continuously during a course of fractionated radiation
to achieve radiosensitization of most fractions (2,3).

We have also reported that irradiation and pharmaco-
kinetic-modulating chemotherapy [PMC; combination of 24 h
continuous infusion of 5-FU and oral uracil-tegafur (UFT)]
resulted in low local and distant recurrence rates, and high
survival rates, even in p53 mutant rectal cancer (4). Moreover,
we experimentally proved a potential mechanism for PMC
effectiveness in p53 mutant colorectal cancer (5). Infusion of
higher 5-FU doses once a week, in combination with lower
5-FU doses using PMC, resulted in two different cytotoxic
effects, depending on dose: a) G1-S phase arrest and apoptosis
with higher 5-FU concentrations, and b) G2-M phase arrest
and mitotic catastrophe with lower 5-FU concentrations. 5-FU
in the form of PMC induces dual antitumor effects in both
p53 wild-type and mutant colon cancer cell lines.

Indeed, the use of protracted venous infusion of 5-FU has
become a standard therapy for rectal cancer (6). However,
protracted venous infusion over a 5- to 6-week period is
relatively complex, requiring specialized pumps and long-term
venous access which makes the patients susceptible to
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Table I. Schematic representation of the chemoradiation
schedules.
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infection or thrombosis. Thus, the introduction of oral forms
of 5-FU, such as capecitabine, UFT and S-1, will make
protracted, concurrent treatment with drugs and radiation far
easier. Although preliminary results using capecitabine and
radiation in rectal cancer have been reported (7,8), current
practices such as radiation technique and chemotherapy
regimen differ between countries, and even between
institutions within the same country. So adjuvant treatment
for rectal cancer is one of the major controversies in
oncology today.

This study aimed to investigate the interaction between
radiation and several doses of 5-FU based on the pharmaco-
kinetics of oral fluoropyromidine for colorectal cancer. In
addition, we evaluated experimentally the optimal schedule
of 5-FU radiosensitization in colorectal cancer.

Materials and methods

Cell lines and culture conditions. Three colorectal cancer cell
lines with different p53 status were used. The cell lines with
wild-type p53 were WiDr and Caco-2, and that with mutant
p53 was LoVo. WiDr, Caco-2 and LoVo cells were grown in
RPMI-1640 medium. All media were supplemented with 10%
fetal bovine serum, 100 U/ml penicillin and 100 pg/ml
streptomycin at 37°C and 5% CO,. Cells were plated at a
density of 1.0x10* cells/cm? plate area and grown for 4 days
prior to further experimentation. All experiments were
performed with exponentially growing cells.

Anticancer agent. 5-FU was obtained from Sigma Aldrich
(St. Louis, MO, USA) and reconstituted in distilled water.
The drug was dissolved in appropriate concentrations of
distilled water and stored at -20°C until needed.

Irradiation procedure. Colorectal cancer cells were irradiated
at room temperature. Cells were treated with 5 Gy of X-ray
irradiation by a LiniAc Philips SL75/5x6 MV. Chemo-
radiation schedules are shown in Table I. The concentration
of 5-FU was as described previously (5). 5-FU exposure
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Table II. Primer sets for reverse transcripion-PCR.

ERCC1
Sense 5'-GGGAATTTGGCGACGTAATTC-3'
Antisense 5'-GCGGAGGCTGAGGAACAG-3
B-actin
Sense 5'-ACAGAGCCTCGCCTTTGC-3'
Antisense 5'-GCGGCGATATCATCATCC-3'

schedules were as follows: i) no treatment with either 5-FU
or irradiation, ii) irradiation alone or iii) 5-FU (0.01, 0.1, 1
and 10 M for 24 h with irradiation). The time-points of 5-FU
exposure were 24 and 0 h before irradiation.

Growth inhibition assay. Cytotoxicity was evaluated by WST-8
[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2, 4-disul-
fophenyl)-2H-tetrazolium, monosodium salt] colorimetric
assay. LoVo, WiDr and Caco-2 cells (5000 cells/well) were
seeded into 96-well cell plates (Becton-Dickinson Labware,
NJ, USA) in 100 pl culture medium for 24 h prior to drug
exposure. After 24 h pre-incubation, cells were treated with
various concentrations of 5-FU for the different protocols.
After drug exposure and/or irradiation, the medium was
discarded and replaced with 90 ul fresh medium, followed by
addition of 10 1 WST-8 solution (Cell Counting Kit;
Dojindo Laboratories, Japan), and incubated for 4 h at 37°C
in an incubator. Cell viability was determined by colorimetric
comparison by reading optical density (OD) values from a
microplate reader (SoftMax, Molecular Devices, CA, USA)
at an absorption wavelength of 450 nm. Cytotoxicity was
evaluated by a Cell Counting Kit according to the manu-
facturer's instructions.

5-FU dosage and pharmacokinetics. Although the IC;, value
(the drug concentration responsible for 50% growth inhibition)
of each drug was usually used for the combination study, as
much as possible, we used the concentration of each drug as
determined from clinical use. 5-FU concentrations were taken
from our previous report (5) and from drug information
obtained from Kyowa Hakko Kogyo (Tokyo, Japan). Assays
of 5-FU plasma concentrations in 23 patients receiving PMC
showed serum concentration of 5-FU was 88-1323 ng/ml
(~0.1-10 uM). Drug information on 5-FU from Kyowa Hakko
Kogyo shows that plasma concentration of 5-FU reaches
15.3 pg/ml (100 M) after bolus injection at 500 mg/kg body
weight, and also reaches 0.6 pg/ml (5 pM) during continuous
infusion at 60 mg/kg every 48 h. In our previous study, UFT
alone showed a maximum plasma concentration of 5-FU of
58.7 ng/ml (0.1 uM). UFT itself could not maintain a constant
level of 5-FU. 5-FU derived from either UFT or S-1 has a half-
life of 40 min and 2-4 h, respectively (9). The plasma 5-FU
concentration was reported to reach a maximum of 1 yM after
2 h of S-1 administration and was maintained at a constant
level even after 6 h (10). Consequently, we classified 5-FU
doses into three groups, UFT (0.01-0.1 xM), S-1 (0.1-1.0 pM)
and PMC (0.1-10 M) based on the pharmacokinetics of oral
fluoropyrimidine.
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Figure 1. (a), Cells were exposed to 5-FU 24 h before radiation. Growth of all cell lines was inhibited by cytotoxic doses of 5-FU in a dose-dependent manner.
(b), Cells were exposed to 5-FU 0 h before radiation. Growth of all cell lines was inhibited by cytotoxic doses of 5-FU in a dose-dependent manner.

Drug concentration, exposure time and administration
schedule. As mentioned above, we used clinically relevant
concentrations of 5-FU. Although we should consider the
doubling time of each cell line and subsequently decide
exposure time, for experimental simplicity, we used just the
24-h exposure time for the drug. Final concentrations of 5-FU
used ranged from 0.01 to 10 xM. For determining the cyto-
toxicity of chemoradiation, each cell line in an exponential
growth phase was treated for 24 h with various concentrations
of 5-FU. After discarding media containing each drug and
replacing it with fresh media, cytotoxicity was evaluated using
a WST-8 colorimetric assay. Drug-exposure schedules are

shown in Table I. Experiments were done in triplicate for each
time-point, and means + SD were calculated.

RNA extraction and semi-quantitive RT-PCR analysis. RNA
was isolated from each treated cell line using an RNeasy™
Mini Kit (Qiagen). Oligo(dT)-primed cDNA was prepared from
this RNA (2 ug) by reverse transcription using an Omniscript
RT kit (Qiagen). RT-PCR was performed using specific
primers described in Table II. Optimum cycling parameters,
in the linear phase of amplification, consisted of 30 sec of
denaturation at 94°C, 30 sec of annealing at 60°C, and 1 min
of elongation at 72°C, and 23-28 cycles were performed for
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Figure 2. In Caco-2 cells, the cytotoxicity of radiation followed by 5-FU was significantly greater than that of 5-FU followed by radiation, whereas it did not

differ significantly in the other cell lines.

the selected gene. A control PCR was also done for B-actin
which served as a standard for sample normalization for 25
cycles. Amplified products were separated electrophoretically,
visualized and photographed under UV light after ethidium
bromide staining.

Flow cytometric analysis. Cell cycle distribution was deter-
mined by DNA content analysis after propidium iodide
staining. Cells were treated with various concentrations of
each drug for 24 h. Cells were then harvested, fixed in 70%
ethanol, incubated with 2 mg/ml RNase, and stained in 50 pg/
ml propidium iodide solution. The DNA content of approxi-
mately 1x105 stained cells was analyzed using a FACScan
flow cytometer. The fraction of the cells in GO-G1, S and
G2-M phases was analyzed by DNA program software.

Statistical analysis. Statistical analysis of patient data was per-
formed using Stat View, version 5 software (Abacus Concepts,
Berkeley, CA, USA). Results are expressed as means + SD
Unpaired Student's t-test and Mann-Whitney U test were used
for comparison among unpaired groups. P<0.05 was considered
statistically significant.

Results

Growth inhibition by 5-FU and radiation. To elucidate the
optimal administration schedule for 5-FU and radiation, we
first evaluated the dose-dependent effect of 5-FU on cell
viability given at 24 and O h before radiation. Growth of all
cell lines was significantly inhibited by cytotoxic doses of 5-FU
in a dose-dependent manner at both time-points (Fig. 1).

Differences in cytotoxic effects depending on time of 5-FU
treatment. Next, we evaluated the difference in cytotoxic
effects depending on the time of exposure to clinically cyto-

toxic doses of 5-FU. In Caco-2 cells, in particular, the cyto-
toxicity of radiation followed by 5-FU was significantly greater
than that of 5-FU followed by radiation, whereas it did not
differ significantly in the other cell lines (Fig. 2).

Growth inhibition by 5-FU and radiation based on pharmaco-
kinetics of oral fluoropyrimidine. As the cytotoxicity of
synchronous treatment was significantly greater than that of
5-FU followed by radiation in Caco-2 cells, we focused on
synchronous 5-FU and radiation treatment and examined
the cytotoxicity in detail for different 5-FU doses. We also
classified 5-FU doses into three groups, UFT (0.01-0.1 yM),
S-1 (0.1-1.0 puM) and PMC (0.1-10 pM), according to our
previous report. Consequently, the growth inhibitory effect of
radiation followed by 5-FU increased in a dose-dependent
manner to reach a plateau (~40% inhibition) at S-1 doses in
all cell lines (Fig. 3).

Cell cycle distribution in Caco-2 cells following 5-FU treat-
ment. To understand the synchronous therapeutic effects, we
focused on DNA damage repair and accumulation of cell cycle
phase which may be potential mechanisms of radiosensiti-
zation in this study. 5-FU exposure for 24 h increased the S
phase fraction in a dose-dependent manner compared with
controls, in agreement with previous findings, which appears
to be an important feature of radiosensitization (11,12) (Fig. 4).

Expression of ERCC1 by RT-PCR. We examined the effect of
5-FU on the steady-state levels of mRNA for a human excision
repair cross-complementing 1 (ERCC1) gene. RT-PCR showed
that 5-FU treatment gradually inhibited mRNA expression for
ERCCI1, which may affect recombination repair efficiency,
accounting for the higher tumor sensitivity observed in cells
treated with radiation followed by 5-FU (Fig. 5).
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Figure 3. The growth inhibitory effect of radiation followed by 5-FU increased in a dose-dependent manner to reach a plateau (~40% inhibition) at S-1 doses

in all cell lines.
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Figure 4. Effect of 5-FU on cell cycle distribution. Cells were treated with
5-FU (0.1,1 and 100 M) for 24 h. The cells were harvested and the cell
cycle distribution was analyzed by flow cytometry. 5-FU exposure increased
the S phase fraction in a dose-dependent manner.
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Discussion

Recently, the interest in preoperative chemoradiotherapy for
resectable rectal cancer has gained momentum. This is because
it has the advantage of enhancing locoregional control by
eliminating microscopic residual disease around the primary
tumor and in the draining lymphatics, with a potential impact
on overall survival. On the other hand, it may have the
disadvantage of treatment-related side effects, especially if
radiosensitization is over-enhanced. Although the combination
of 5-FU with radiation is now used commonly, it is unclear
which of the 5-FU dosing and time schedules provides the
best potentiation for radiotherapy. The use of protracted venous
infusion of 5-FU has acquired a central role, in combination
with radiotherapy, for rectal cancer. However, an important
drawback of continuous administration of the drug is the need

ERCCI

actin

Figure 5. RT-PCR showed that 5-FU treatment gradually inhibited mRNA expression for ERCC1, which may affect recombination repair efficiency,

accounting for the higher tumor sensitivity observed with S-1 doses of 5-FU.
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for implantable access devices and portable infusion pumps,
which may lead to complications. Since oral administration
of fluoropyrimidines would clearly circumvent this problem,
it is expected that the optimal schedule for oral fluoropyrimi-
dine as radiosensitization would be established. Protracted
5-FU infusion also results in inter- and intra-individual
variations in plasma concentrations, mainly because of differing
levels of dihydropyrimidine dehydrogenase (DPD), the
primary catabolic enzyme of 5-FU. In addition, DPD activity
displays circadian rhythms. Inhibition or inactivation of DPD
has emerged as a potential strategy to reduce the pharmaco-
kinetic variability and improve the efficacy of 5-FU.

Thus, in this study we investigated the interaction between
radiation and several doses of 5-FU based on the pharmaco-
kinetics of DPD inhibitory fluoropyromidine. Our goal is to
identify areas of potential joint research between clinicians
and laboratory scientists that will permit us to apply 5-FU
more rationally in combination with radiation for rectal cancer.
The combination of tegafur with the DPD inhibitor uracil is
known as UFT.

Extensive investigation of UFT in Japan and, more recently,
in several other studies, has demonstrated its promising
activity in colorectal cancer (13-15). Another DPD inhibitory
fluoropyrimidine, S-1, is a novel oral fluoropyrimidine
developed in Japan. S-1 consists of tegafur combined with
two 5-FU-modulating chemicals, 5-chloro-2,4-dihydroxy-
pyridine (CDHP) and potassium oxonate, at a molar rate of
1:0.4:1. CDHP is a competitive inhibitor of 5-FU catabolism,
being 200 times more potent than uracil in inhibiting DPD (10).
The idea that S-1 maintains constant high levels of 5-FU is
similar to our PMC. S-1 has been shown to exert dramatical
antitumor effects on head and neck, as well as gastric cancers
(16-18). In addition, clinical trials on combination of S-1 and
radiotherapy against advanced oral cancers are about to start
in Japan. However, the validity of chemoradiotherapy with
S-1 has not yet been clarified. On the other hand, our PMC
consists of continuous i.v. infusion of 5-FU over 24 h for 1
day a week at 600 mg/m?day, and an oral dose of UFT, a
5-FU derivative, at 400 mg/day for 5-7 days per week, repeated
every week. To better understand and improve chemotherapy,
we have investigated PMC experimentally and have obtained
important clues regarding the mechanism of oral fluoropyrimi-
dine combined with protracted 5-FU infusion (5,19,20).

In general, combined treatment with 5-FU and radiotherapy
leads to dose- and time-dependent enhancement of cell killing
(2,3). In the present study, radiosensitization occured when
cells were incubated with 5-FU before and during radiation, and
growth inhibitory effects were observed in a dose-dependent
manner, regardless of the timing of 5-FU treatment. As the cyto-
toxicity of synchronous treatment was significantly greater
than that of 5-FU followed by radiation in the Caco-2 cell
line, we focused on synchronous 5-FU and radiation treat-
ment and examined the detailed cytotoxicity of 5-FU doses.
In addition, we classified 5-FU doses into three groups: UFT
(0.01-0.1 uM), S-1(0.1-1.0 M) and PMC (0.1-10 uM). Conse-
quently, growth inhibition increased in a dose-dependent
manner to reach a plateau at S-1 doses in all cell lines.

To understand these therapeutic effects, we had to search
for the factors affecting radiosensitization. Although various
intrinsic and extrinsic factors affecting radiosensitization,
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including hypoxia (21), DNA double-strand breakage repair
(22), cell cycle distribution (11,12) and p53 gene status (23),
have been reported, we focused on cell cycle distribution and
DNA repair which may be a potential mechanism of radio-
sensitization in this study. Firstly, prolonged exposure to 5-FU
increased accumulation of cells in the S phase, in agreement
with previous findings, which appears to be an important
feature of radiosensitization. Furthermore, we examined the
effect of 5-FU on the steady-state levels of mRNA for a human
excision repair cross-complementing 1 (ERCC1) gene (24).
ERCCI1 codes for nucleotide excision repair of radiation- and
chemotherapy-induced DNA damage. DNA is the primary
cellular target for both chemotherapy- and radiation-induced
damage, therefore, DNA repair efficiency could be a limiting
factor for therapeutic response, preventing tumor cells from
undergoing apoptosis. In this study, 5-FU treatment gradually
inhibited mRNA expression for ERCCI1 after radiation. These
results suggest that S phase progression and decreased ERCC1
expression may affect recombination repair efficiency,
accounting for the higher tumor sensitivity observed in
irradiation followed by 5-FU. Of course, one can question the
relevance of cell studies for the clinical situation, given the
obvious differences in tumor growth conditions, blood supply,
host reactions and other factors. However, we still feel that
these kinds of widely used in vitro models can provide
valuable information on comparative cytotoxicity, as we have
shown previously (5,19,20).

In conclusion, oral fluoropyrimidine which can maintain
a constant level of 5-FU, like S-1, may be an acceptable alter-
native radiosensitizer to protracted 5-FU infusion, if the aim
of neoadjuvant chemoradiotherapy for rectal cancer is loco-
regional control. Furthermore, optimal chemotherapy should
be decided post-operatively for the purpose of systemic control.
although prospective clinical trials are needed to determine
the actual benefit. This might prevent patients from under-
going expensive, ineffective and potentially harmful therapy,
and lead to a more individualized type of multimodal treat-
ment in the near future.
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