
Di�erential growth inhibition by 5-¯uorouracil in human
colorectal carcinoma cell lines

E. Tokunaga a, S. Oda b,*, M. Fukushima c, Y. Maehara a,d, K. Sugimachi a,d

aCancer Center, Kyushu University Hospital, Fukuoka 812-8582, Japan
bMammalian DNA Repair Laboratory, Clare Hall Laboratories, Imperial Cancer Research Fund, South Mimms, Herts EN6 3LD, UK

cCancer Research Laboratories, Taiho Pharmaceutical Company, 1-27 Misugidai, Hanno 357-8527, Japan
dDepartment of Surgery II, Faculty of Medicine, Kyushi University, Fukuoda 812-8582, Japan

Received 16 February 2000; received in revised form 11 April 2000; accepted 25 April 2000

Abstract

The e�ects of 5-¯uorouracil (5-FU) on cell growth were investigated using a primary culture of human ®broblasts, MRC-5, and
three established human colon cancer cell lines, DLD-1, LoVo and SW620. Detailed ¯ow cytometric analyses revealed di�erential
growth inhibition among these cell lines including three modes of cell growth modulation: (a) loss or accumulation of S phase cells;

(b) G2/M block; and (c) G1-S arrest. From analyses on the amount of 5-FU incorporated into cellular RNA and the activity of
thymidylate synthase (TS), suppression of TS and depletion of dTTP, a possible consequence of the former, was considered to be
the major action of 5-FU in these cells. Di�erences in the cellular responses to the nucleotide pool imbalance appeared to make the

cell growth modulation diverse. Loss of S phase cells and G1-S phase arrest were evident in p53 wild-type cells, MRC-5 and LoVo.
Cells pro®cient in DNA mismatch repair, SW620 and MRC-5, showed marked modulations in S-G2/M progression. These ®ndings
suggest that multiple factors, including p53 and DNA mismatch repair, participate in diverse cell growth modulations in cells
treated with 5-FU. Cellular resistance to 5-FU correlated well with a loss of modulations in S-G2/M progression, rather than with a

defect of G1-S arrest, which suggests the signi®cance of DNA mismatch repair as a factor a�ecting the sensitivity of cells to 5-FU.
# 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

5-¯uorouracil (5-FU) [1], a ¯uorinated pyrimidine
analogue, has long been prescribed as an antineoplastic
agent to treat patients with various malignancies. 5-FU
is now included in many major chemotherapeutic regi-
mens which have been statistically judged to be e�ective
[2±5]. Despite numerous studies, detailed mechanisms
by which 5-FU exhibits cytotoxicity and biological fac-
tors which determine cellular sensitivity against this
agent are not completely understood. Thus far, the
cytotoxic actions of 5-FU have been mainly attributed
to three independent mechanisms. Once the base analo-
gue, 5-FU, is taken up by cells, it is metabolised via two
independent pathways; the ribonucleotide synthesis
pathway and the deoxynucleotide synthesis pathway. In

the former, 5-FU is converted to ¯uorouridine tripho-
sphate (FUTP) via ¯uorouridine monophosphate
(FUMP), and ®nally incorporated into RNA [6]. In the
latter pathway, 5-FU is metabolised into ¯uorodeox-
yuridine triphosphate (FdUTP) via ¯uorouridine
diphosphate (FdUDP) or ¯uorodeoxyuridine mono-
phosphate (FdUMP) [2]. The latter metabolite,
FdUMP, serves as a substrate for thymidylate synthase
(TS), a key enzyme in the synthetic pathway for
deoxythymidine nucleotides, and forms stable enzyme±
substrate intermediates with TS and 5, 10-methylenete-
trahydrofolate [6±8]. Inhibition of TS is thought to lead
to depletion of the ®nal product of this pathway, deox-
ythymidine triphosphate (dTTP) [6±8], which may
prevent completion of DNA synthesis. FdUTP was
found to be incorporated into genomic DNA [6,9], but
the signi®cance of this mechanism in the cytotoxic
action is unknown. The incorporation of ¯uorinated
ribonucleotides into RNA has been shown to be a major
fate of cellular 5-FU [10±13]. The contribution of mod-
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i®ed RNA to cytotoxicity is unclear, although disrup-
tion of splicing processes has been suggested [14,15].
How these actions of 5-FU: (a) FUTP incorporation
into RNA; (b) TS inhibition; and (c) FdUTP incor-
poration into genomic DNA, lead to growth inhibitory
or cell-killing e�ects remains to be elucidated.
Biological factors which determine cellular sensitivity

against DNA damaging antineoplastic agents may be
classi®ed into ®ve categories: (1) determinants of the
intracellular drug concentration, e.g. pump mechanisms
on cell membranes [16,17], detoxi®cation mechanisms
[18]; (2) determinants for drug±DNA interactions, e.g.
HMG proteins [19,20]; (3) DNA repair mechanisms,
e.g. nucleotide-excision repair [21,22]; DNA mismatch
repair [23±26]; (4) proteins functioning in DNA
damage-dependent signal transduction pathways, e.g.
DNA-dependent protein kinase [27,28], poly(ADP-
ribose) polymerase [28,29], p53; and (5) e�ector proteins
for growth inhibition or cell death. Attention is cur-
rently focused on DNA repair and relevant cellular
functions. Using established human colon cancer cell
lines which included ones de®cient in DNA mismatch
repair and/or with mutant p53, we analysed the e�ects
of 5-FU on cell growth.

2. Materials and methods

2.1. Chemical

5-FU was purchased from Sigma Chemical Co. (St
Louis, MO, USA).

2.2. Cells

Human colorectal carcinoma cell lines, DLD-1 (p53-
mutant/DNA mismatch repair-de®cient) [30±32], LoVo
(p53-wild type/DNA mismatch repair-de®cient)
[30,31,33,34] and SW620 (p53-mutant/DNA mismatch
repair-pro®cient) [30±32] and a primary culture of
human ®broblast, MRC-5, were obtained from the
American Type Culture Collection (Manassas, VA,
USA). MRC-5, DLD-1, LoVo and SW620 cells were
maintained in Minimum Essential Medium (MEM),
Roswell Park Memorial Institute (RPMI)1640, F12 and
Leibovitz's L-15, respectively. For all the experiments,
cells at the ®fth to ninth passage were used. All the
media used were purchased from Life Technologies Inc.
(Rockville, MD, USA) and were supplemented with
10% fetal bovine serum (FBS) (JRH Biosciences,
Lenexa, KS, USA).

2.3. Growth inhibitory e�ects of 5-FU

Cells were seeded on to 6 cm dishes (Nunc A/S, Ros-
kilde, Denmark) at an initial density of 5�104 cells per

dish. After incubation for 24±36 h, cells in an exponen-
tial growth phase were treated with 5-FU, by replacing
media with those containing various concentrations of
5-FU. At every time point, cells were recovered by
trypsinisation, stained with trypan blue and counted
using a haemocytometer. A time course of 72 h was
used. The experiments were done in triplicate for each
time point, and averages (means) with standard devia-
tions (S.D.) were calculated.

2.4. Flow cytometry

Cells were harvested by trypsinisation and resus-
pended in 1.0 ml of the bu�er containing 3.4 mM
sodium citrate, 10 mM NaCl, 0.1±0.15% Nonidet (N)P-
40 (0.1% for DLD-1, LoVo and SW620, 0.15% for
MRC-5), and 50 mg/ml of propidium iodide. After
incubation for 2±3 h at 4�C, samples were subjected to
¯uorescent activated cell (FAC)Scan (Becton Dick-
inson, Franklin Lakes, NJ, USA) [35]. For each sample,
10 000 cells were analysed, and the results were pro-
cessed using analytical software, Cell FIT (Becton
Dickinson Immunocytometry Systems, San Jose, CA,
USA).

2.5. 5-FU incorporated into RNA

Quantitation of the amount of 5-FU incorporated
into cellular RNA was done as previously described
[36,37]. Brie¯y, cells treated with 10 or 20 mM 5-FU for
36 h were collected by trypsinisation and washed twice
with ice-cold phosphate-bu�ered saline (PBS). Cellular
RNA was extracted from these cells, using RNeasy
Mini Kits (QIAGEN GmbH, Hilden, Germany). Total
RNA was digested at 100�C in 6.0 M HCl for 24 h. The
amount for 5-FU was determined using gas chromato-
graphy (Models JGS-20kp, JEOL, Tokyo, Japan)
combined with mass spectrometry (Models JMS-D 300,
JEOL).

2.6. Western blotting analyses

Cells were washed twice with ice-cold PBS and coun-
ted. Cell pellets were kept at ÿ80�C until use. Cells were
lysed in Laemmli's sodium dodecyl sulphate (SDS)
sample bu�er [38] (0.125 M Tris±HCl; pH 6.8, 4% SDS,
20% glycerol, 4% 2-mercaptoethanol), boiled for 5 min
and immediately cooled on ice. After centrifugation at
15 000 rpm for 15 min at 4�C, supernatants were
collected. Lysates corresponding to 2�105 cells were
subjected to SDS-polyacrylamide gel electrophoresis
(PAGE) and proteins were electrotransferred onto
nitrocellulose membranes, BA85 (Schleicher & Schuell
Inc., Dassel, Germany), using Transblot SD (Bio-Rad
Laboratories, Hercules, CA, USA). After blocking with
1�TBS (10 mM Tris±HCl; pH 7.4, 0.9% NaCl) solution
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including 5% bovine serum albumin (BSA) and 0.05%
Tween 20 at 52�C for 1 h, the membranes were reacted
with appropriately diluted primary antibody solutions.
The membranes were incubated with a horseradish per-
oxidase-conjugated protein A (Amersham Life Science
Ltd, Little Chalfont, Bucks, UK) or anti-rabbit immu-
nogloblin G secondary antibody (Santa Cruz Bio-
technology Inc., Santa Cruz, CA, USA), and ¯uorescent
signals were visualised using the ECL chemilumines-
cence system (Amersham Life Science) and subsequent
exposure to ECL hyper®lms (Amersham Life Science).
A rabbit polyclonal antibody raised against recombi-
nant human TS has been described [39]. A mouse
monoclonal antibody against human p53 (DO-1), which
recognises an amino terminal epitope mapped between
the 11th and 25th amino acids in both wild-type and
mutant p53 proteins, was purchased from Santa Cruz
Biotechnology.

2.7. TS activity

TS activity was determined in [6-3H]FdUMP binding
assays [40]. Cells collected after treatment with 20 mM
5-FU were homogenised in a Dounce homogeniser.
After centrifugation at 105 000 g, supernatants were
collected. To determine TSf (free TS) activity, cell
extracts were incubated with the [6-3H]FdUMP in the
presence of 5,10-methylenetetrahydrofolate for 20 min
at 30�C, and radioactivity incorporated in the acid-
insoluble fractions was measured, using a liquid scintil-
lation counter. For the measurement of TSt (total TS)
activity, prior to assay, cell extracts were preincubated
in bu�er containing 0.6 M NH4HCO3; pH 8.0, 100 mM
2-mercaptoethanol, 100 mM NaF, 15 mM cytidylate,
and 2% BSA, at 30�C for 3 h, to allow the ternary
complexes to dissociate. The inhibition rate of TS
activity (TSIR) was calculated, using the following
equation; TSIR (%)=(1ÿTSf/TSt)�100.

2.8. Detection of single-stranded regions in genomic DNA

Cells treated with 20 mM 5-FU for 12 h were collected
by trypsinisation and washed once with ice-cold PBS.
Genomic DNA was extracted using QIAGEN Geno-
mic-tip 20/G (QIAGEN GmbH). DNA samples are
resuspended in 1�TE (10 mM Tris±Cl (pH 7.5), 1 mM
ethylene diamine tetraacetic acid (EDTA)) and the con-
centration was determined, using a spectrophotometer.
One microgram of DNA was reacted with 1 unit of
Klenow/30-exonuclease(ÿ) enzymes (New England Bio-
labs. Inc., Beverly, MA, USA) in the presence of 2.5 mCi
[a-32P]dCTP. After puri®cation by phenol/chloroform
extraction and ethanol precipitation, samples were
electrophoresed on agarose gels. Throughout the
experiment, DNA samples were never vigorously sha-
ken. Since intact genomic DNA forms a single band, the

precise amount of DNA corresponding to each band
can be determined, using the GEL DOC 100 SYSTEM
(Bio-Rad Laboratories). After destaining overnight, gels
were dried and autoradiography was done using a
PhosphorImager (Molecular Dynamics, Inc., Sunny-
vale, CA, USA). Radioactivity corresponding to each
band was estimated, using analytical software, Image-
Quant (Molecular Dynamics). The radioactivity per
unit mass DNA was determined, and the relative ratio
to values obtained in control cells was calculated.

3. Results

3.1. Di�erential growth inhibition by 5-FU in human
colorectal carcinoma cell lines

We analysed the growth inhibitory e�ects of 5-FU on
three human colon carcinoma cell lines, DLD-1, LoVo
and SW620 and a primary culture of human ®broblasts,
MRC-5. First, we examined changes in the numbers of
viable cells over 72 h by direct counting. As shown in
Fig. 1(a), there was no signi®cant di�erence in the
growth rates of these four cell lines under normal con-
ditions of culturing. However, when treated with 5-FU
at a concentration of 20 mM, growth-inhibitory e�ects
were evident in all the cell lines and the extent of growth
inhibition di�ered depending on the cell line (Fig. 1b).
We next determined changes in the numbers of cells in
each phase of the cell cycle using ¯ow cytometry. The
cell cycle pro®le observed in each cell line treated with
5-FU was also distinctive (Fig. 2). While cells in S phase
disappeared in MRC-5 and LoVo cells, DLD-1 and
SW620 showed a marked retardation in S phase pro-
gression. This delay in S phase progression was tran-
sient and apparently shorter in DLD-1 cells than in the
SW620 cells. G1/S phase arrest was markedly induced
in the MRC-5 and LoVo cells, but not did occur in the
DLD-1 and SW620 cells. In addition, MRC-5 and
LoVo cells showed di�erences in G2/M progression.
The G2/M fraction in MRC-5 cells did not change,
implying that these cells had a block in G2/M progres-
sion and that a major fraction of the cells in S phase
disappeared. In contrast, in the LoVo cells the G2/M
fraction markedly decreased, hence G2/M progression
was apparently not blocked. These distinctive pro®les in
the cell cycle analyses are highly compatible with the
changes in the numbers of viable cells over the same
time course (Fig. 1b). In MRC-5 cells, in which both a
G1-S arrest and a G2/M block were induced by 24 h,
the number of cells remained unchanged. The number
of LoVo cells doubled once due to the absence of G2/M
block, but did reach a plateau because of G1-S arrest. In
contrast, DLD-1 and SW620 cells showed a gradual
increase in number, possibly due to the retardation in S
phase progression. However, in SW620 cells, increase in
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cell number was delayed, since the S phase progression
is more prolonged in SW620 than in DLD-1 cells. As
shown in Fig. 1(c) and (d), results in dosimetrical
analyses of cell survival at 48 and 72 h following di�er-
ent doses of 5-FU suggested that the transit from S
phase or G2/M progression is a factor in¯uencing cel-
lular sensitivity against 5-FU. MRC-5 cells, in which
both a G1-S arrest and a G2/M block were induced,
were consistently sensitive to 5-FU. However, LoVo
cells lacking the G2/M block were more resistant. Simi-
larly, SW620 cells, in which S phase progression was
prolonged, were relatively sensitive, compared with
DLD-1 cells which had a slightly shorter delay in S
phase progression.

3.2. TS activity was uniformly suppressed by 5-FU in
these cell lines

To determine which type of cellular damage leads to
these di�erential responses in cell growth, we next
examined the incorporation of 5-FU into cellular RNA
and the suppression of TS activity in these cell lines,
since these two mechanisms are thought to be the major

pathways through which 5-FU exhibits its cellular toxi-
city. We ®rst quanti®ed the amount of 5-FU in cellular
RNA recovered from cells treated with 5-FU, using gas
chromatography after acid digestion of the RNA (Fig.
3). No ¯uorinated base was detected in RNA of any of
these cell lines under normal conditions of culturing.
Following treatment with an increased concentration of
5-FU, the amount of ¯uorinated RNA was markedly
elevated. However, in cells treated with 20 mM 5-FU the
level of ¯uorinated RNA did not di�er widely among
these cell lines, although relatively high and low levels
were noted in DLD-1 and MRC-5 cells, respectively.
Our data on cell survival indicate that sensitivity against
5-FU is high in MRC-5 cells and that LoVo cells were
the most resistant among these cell lines (Fig. 1c and d).
There was no correlation between growth inhibition and
¯uorinated RNA. It is unlikely that incorporation into
RNA is a major mechanism for the growth inhibition
noted in these cell lines. We next examined the extent of
suppression of TS activity. Firstly, the amount of TS
and of ternary complexes which are stable enzyme-sub-
strate intermediate composed of FdUMP, TS and
folate, was determined using Western blotting (Fig. 4a).

Fig. 1. Di�erential growth inhibition by 5-¯uorouracil (5-FU) in human colorectal carcinoma cell lines and a primary culture of human ®broblasts.

Growth pro®les under the normal culture conditions (a) and growth-inhibitory e�ects of 20 mM 5-FU (b) are shown. Relative growth at 48 h (c) and

72 h (d) in the time course following varying doses of 5-FU are shown in the lower graphs. &, DLD-1; &, SW620; *, LoVo; *, MRC-5.
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The basal levels of the 35 kDa antigen corresponding to
TS were similar among the four cell lines. In cells trea-
ted with 20 mM 5-FU, TS was slightly induced at the
later time points and its migration was retarded to the
position corresponding to 38 kDa. More than 12 h after
treatment, almost all the detectable TS was trapped in
the 38 kDa complexes in all the cell lines. Since the 38
kDa complex represents the inactive TS, the enzyme is
unlikely to be functional in cells treated with 20 mM
5-FU for more than 12 h. Furthermore, in parallel,
changes in TS activity in each cell line were examined.
In agreement with the Western blotting analysis, over
80% of TS activity was inhibited in each cell line by 12 h
after 5-FU treatment (Fig. 4b). During the time course,
there was no signi®cant change in the total TS activity
for any of these cell lines used (data not shown). These
two complementary approaches indicate that the activ-
ity of TS is almost completely suppressed in all these cell

Fig. 2. Flow cytometric analyses of changes in the cell cycle pro®les after 5-¯uorouracil (5-FU) treatment.

Fig. 3. 5-Fluorouracil (5-FU) incorporated into cellular RNA. Cells

were treated with 10 mM ( ) or 20 mM 5-FU (&) for 36 h.
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lines under the conditions we used. This strongly sug-
gests depletion of dTTP in these cells and the extent of
dTTP depletion is likely to be similar among these cell
lines, since it has also been shown that the contribution
of the salvage pathways for nucleotide synthesis is
minor in cells treated with 5-FU [41]. Thus, the di�er-
ential growth inhibition in these cell lines appeared to
derive mainly from di�erences in cellular responses to
dTTP depletion.

3.3. Single-stranded DNA regions in the genome were
increased by 5-FU treatment of SW620, but not DLD-1
cells

Mammalian cells have ®nely regulated signal trans-
duction pathways responding to DNA damage [42±44].
p53 proteins are induced in response to DNA damage

and play a major role in these regulatory pathways
[45,46]. We therefore examined the induction of p53 in
these cell lines using western blotting. As shown in Fig.
5, in p53 wild-type cell lines, MRC-5 and LoVo cells 53
kDa antigens were markedly induced after treatment
with 5-FU. In contrast, p53 was constitutively expressed
at a high level in the p53-mutant cell lines, DLD-1 and
SW620, as has been reported elsewhere [47]. These
®ndings indicate that cells treated with 5-FU may
undergo DNA damage. An imbalance in the deox-
ynucleotide pool, i.e. loss of dTTP, may prevent the
completion of DNA synthesis. Indeed, p53-mutant cells,
DLD-1 and SW620, showed a marked retardation in S
phase progression, and in p53 wild-type cells, MRC-5
and LoVo cells, S phase cells disappeared (Fig. 2). We
then examined the length of single-stranded DNA
regions remaining on the genome to be synthesised,
using Klenow/30-exonuclease(ÿ) enzymes [48] and radio-
labelled nucleotides. Genomic DNA was recovered
from the cells treated with 20 mM 5-FU for 12 h and
was then incubated with Klenow/30-exonuclease(ÿ)
enzymes in the presence of radiolabelled dCTP. After
puri®cation, the samples were electrophoresed on agar-
ose gels. Since throughout the experiment DNA samples
were never vigorously shaken, each DNA sample
formed an intact single band on an agarose gel. The
precise amount of DNA corresponding to each band
was determined by digital scanning. Radioactivity was
estimated using a PhosphorImager. The radioactivity
per unit mass DNA in each cell line was calculated and
the relative ratios to the values obtained in control cells
are shown in Fig. 6. SW620 cells showed a signi®cant
increase in the incorporation of radiolabelled nucleo-
tides into genomic DNA. Intriguingly, in DLD-1 cells,
which showed a delay in S phase progression, the level
of incorporation was unchanged. In LoVo cells and
MRC-5 cells, there was no increase in the incorpora-
tion, possibly due to a paucity of S phase cells (Fig. 2).
Thus, single-stranded DNA regions on the genome were
increased by 5-FU treatment of SW620, but not DLD-1
cells. This event may relate to the depletion of dTTP.

Fig. 4. Suppression of thymidylate synthase (TS) activity by 5-¯uor-

ouracil (5-FU). Formation of the ternary complexes, composed of

¯uorouridine monophosphate (FdUMP), TS and folate, was analysed

using Western blotting (a). Cells treated with 20 mM 5-FU were har-

vested and lysates corresponding to 2�105 cells were subjected to

Western blotting using a rabbit polyclonal anti-human TS antibody.

35 and 38 kDa antigen correspond to free TS and ternary complexes,

respectively. Assessing TS enzyme activity directly, the inhibition rate

of TS in cells treated with 20 mM 5-FU was also estimated (b). TS

enzyme activity was determined using [6-3H]FdUMP binding assay

[35] and the TS inhibition rate was calculated. &, DLD-1; &, SW620;

*, LoVo; *, MRC-5.

Fig. 5. Induction of p53 after 5-FU treatment. 2�105 cells treated

with 20 mM 5-FU were analysed by Western blotting.

E. Tokunaga et al. / European Journal of Cancer 36 (2000) 1998±2006 2003



Increase of single-stranded DNA regions may prevent
the completion of S phase and, consequently, lead to a
longer delay in S phase progression in SW620 cells.

4. Discussion

Detailed studies using ¯ow cytometry revealed that
cellular damage caused by 5-FU induces three di�erent
modes of cell growth modulations: (a) loss or accumu-
lation of S phase cells; (b) G2/M block; and (c) G1-S
arrest. Incorporation of 5-FU into cellular RNA and
suppression of thymidylate synthase (TS) activity are
thought to be major pathways through which 5-FU
exhibits cellular toxicity. From our data, we concluded
that suppression of TS is more likely to be the major
action of 5-FU in the four cell lines we examined. Direct
measurement of the intracellular deoxyribonucleotide
pool remains technically di�cult, although there are
some reports in the literature [49,50]. Instead, we ana-
lysed the expressed amount and the activity of TS.
These two complementary approaches revealed that
inhibition of TS was uniformly observed in these cell
lines. Suppression of TS strongly suggests depletion of
dTTP in these cells, since the contribution of the salvage
pathways is minor in cells treated with 5-FU [41]. The
di�erential cell growth modulations noted in these cell
lines appeared to derive from di�erences in cellular
responses to the imbalance in the deoxynucleotide pool.
In cells with wild-type p53, MRC-5 and LoVo, p53
proteins were induced by treatment with 5-FU. In these
cells, cell growth modulations were evident; S phase
cells disappeared and a marked G1-S arrest was
induced. Therefore, the fate of S phase cells and G1-S
arrest are considered depend on p53 status. Induction of

p53 in p53 wild-type cells may also indicate the presence
of DNA damage in cells treated with 5-FU. However, it
was unclear which type of DNA damage was induced
by depletion of dTTP. Deoxynucleotide pool imbalance
has been reported to induce nucleosome laddering and
cell death [50]. One may argue the possibility that in
cells treated with 5-FU, arrest of DNA replication could
be caused by a lack of this essential nucleotide. Indeed,
in SW620 cells treated with 5-FU, which showed an
extremely retarded S phase progression, there was an
increase in the single-stranded DNA regions on the
genome. However, in DLD-1 cells, which also showed a
delay in S phase progression, there was no increase in
these single-stranded DNA regions on the genome.
DLD-1 and LoVo cells are de®cient in DNA mismatch
repair [30,51]. In DNA mismatch repair, the replica-
tional polymerases are used for repair synthesis, which
results in a long tract of DNA synthesis [52]. It appears
likely that an imbalance in the deoxynucleotide pool
a�ects the rate of misincorporation of nucleotides by
DNA polymerases and that activation of DNA mis-
match repair leads to an increase of DNA synthesis. In
cells pro®cient in DNA mismatch repair, marked mod-
ulations in S-G2/M progression were noted; MRC-5
cells showed a G2/M block and SW620 cells exhibited
an extremely delayed transit from S phase. Indeed, a
connection between S-G2/M progression and DNA
mismatch repair has been reported [53]. These ®ndings
suggest that, in addition to p53, DNA mismatch repair
also participates in cell growth modulations observed in
cells treated with 5-FU. In addition, the dosimetrical
analyses suggest a connection between resistance to 5-
FU and a loss of modulations in S-G2/M progression,
rather than a defect of G1-S arrest. This may suggest
DNA mismatch repair and p53 as a factor to participate
in cell growth modulations induced by 5-FU treatment
and, consequently, to in¯uence cellular sensitivity
against 5-FU.
The ®nding that DLD-1 showed no increase in single-

stranded DNA regions and yet a delay in S phase
progression was observed may suggest that a di�erent
type of DNA damage is induced in DLD-1 cells. One of
the intracellular metabolites of 5-FU, FdUTP, is known
to be ®nally incorporated into the genome and removed
by uracil±DNA glycosylase (UDG)-related mechanisms
[9,54]. Incorporation of FdUTP into the genome may
activate this base-excision repair mechanism and induce
small pieces of DNA synthesis which will not be detec-
ted in an incorporation assay such as used in our study.
In the presence of wild-type p53, this might lead to cell
death of damaged S phase cells and G1/S phase arrest in
the next cell cycle, as observed in LoVo cells. However,in
p53-mutant cells, the same event might induce only modest
and transient retardation in S phase progression, as noted
in DLD-1 cells, possibly through p53-independent path-
ways. We did not address the incorporation of FdUTP

Fig. 6. Increase of single-stranded DNA regions by 5-FU. Cells trea-

ted with 20 mM 5-FU for 12 h were collected and genomic DNA was

extracted and the relative increase of radiolabel incorporated by Kle-

now/30-exonuclease(ÿ) enzymes was determined.
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into the genome. The possibility that UDG-related
activities also contribute to the altered sensitivity to
5-FU under some biological conditions is not excluded.
We used established human colon carcinoma cell

lines. From the di�erential growth inhibition observed
in these cell lines and their genotypes, we discussed
DNA mismatch repair and p53 as factors that might
participate in cell growth modulations induced by 5-FU
treatment and, consequently, in¯uence cellular sensitiv-
ity to 5-FU. However, such problems can be approached
in a more direct and deductive manner, i.e. using knock-
out mouse cells. Knock-out mice in which one of the
genes functioning in DNA mismatch repair are homo-
zygously disrupted have been reported [55±57]. Cells
which are nullizygous for one of the DNA mismatch
repair genes show a marked resistance to alkylating
agents [24,25]. However, the sensitivity against 5-FU in
such knock-out mouse cells has not been addressed. In
our laboratories, analyses on the sensitivity to 5-FU in
Msh2ÿ/ÿ [55] and Mlh1ÿ/ÿ [56] knock-out mouse cells
are now underway.
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