
Abstract. Background/Aim: Trifluridine/tipiracil (FTD/TPI)
is used for metastatic colorectal cancer, that is refractory to
5-fluorouracil (5-FU)-based therapies. However, the impact
of pre-exposure to 5-FU on the anti-cancer effect of FTD,
which is a key component of FTD/TPI, is unclear. Materials
and Methods: The incorporation into DNA and anti-cancer
activity of FTD were analyzed in several cancer cell lines
under response to FTD treatment with or without 5-FU pre-
exposure. The volumes of tumors in xenografted nude mice
were examined among groups that were either untreated or
treated with S-1, FTD/TPI or FTD/TPI with pre-exposure to
S-1. Results: Pre-exposure to 5-FU significantly increased
FTD incorporation into DNA and enhanced its anti-cancer
effect for viability and proliferation of cancer cells. In the
xenograft nude mouse model, the tumor volumes in the
FTD/TPI-treated and S-1-pre-exposed group were lower than
those in the FTD/TPI-only-treated group. Although both FTD
dose and exposure time in the FTD/TPI-treated and S-1-pre-
exposed mice were smaller than those in the FTD/TPI-only-
treated mice, the incorporated FTD in the tumors in the
former group was 86.5% of that in the latter group.
Conclusion: Pre-exposure to 5-FU enhanced the
incorporation into DNA and the anti-cancer effect of FTD in
the context of colorectal cancer. Our data indicate the
potential for a new sequential therapy using S-1 and
FTD/TPI to improve prognosis of colorectal cancer.

Fluorouracil (5-FU) is the key drug used in the treatment for
several cancers, including colorectal cancer. Although several
regimens can improve the prognosis of these cancer patients,
the median overall survival is from 28.7 to 34.2 months, and
the objective response rate is from 57.8% to 65.1% (1-4).

Trifluridine/tipiracil (FTD/TPI) is an oral combination drug
comprising of trifluridine (FTD), an anti-cancer agent, and
thymidine phosphorylase inhibitor (TPI), an inhibitor of FTD
catabolism (5). FTD/TPI is used for metastatic colorectal
cancer, which is refractory to 5-FU-based therapies. FTD is a
thymidine-based nucleoside analogue that is metabolized to
triphosphate metabolites and incorporated into nucleic acids.
This incorporation leads to activation of chk1 phosphorylation,
which results in G2 cell-cycle arrest and cell death (6).

As the multiple pathways of proliferation, invasion, and
motility are activated in cancer cells, sequential treatment using
different drugs at different times is the most effective strategy in
cancer therapy. However, the interaction among different anti-
cancer drugs in sequential treatments has not been clarified. Pre-
exposure to 5-FU is thought to affect the inhibitory effect of FTD
in 5-FU-refractory colorectal cancer. However, few studies have
focused on these issues. In this study, we investigated the effect
of 5-FU pre-exposure on FTD administration.

Materials and Methods

Chemicals and reagents. FTD was purchased from Sigma-Aldrich (St
Louis, MO, USA). FTD/TPI was provided by and S-1 was purchased
from Taiho Pharmaceutical Co., Ltd. (Tokyo, Japan). 5-FU was
purchased from Kyowa Hakko Kirin Co., Ltd. (Tokyo, Japan).

Cell culture. The human colon cancer cell line DLD-1 and the human
pancreatic cancer cell lines KLM-1 and PANC-1 were obtained from
the Institute of Development, Aging and Cancer (Sendai, Japan). The
cells were cultured in RPMI 1640 medium (Invitrogen Life
Technologies, Carlsbad, CA, USA) with 10% heat-inactivated fetal
bovine serum (Equitech-Bio, Inc., Kerrville, TX, USA) at 37˚C in a
humidified atmosphere with 5% CO2. 
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Immunofluorescence staining of incorporated FTD. As FTD can be
identified by anti-2’-bromodeoxyuridine (BrdU) antibodies, (7)
incorporated FTD was assessed by immunofluorescence staining using
ab152095 anti-BrdU antibody (Abcam, Cambridge, MA, USA). To
evaluate the efficiency of FTD incorporation, DLD-1 cells were treated
with different concentrations of FTD (0.05, 0.1, 0.5 and 1 μM) for 
24 h. The cells were also treated with 0.5 μM of FTD for different
exposure times (2, 6, 12 and 24 h). DLD-1 and PANC-1 cells were
incubated with 5-FU plus FTD (100 μM 5-FU and 0.5 μM FTD for
24 h) and FTD with 5-FU pre-exposure (pre-exposure to 100 μM 5-FU
for 24 h and then 0.5 μM FTD treatment for 24 h) as combination
treatments. KLM-1 cells were incubated with 5-FU plus FTD (10 μM
5-FU and 0.5 μM FTD for 24 h) and FTD with 5-FU pre-exposure
(pre-exposure to 10 μM 5-FU for 24 h and then 0.5 μM FTD treatment
for 24 h) as the combination treatments.

The cells were fixed in 4% paraformaldehyde, treated in 2 N HCl
for 30 min and stained with an anti-BrdU antibody and DAPI. The
relative FTD incorporation rate was assessed by the fluorescence
intensities of FTD per cell.

Measurement of FTD incorporated into DNA. DNA was extracted
from DLD-1 cells or tumors using the NucleoSpin Tissue Kit (Takara
Bio Inc., Tokyo, Japan), and DNA concentrations were determined
using the Qubit dsDNA BR assay kit (Life Technologies, Carlsbad,
CA, USA). The samples were diluted to 10 μg/ml with distilled water
and digested to nucleosides using a previously published method (8).
The extracted DNA (2 μg) and 300 μl reaction mixture consisting of
100 mM Tris-HCl (pH 7.0), 50 mM NaCl, 2.5 mM CaCl2, 10 mM
MgCl2, 1 U of DNase I (Takara Bio Inc., Tokyo, Japan), 40 μg of
phosphodiesterase I (Sigma-Aldrich, St Louis, MO, USA), and 2 U of
alkaline phosphatase (Takara Bio Inc., Tokyo, Japan) were incubated
at 37˚C for 2 h. The solution was mixed with 30 μl of 4.2 N perchloric
acid and incubated on ice for 10 min. The mixture was neutralized
with K2HPO4 (2 M, 90 μl) and centrifuged at 15,000 × g and 5˚C for
30 min. Then, 100 μl of the supernatant was mixed with 10 μl of
water, 50 μl of 1 M hydrochloric acid, and 20 μl of internal standard
working solution. The mixture was extracted with 1 ml of methyl t-
butyl ether and centrifuged at 15,000 × g and 5˚C for 5 min. The
supernatant was dried under nitrogen at 40˚C, and the residue was
reconstituted with 0.1 ml of 0.1% acetic acid (A) and acetonitrile (B)
(75:25, v/v of A:B). Aliquots (5 μl) of reconstituted samples were
analyzed on an API 4000 LC/MS/MS system (AB Sciex, Foster City,
CA, USA). Incorporation (pmol) of trifluridine into DNA was
represented as the amount of FTD per μg of DNA. 

WST-1 cell proliferation assay. DLD-1 cells were seeded at 2,000
cells/well into 96-well plates. After overnight incubation at 37˚C, the
cells were treated with 5-FU (4 μM for 48 h), FTD (1.4 μM for 48 h)
or FTD with 5-FU pre-exposure (pre-exposure to 4 μM 5-FU for 
24 h and then 1.4 μM FTD treatment for 24 h). The medium was
replaced with fresh medium containing 10% heat-inactivated fetal
bovine serum and incubated for 24 h. Ten microliters of WST-1 solution
(Roche, Indianapolis, IN, USA) was added to each well, and the cells
were incubated for another 90 min, and then the absorbance of each well
was determined at 450 and 630 nm using a microplate reader. 

Cell viability assay. Cell death was assessed using the trypan blue dye
exclusion assay. DLD-1 cells were seeded at a density of 7×104 cells
per well in 12-well plates and incubated overnight at 37˚C. The cells
were treated with 5-FU (2 μM for 48 h), FTD (0.4 μM for 48 h), or
FTD with 5-FU pre-exposure (pre-exposure to 2 μM 5-FU for 24 h

and then 0.4 μM FTD treatment for 24 h). Then, the cells were
collected and suspended in 1% trypan blue solution and viable cells
were counted. 

Histology. Tumor samples were fixed immediately in 10% buffered
formalin, dehydrated in a graded ethanol series, embedded in paraffin,
and then stained with hematoxylin and eosin. Cells were counted in 5
high-power-fields.

Immunohistochemistry. Cells were fixed in 4% paraformaldehyde and
stained using anti-Ki-67 rabbit monoclonal antibodies (clone 30-9,
Ventana Medical Systems, Tucson, AZ, USA). 

Animal studies. All animal experiments were conducted in accordance
with the guidelines of the Institute for Laboratory Animal Research,
Nagoya University Graduate School of Medicine. Male BALB/c nude
mice (8-week-old and weighing 20-25 g) were purchased from SLC
Japan (Shizuoka, Japan). The mice were kept in a temperature- and
humidity-controlled environment under a 12 h light–dark cycle with
free access to water and food at all times. DLD-1 cells (3×106) were
suspended in 100 μl of cell matrix and inoculated into the right femoral
area of each mouse. FTD/TPI and S-1 were diluted in 250 μl of 0.5%
hydroxypropyl methylcellulose (HPMC) and intragastrically
administered using an orogastric tube. The mice were randomly divided
into four groups: untreated or treated with FTD/TPI (150 mg/kg/day,
twice a day and five days a week for two weeks), S-1 (8.3 mg/kg/day,
once a day and five days in a week for two weeks) or FTD/TPI with
S-1 pre-exposure (S-1 treatment for one week and then FTD/TPI
treatment for one week). The mice in the untreated group were
administered with HPMC alone as a control. The administration
started from the inoculation day, and the mice were sacrificed on the
15th day thereafter. The anti-tumor effect was assessed by the tumor
volume (in mm3), calculated as (L2×W)/2, where L is the tumor length
(in mm), and W is the tumor width (in mm).

Statistical analysis. All data are presented as the means±standard error
(SE). Differences were tested for significance using Bonferroni’s
method and Tukey-krramer’s method. Differences were considered
statistically significant at a value of p<0.05.

Results

FTD incorporation in cancer cells. FTD incorporation was
analyzed in DLD-1 cells treated with different concentrations
of FTD for 24 h. Immunocytochemistry revealed the
fluorescent signal of FTD in the cells treated with 0.05 μM
FTD. FTD incorporation increased in a dose-dependent manner
(Figure 1a). FTD incorporation was also assessed in DLD-1
cells treated with 0.5 μM of FTD for 2, 6, 12 and 24 h. FTD
was identified in the cells after 2 h, and its incorporation
increased in a time-dependent manner (Figure 1b). 

Effect of pre-exposure to 5-FU on FTD incorporation in
cancer cells. FTD incorporation was evaluated in DLD-1,
PANC-1 and KLM-1 cells that were untreated or treated
with FTD (for 24 h), 5-FU plus FTD (simultaneous
exposure to 5-FU and FTD for 24 h), or FTD with 5-FU
pre-exposure (pre-exposure to 5-FU for 24 h and then FTD
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exposure for 24 h). As FTD dose and exposure time were
the same among the FTD-only, 5-FU plus FTD and FTD
with 5-FU pre-exposure groups, we expected that FTD
incorporation would be similar among these groups.
Unexpectedly, FTD incorporation in the FTD with 5-FU
pre-exposure group was significantly higher than that in the
FTD-only and 5-FU plus FTD groups (Figure 2a). There
were significant differences in the relative intensity of FTD
between the groups with FTD treatment with or without pre-
exposure to 5-FU. 

FTD incorporation into DNA was analyzed in the untreated
or FTD-treated or FTD-treated and 5-FU-pre-exposed DLD-1
cells. Although there was no incorporation of FTD in the

untreated group, the incorporation of FTD in the FTD-only and
FTD with 5-FU pre-exposure groups were 24.8±5.0 and
46.6±2.7 pmol/μg DNA, respectively (Figure 2b). The average
FTD incorporation in the FTD with 5-FU pre-exposure group
was 1.9-times higher than that in the FTD-only group,
indicating that pre-exposure to 5-FU significantly enhanced
FTD incorporation into DNA.

Enhancement of the anti-cancer effect of FTD by pre-exposure
to 5-FU. Cell proliferation was assessed in DLD-1 cells that
were treated with 5-FU (4 μM for 48 h), FTD (1.4 μM for 
48 h) or FTD with 5-FU pre-exposure (pre-exposure to 4 μM
5-FU for 24 h and then 1.4 μM FTD treatment for 24 h).
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Figure 1. FTD incorporation in cancer cells. (a) Incorporated FTD was detected using ab152095 anti-BrdU antibody. FTD incorporation was assessed
in DLD-1 cells that were treated with FTD at 0.05, 0.1, 0.5 and 1 μM for 24 h (each group: n=5). Immunocytochemistry (left); FTD: red, DAPI:
blue. Graphs (right) showing the relative FTD incorporation rate in DLD-1 cells. Data are shown relative to the FTD-treated group at 1 μM. *p<0.01.
(b) FTD incorporation was assessed in DLD-1 cells that were treated with FTD at 0.5 μM for 2, 6, 12 and 24 h (each group: n=5).
Immunocytochemistry (left); FTD: red, DAPI: blue. Graphs (right) showing the relative FTD incorporation rate in DLD-1 cells. Data are shown to
relative to the FTD-treated group for 24 h *p<0.01. 
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Figure 2. Effect of pre-exposure to 5-FU for FTD incorporation in
cancer cells. (a) FTD incorporation was assessed in DLD-1, PANC-1
and KLM-1 cells that were untreated or treated with FTD (for 24 h), 
5-FU+FTD (simultaneous exposure to 5-FU and FTD for 24 h), or 
5-FU→FTD (pre-exposure to 5-FU for 24 h and then FTD treatment for
24 h) (n=5). Immunocytochemistry (upper left: DLD-1, middle left:
PANC-1, and lower left: KLM-1); FTD: red, DAPI: blue. Graphs (upper
right: DLD-1, middle right: PANC-1, and lower right: KLM-1) showing
the relative FTD incorporation rate in untreated, FTD-treated, 5-FU
plus FTD-treated and FTD-treated and 5-FU-pre-exposed cells (n=5).
Data are shown relative to the FTD-treated group. *p<0.01. (b) Level
of incorporated FTD in DNA was analyzed in untreated, FTD-treated
and FTD-treated and 5-FU pre-exposed DLD-1 cells (n=3). *p<0.01. 
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Figure 3. Enhancement of the anti-cancer effect of FTD by pre-exposure
to 5-FU. (a) Cell proliferation was analyzed using the WST1 assay in
DLD-1 cells that were treated with 5-FU (4 μM for 48 h), FTD (1.4 μM
for 48 h) or FTD with 5-FU pre-exposure (5-FU→FTD, pre-exposure
to 4 μM 5-FU for 24 h and then 1.4 μM FTD treatment for 24 h) (n=8).
Data are shown relative to the 5-FU group. *p<0.01. (b) Cell viability
was analyzed using the trypan blue dye exclusion assay in untreated, 5-
FU-treated (2 μM for 48 h), FTD-treated (0.4 μM for 48 h) and FTD-
treated and 5-FU-pre-exposed (5-FU→FTD, pre-exposure to 2 μM 5-
FU for 24 h and then 0.4 μM FTD treatment for 24 h) DLD-1 cells
(n=3). Data are shown relative to the untreated group. *p<0.01. (c) Ki-
67 expression was stained immunohistochemically in untreated, 5-FU-
treated, FTD-treated and FTD-treated and 5-FU-pre-exposed DLD-1
cells. (d) Graphs showing Ki-67-labeling index in untreated, 5-FU-
treated, FTD-treated and FTD-treated and 5-FU-pre-exposed DLD-1
cells. *p<0.01.
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Figure 4. Sequential treatment with S-1 and FTD/TPI in a xenograft
nude mouse model. (a) Representative images of DLD-1 xenograft
tumors that were untreated or treated with FTD/TPI (150 mg/kg/day,
twice a day and five days a week for two weeks), S-1 (8.3 mg/kg/day,
once a day and five days a week for two weeks) or FTD/TPI with S-1
pre-exposure (S-1→FTD/TPI, S-1 treatment for one week and then
FTD/TPI treatment for one week) (n=5 for each treatment). (b) Graphs
showing the volume of DLD-1 xenograft tumors that were untreated or
treated with FTD/TPI, S-1or FTD/TPI with S-1 pre-exposure. †p<0.05.
(c) Histology by hematoxylin and eosin staining (left) and cell number
(right) of DLD-1 xenograft tumors, that were untreated or treated with
S-1, FTD/TPI, or FTD/TPI with S-1 pre-exposure. †p<0.05, *p<0.01.
(d) Level of incorporated FTD in DNA was analyzed in DLD-1
xenograft tumors, that were untreated or treated with FTD/TPI or
FTD/TPI with S-1 pre-exposure (n=5). *p<0.01. W: week.



Interestingly, although the FTD exposure time in the FTD with
5-FU pre-exposure group was shorter than that in the FTD-only
group, there was no significant difference in the proliferation
rates between the two groups (Figure 3a).

Cell viability was assessed in DLD-1 cells that were
untreated or treated with 5-FU (2 μM for 48 h), FTD (0.4 μM
for 48 h) or FTD with 5-FU pre-exposure (pre-exposure to 
2 μM 5-FU for 24 h and then 0.4 μM FTD treatment for 24 h).
Although 5-FU treatment for 48 h hardly affected the viability
of DLD-1 cells, FTD treatment for 48 h significantly
suppressed the viability of these cells. Although the FTD
exposure time in the FTD with 5-FU pre-exposure group was
half that in the FTD-only group, cell viability was similar
between the two groups (Figure 3b). 

To evaluate the inhibitory effects of the drugs on cell
growth, the Ki-67-labeling index was assessed in DLD-1 cells
treated with 5-FU (2 μM for 48 h), FTD (0.4 μM for 48 h), or
FTD with 5-FU pre-exposure (pre-exposure to 2 μM 5-FU for
24 h and then 0.4 μM FTD treatment for 24 h). The indices in
the untreated, 5-FU, FTD and FTD with 5-FU pre-exposure
group were 1.6±0.18, 0.53±0.06, 0.45±0.05 and 0.10±0.03,
respectively (Figure 3c, d). The index was lower in the FTD
with 5-FU pre-exposure group than that in the untreated, 5-FU-
treated, or FTD-treated group. However, the differences did not
reach statistical significance between FTD with 5-FU pre-
exposure group and FTD-only-treated group. 

Sequential treatment with S-1 and FTD/TPI in a xenograft
nude mouse model. S-1 is a prodrug of 5-FU, whereas
FTD/TPI is a FTD-based oral drug, and both are commercially
available. Therefore, we used these drugs for an in vivo study.
DLD-1 cells were inoculated into the right femoral area of
nude mice. The mice were randomly assigned to the following
four groups: untreated, S-1-treated, FTD/TPI-treated, and
FTD/TPI-treated and S-1-pre-exposed groups (n=5 in each
group). The tumor volumes in the untreated and S-1-,
FTD/TPI-treated and FTD/TPI-treated and S-1-pre-exposed
groups were 1132±22, 1,075±165, 662±132 and 582±66 mm3,
respectively (Figure 4a, b). The tumor volume in the FTD/TPI
with S-1 pre-exposure group was lower than that in the
FTD/TPI group. However, the differences did not reach
statistical significance. 

Based on histology, the proportion of cancer cells was
decreased in the tumors in the S-1, FTD/TPI and FTD/TPI
with S-1 pre-exposure groups compared with that in the
untreated group (Figure 4c). However, there were significant
differences among the S-1, FTD/TPI and FTD/TPI with S-1
pre-exposure groups.

To further characterize the effect of S-1 (a 5-FU-based
oral drug) on FTD incorporation in xenograft tumors, FTD
incorporation into tumor DNA was evaluated among the
untreated, FTD/TPI-treated and FTD/TPI treated and S-1-
pre-exposed mice. FTD incorporation in the untreated,

FTD/TPI-treated and FTD/TPI-treated and S-1-pre-exposed
mice was 0, 32.3±3.99 and 28.0±0.84 pmol/μg DNA,
respectively (Figure 4d). The total dose of FTD in the
FTD/TPI with S-1 pre-exposure group was half that in the
FTD/TPI-only group. However, the incorporation of FTD in
the FTD/TPI with S-1 pre-exposure group was 86.5% of that
in the FTD/TPI-only group.

Discussion

In this study, we demonstrated that pre-exposure to 5-FU
increased FTD incorporation into DNA of human colon cancer
cells and pancreatic cancer cells. In addition, this pre-exposure
enhanced the anti-tumor effect of FTD in a xenograft nude
mouse model. 

It has been reported that TS inhibitors including 5-FU and
5-fluoro-2’-deoxyuridine modulate the incorporation of
thymidine analogs, such as BrdU and 5-iodo-2’-deoxyuridine,
(9, 10) as FTD is a thymidine-based nucleoside analogue, 5-
FU is considered to increase its incorporation into DNA. 

FTD incorporation into DNA is a key mechanism of its
cytotoxicity, (11) and the anti-tumor activity of FTD has been
reported to be directly proportional to the amount of FTD
incorporated into DNA (8). In our study, although the FTD
exposure time in the FTD treatment with 5-FU pre-exposure
group was half than that in the FTD-only treatment group,
proliferation and viability were strongly inhibited in the FTD
treatment with 5-FU pre-exposure group. Accordingly, pre-
exposure to 5-FU improves the anti-cancer effect of FTD.

Interestingly, FTD incorporation into DNA was different
between the 5-FU plus FTD and FTD with 5-FU pre-exposure
groups. Some researchers have reported that the anti-cancer
effect of FTD in combination therapies is dependent on the
sequence of FTD administration (12-14). For example,
exposure to docetaxel before FTD administration was
synergistic, whereas the reverse order was antagonistic in
terms of anti-cancer effects (14). Benson et al. reported that
depletion of deoxythymidine triphosphate (dTTP) by the
inhibition of thymidylate synthetase (TS) enhanced the
incorporation of a thymidine analogs into DNA (15). Although
the enhancement of the incorporation of thymidine analogs
differs between thymidine analogs and TS inhibitors, (10)
depletion of dTTP may be associated with the enhancement of
FTD incorporation. 

Cancer cells become depleted of thymidine when TS is
inhibited by 5-FU. Under these conditions, thymidine analogs,
such as FTD are rapidly incorporated into cells. However, there
is lag between the time of 5-FU administration and the time
when thymidine is depleted. In this regard, the simultaneous
administration of 5-FU and FTD may not provide enough time
for the achievement of thymidine depletion. Therefore, the
sequence of drug administration is important for the anti-cancer
effect of FTD in combination treatment. 
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To further confirm the effect of pre-exposure to 5-FU on
FTD incorporation, we performed in vivo experiments using S-
1 and FTD/TPI. Although both FTD dose and exposure time
in the FTD/TPI-treated and S-1-pre-exposed mice were smaller
than those in the FTD/TPI-only-treated mice, similar antitumor
effects were identified between two groups. These data
suggested that sequential therapy using S-1 and FTD/TPI may
be a novel strategy to enhance the anti-tumor effect and reduce
the dose of each drug for colorectal cancer. However, the most
effective dose and exposure time for S-1 to be used before
FTD/TPI administration are not known. As FTD/TPI is a
combination drug composed of FTD and TPI, the effect of pre-
exposure to S-1 to TPI should also be analyzed. Further
investigations are required concerning these issues before the
clinical application of the new therapeutic strategy.

In summary, this study demonstrated that pre-exposure to
5-FU enhanced the incorporation and anti-tumor effect of FTD
in the context of colorectal cancer. Our data indicate the
potential for a new sequential therapy using S-1 and FTD/TPI
to improve the prognosis of colorectal cancer.
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