
Abstract. High levels of intratumoral thymidylate synthase
(TS) expression are associated with resistance to 5-fluorourcil
(5-FU). In order to establish a new treatment method for
5-FU-resistant tumors, the efficacy of gene therapy was
investigated using an adenoviral vector expressing short
hairpin RNA (shRNA) targeting TS. A replication-deficient
recombinant adenoviral vector expressing shRNA targeting
TS was constructed under the control of the human U6
promoter (Ad-shTS). Three 5-FU-resistant cancer cell lines,
DLD-1/5FU, KM12C/5FU and NUGC-3/5FU, were used.
Transduction with Ad-shTS effectively downregulated TS
expression in all three 5-FU-resistant tumor cells. MTT
assays demonstrated that treatment with Ad-shTS signifi-
cantly inhibited the growth of all three 5-FU-resistant tumor
cells. Furthermore, combined treatment with Ad-shTS and
5-FU demonstrated significantly greater inhibition of tumor
cell growth in comparison to 5-FU treatment alone and
Ad-shTS treatment alone. S-1, a combination of tegafur,
gimeracil and oteracil potassium, was used for the 5-FU
treatment by in vivo experiments. The combined treatment of
Ad-shTS and S-1 was found to have the strongest antitumor
effect against 5-FU-resistant DLD-1/5FU xenografts in nude
mice in comparison to S-1 treatment alone and Ad-shTS
treatment alone. Furthermore, the apoptotic index in tumors
treated with combined Ad-shTS and S-1 was significantly
higher in comparison to that in tumors treated with S-1 alone
and that in tumors treated with Ad-shTS alone. Consequently,
the combined treatment of the TS-inhibiting adenoviral vector

and S-1 has effective antitumor activity against 5-FU-resistant
tumors.

Introduction

Molecular biology studies have revealed that many molecules
affect the various biological behaviors of malignant tumors.
Therefore, it is important to design an optimal therapeutic
strategy depending on the specific tumor biology (1). The
selection of an effective chemotherapy regimen based on the
evaluation of tumor-associated biomarkers, that is tailor-
made chemotherapy, can improve the clinical outcome of
cancer patients (2). For example, 5-fluorouracil (5-FU)-
derived agents have widely been used in treatment of various
human cancers (3-5). In addition, thymidylate synthase (TS),
which plays a role in DNA synthesis (6), is a target molecule
of 5-fluorouracil (5-FU) (7). Many clinical studies involving
human cancers, including gastrointestinal tumors and non-
small cell lung cancers (NSCLCs), have shown 5-FU-derived
agents may be effective for tumors with a low TS expression
(8-10). On the other hand, epidermal growth factor receptor
(EGFR)-specific tyrosine kinase inhibitors may be effective
for tumors with EGFR gene mutations (11). Therefore, we
are utilizing tailor-made chemotherapy based on the co-
evaluation of TS expression and EGFR gene status for
NSCLC patients at present (2). However, because most tumors
with a low expression of TS or EGFR mutations are lung
adenocarcinomas, a new strategy is required for treatment of
the remaining populations of NSCLCs with a high expression
of TS and wild-type of EGFR.

Recently, RNA interference (RNAi), a sequence-specific
gene silencing process initiated with double-stranded RNA
(dsRNA), has been developed to be a powerful tool to inhibit
expressions of specific genes (12,13). Considering the fact
that a high level of the intratumoral TS expression is associated
with 5-FU-resistance and a poor outcome in cancer patients
treated with 5-FU-derived agents (8-10), the suppression of
TS expression by RNAi might restore the responsiveness to
5-FU in 5-FU-resistant tumors. Furthermore, stable small
interfering RNA (siRNA) molecules can be produced in
mammalian cells via short hairpin RNA (shRNA), suggesting
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that shRNA-expressing vectors could be usefully employed
to obtain a stable siRNA-mediated anti-oncogenic activity
(14,15). Therefore, in order to establish an effective treat-
ment for 5-FU-resistant tumors, an adenoviral vector was
constructed that expressed shRNA targeting TS. Consequently,
the combined treatment with the adenoviral vector expressing
shRNA targeting TS and 5-FU has effective antitumor
activity against 5-FU-resistant tumor cells in vitro. Finally,
the combined treatment with the TS-inhibiting adenoviral
vector and an oral 5-FU-derived agent S-1 (a combination of
tegafur, gimeracil and oteracil potassium) (16-18) was found
to have effective antitumor activity against 5-FU-resistant
tumor xenografts.

Materials and methods

Chemicals. 5-FU and uracil were purchased from Wako Pure
Chemical Industries (Osaka, Japan), and S-1 was produced
by Taiho Pharmaceutical Co., Ltd. (Tokushima, Japan). All
other chemicals used were commercial products of the
highest quality available.

Cell lines and cell culture. Three 5-FU-resistant cancer cell
lines, including a human colorectal carcinoma DLD-1/5FU
(19), a human stomach carcinoma NUGC-3/5FU (20), and a
human colorectal carcinoma KM12C/5FU (21), were kindly
provided by Taiho Pharmaceutical Co., Ltd. DLD-1/5FU
cells and NUGC-3/5FU cells were maintained in RPMI-1640
medium supplemented with 10 μM 5-FU and 10% fetal calf
serum. KM12C/5FU cells were maintained in modified
Eagle's medium supplemented with 10 μM 5-FU and 10%
fetal calf serum.

Design and transfection of siRNA. To select the specific siRNA
sequence that could effectively suppress the TS expression,
three siRNA oligonucleotides targeting TS were designed
using the siRNA Design Support System (Takara Biomedicals,
Otsu, Japan). The sense strand sequences were as follows:
TS-siRNA1, 5'-GUAACACCAUCGAUCAUGATdT-3'; TS-
siRNA2, 5'-GAAUACAGAGAUAUGGAAUTdT-3'; and
TS-siRNA3, 5'-CGAUCAUGAUGUAGAGUGUTdT-3'.
DLD-1/5FU cells were seeded in 6-cm culture dishes 24 h
prior to transfection, to reach 50-60% confluency. The siRNA
transfection was performed in a total volume of 3 ml con-
taining each siRNA (final concentration of 25 nM) and 25 μl
of TransIT-TKO transfection reagents (Mirus, Madison WI,
USA) according to the manufacturer's instructions.

Construction of adenoviral vectors. After the screening of
effective siRNAs targeting TS, the shRNA template [forward
strand: 5'-TS-siRNA1 sense strand (GTAACACCATCGAT
CATGA) + loop (TAGTGCTCCTGGTTG) + TS-siRNA1
antisense strand (TCATGATCGATGGTGTTAC) + poly-
merase III terminator (TTTTTT)] was synthesized. In order
to produce a plasmid vector expressing shRNA targeting TS
(plasmid-shTS), this shRNA template was cloned into a
pBAsi-hU6 plasmid vector (Takara Biomedicals),
containing a human RNA polymerase III-dependent U6
promoter. All the constructions were confirmed by DNA
sequencing. Next, an adenoviral vector was constructed using

an Adenovirus Expression vector kit (Takara Biomedicals)
according to the manufacturer's protocol. Briefly, the insert
with the human U6 promoter and shRNA template was
produced from plasmid-shTS using restriction enzyme
digestion by EcoRV. The insert was then ligated into a
pAxcwit cosmid vector. Using the COS-TPC method (22), an
E1-deleted replication-deficient recombinant adenoviral
vector expressing shRNA targeting TS was constructed under
the control of the human U6 promoter (Ad-shTS). A control
adenoviral vector expressing shRNA against the SNC1
sequence (sense sequence: 5'-TCTTAATCGCGTATAA
GGC-3', Takara Biomedicals), a negative control siRNA for
whole human genes, was also constructed (Ad-shNC). The
adenoviral vectors were amplified in HEK293 packaging
cells and purified by cesium chloride ultracentrifugation.
Functional plaque-forming unit (PFU) titers were determined
by limiting dilution plaque titration on HEK293 cells. All of
the resulting viral preparations were determined to be free of
contamination by wild-type adenovirus and endotoxin.

Real-time quantitative RT-PCR. Total cellular RNA was
extracted using the acid guanidinium thiocyanate procedure.
First-strand cDNA synthesis was performed with 5 μg of total
RNA using a cDNA synthesis kit (Amersham Bioscience,
Piscataway, NJ, USA). To quantify the TS gene expression,
TaqMan real-time quantitative PCR was performed with the
ABI PRISM 7700 sequence detection system (Applied
Biosystems, Foster City, CA, USA). The primers and probes
were from the Assays-on-Demand gene expression assay mix
(TS assay ID Hs00426591_m1, PCR product size 87 bp;
Applied Biosystems). Each sample was run in triplicate, and
each PCR experiment included three non-template control
wells. The comparative threshold cycle method (Applied
Biosystems) was used to calculate the gene expression in
each sample relative to the value observed in control cells,
using GAPDH (Assays-on-Demand gene expression system,
assay ID Hs99999905_m1, PCR product size 122 bp; Applied
Biosystems) as a control for normalization among samples.
RNA samples isolated from three independent experiments
were evaluated.

Western blot analysis. Cells were harvested and resuspended
in lysis buffer (62.5 mM Tris-HCl, 2% SDS, 10% glycerol,
4 M urea). Protein samples (50 μg) were each diluted into a
20-μl solution of lysis buffer and 5% 2-mercaptoethanol
(Bio-Rad Laboratories, Hercules, CA, USA) and heated in a
water bath at 95˚C for 5 min. Then, protein extracts were
separated by 10% SDS-PAGE. Next, the separated proteins
were transferred from gel to nitrocellulose membrane
(Hybond-ECL; Amersham) and then blocked in a blocking
solution (5% dry milk and 0.2% Tween-20 in PBS) for 1 h.
Then, membranes were incubated overnight with a rabbit
polyclonal antibody detecting TS, diluted at 1:500 (1). The
membranes were then incubated with HRP-labeled secondary
antibodies for 1 h. The proteins were visualized on enhanced
chemiluminescence film (Hyperfilm; Amersham) by applica-
tion of Western blotting detection system (Amersham).
Finally, the blots were reprobed using a mouse anti-human
actin mAb (C-2, Santa Cruz Biotechnology, Santa Cruz, CA,
USA, diluted at 1:1000) to ensure equal loading and transfer
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of proteins. Each experiment was repeated three times with
consistent results.

Cell viability assay. Tumor cells were seeded in 96-well
plates at concentration of 4000 cells/well. At 24 h after plating,
cells were treated with PBS (a mock control), Ad-shTS,
Ad-shNC, 5-FU (0.5 μg/ml 5-FU and 30 μg/ml uracil) (23),
or the combination of the vector and 5-FU. After 96 h incu-
bation, the cell viability in each group was determined by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assays using a Cell Proliferation Kit I (Roche,
Mannheim, Germany). In brief, tumor cells were incubated
with 10 μl of MTT labeling reagent for 4 h, and then
incubated with 100 μl of solubilization solution overnight.
Finally, the cell viability in each well was measured in terms
of optical density at a wavelength of 570 nm, and at 690 nm
for reference. Results were expressed as follows: cell growth
inhibition (%) = [1-(the relative percentage of absorbance
detected in the treated cells)/(the relative percentage of
absorbance detected in the PBS-treated control cells)] x 100.
Each cell viability assay was performed in triplicate and
repeated three times.

Tumor xenograft model in nude mice. Regarding the in vivo
experiments, S-1 (a combination product of tegafur, gimeracil
and oteracil potassium) was used for the 5-FU treatment. A
tumor xenograft was prepared by the subcutaneous implan-
tation of approximately 8 mm3 fragments of tumors derived

from DLD-1/5FU cells, into the back of six-week-old male
nude mice. When the tumor volume reached approximately
100 mm3, the mice were randomly divided into the six groups
(six mice/group): control group treated with PBS, groups
treated with Ad-shTS, Ad-shNC, S-1, and the combination of
the vector and S-1. In groups treated with adenoviral vectors,
intratumoral injections of Ad-shTS or Ad-shNC were perfor-
med at 2x109 PFU every four days for four times. In the
groups treated with S-1, 10 mg/kg of S-1 was administered
orally to nude mice once a day for 14 consecutive days. The
first day of the initial treatment was designated as day 1.
Tumor growth was monitored every three days for 30 days
by measuring tumor size using a caliper. The tumor volume
was calculated according to the following formula: tumor
volume = (length) x (width)2 x 0.5. All animal experiments
were performed in accordance with the Institutional Guide
for the care and use of laboratory animals. Animals were
euthanized when tumor xenograft exceeded 2 cm in diameter
or at the end point of observations, whichever came first.

Detection of apoptosis. The presence of apoptotic cells was
detected with the TUNEL method using the in situ apoptosis
detection kit (Takara Biomedicals) according to the manu-
facturer's protocol. After sections were deparaffinized and
rehydrated, the slides were treated for 15 min with 20 μg/ml
proteinase K. After quenching the endogenous peroxidase
activity with 3% H2O2 for 5 min, the sections were then
incubated for 90 min at 37˚C with the TUNEL reaction
mixture including terminal deoxynucleotidyl transferase
(TdT). Next, the sections were incubated for 30 min at 37˚C
with anti-FITC horseradish peroxidase conjugate. Staining
was developed using 3,3'-diaminobenzidine tetrahydrochloride
for 15 min. Lastly, the sections were lightly counterstained
with Mayer's hematoxylin. Apoptotic cells were determined
based on observations of TUNEL-staining sections and serial
HE-staining sections. In each case, a total of 10,000 tumor
cells were evaluated at high magnification by two authors
(K.K. and D.L.) independently. The apoptotic index was
defined as the number of apoptotic cells per 1,000 tumor cells.

Statistical analysis. Data are expressed as the mean ± SD.
Differences among the treatment groups were assessed using
the Mann-Whitney U-test. P<0.05 was considered to be
statistically significant.

Results

Identification of specific sequence of siRNA targeting TS.
First, in order to identify the specific siRNA sequence with
optimal inhibitory activity against TS, three chemically-
synthesized siRNAs (TS-siRNA1, TS-siRNA2 and TS-
siRNA3) designed from different sequences of the TS mRNA
were investigated. Seventy-two hours after the siRNA trans-
fection into 5-FU-resistant colorectal carcinoma DLD-1/5FU
cells, the efficiencies of each siRNA on the TS suppression
were ascertained in gene expression levels by real-time
quantitative RT-PCR and protein expression levels by Western
blot analyses. Consequently, the transfection of TS-siRNA1
was found to cause the strongest downregulation of the TS
both in gene expression levels (83.5±1.3%, Fig. 1A) and
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Figure 1. Transfection of siRNAs targeting TS into 5-FU-resistant DLD-1/
5FU cells. (A) Fold changes of the TS gene expressions evaluated by real-
time quantitative RT-PCR; (B) TS protein expressions evaluated by Western
blot analyses. One of three experiments with similar results is shown. PBS, a
mock control; scramble, a scrambled oligonucleotide as a negative control
against TS-siRNA1.
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protein expression levels (Fig. 1B). As a result, TS-siRNA1
was selected as the specific target site against TS to construct
an adenoviral vector expressing shRNA targeting TS.

An adenoviral vector expressing shRNA targeting TS
efficiently downregulates the TS expression. In order to

investigate the inhibitory effect of the Ad-shTS, three 5-FU-
resistant human cancer cell lines were transducted with Ad-
shTS or Ad-shNC at a multiplicity of infection (MOI, PFU/
cell) of 5, 10 and 20. Real-time quantitative RT-PCR analyses
showed that Ad-shTS effectively knocked down the TS gene
expression in all the three 5-FU-resistant tumor cells at 48,
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Figure 2. TS gene expressions and TS protein expressions in 5-FU-resistant tumor cell lines after the transduction with adenoviral vector of Ad-shTS or Ad-
shNC (a control vector). Gene expressions (A) and protein expressions (B) in DLD-1/5FU; Gene expressions (C) and protein expressions (D) in NUGC-3/
5FU; Gene expressions (E) and protein expressions (F) in KM12C/5FU. Regarding protein expressions, Western blot analyses were performed lines at 96 h
after the transduction with adenoviral vector of Ad-shTS or Ad-shNC at a MOI of 20, and one of three experiments with similar results is shown. PBS, a
mock control; *P<0.0001.
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72 and 96 h after transduction (Fig. 2A, C and E). At 96 h
after transduction with Ad-shTS at a MOI of 20, the amount

of TS mRNA remaining in cells was 6.0±0.9% for DLD-1/
5FU, 5.3±1.2% for NUGC-3/5FU, and 13.9±1.7% for
KM12C/5FU. It was statistically significantly lower than that
in cells transducted with Ad-shNC (P<0.0001, respectively).
Western blot analyses at 96 h after transduction also demon-
strated that Ad-shTS effectively knocked down the TS
protein expression in all the three 5-FU-resistant tumor cells
(Fig. 2B, D and F).

An adenoviral vector expressing shRNA targeting TS inhibits
growth of 5-FU-resistant tumor cells. Because the TS expres-
sion itself is involved in cell proliferation (24,25), we
investigated the inhibitory effect of Ad-shTS against the three
5-FU-resistant tumor cell lines. Three 5-FU-resistant human
cancer cell lines were transduced with Ad-shTS or Ad-shNC
at a MOI of 5, 10 and 20. MTT assays were performed at 48,
72 and 96 h after transduction. Consequently, the simple
treatment with Ad-shTS inhibited the growth of all the three
5-FU-resistant tumor cells in a time- and dose-dependent
manner. The treatment with Ad-shTS at a MOI of 20 signi-
ficantly inhibited the growth of all the three 5-FU-resistant
tumor cells, by 53.2±2.8% for DLD-1/5FU, by 53.0±4.0%
for NUGC-3/5FU, and by 45.4±3.0% for KM12/5FU
(P<0.0001 vs. Ad-shNC treatment, respectively) (Fig. 3).

The combined treatment with an adenoviral vector expres-
sing shRNA targeting TS and 5-FU has strong antitumor
activity against 5-FU-resistant tumor cells. The TS protein is
a target molecule of 5-FU (7), and a high expression of TS is
associated with 5-FU-resistance (8-10). Therefore, additional
MTT assays were performed to investigate the combined
treatment of Ad-shTS and 5-FU against the 5-FU-resistant
tumor cells. Three 5-FU-resistant tumor cells were treated with
PBS (a mock control), 5-FU (0.5 μg/ml 5-FU and 30 μg/ml
uracil) (23), Ad-shTS (20 MOI), Ad-shNC (20 MOI), or the
combination of the vector and 5-FU. Cell viability was
evaluated by the MTT assay at 96 h after the treatment. In
DLD-1/5FU cells, the growth inhibition rates were 36.7±4.9%
in 5-FU-treated cells, 53.2±2.8% in Ad-shTS-treated cells,
and 77.3±5.2% in cells treated with combined Ad-shTS and
5-FU (Fig. 4A). In NUGC-3/5FU cells, the growth inhibition
rates were 39.8±4.1% in 5-FU-treated cells, 53.0±4.0% in
Ad-shTS-treated cells, and 75.0±3.5% in cells treated with
combined Ad-shTS and 5-FU (Fig. 4B). In KM12C/5FU
cells, the growth inhibition rates were 38.5±3.6% in 5-FU-
treated cells, 45.4±3.0% in Ad-shTS-treated cells, and
72.3±4.6% in cells treated with combined Ad-shTS and 5-FU
(Fig. 4C). In all the three 5-FU-resistant tumor cell lines, the
combined treatment with Ad-shTS and 5-FU demonstrated a
significantly greater inhibition of tumor cell growth in
comparison to 5-FU treatment alone (P<0.0001, respectively)
and Ad-shTS treatment alone (P<0.0001, respectively).

The combined treatment with an adenoviral vector expres-
sing shRNA targeting TS and S-1 has strong antitumor
activity against 5-FU-resistant tumors in vivo. Finally, we
investigated the antitumor effect of combined treatment of
Ad-shTS and S-1 against 5-FU-resistant tumors in vivo.
5-FU-resistant tumor xenografts in nude mice were prepared
by the subcutaneous implantation of tumors derived from
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Figure 3. Cell viability evaluated by the MTT assay after the transduction
with adenoviral vector of Ad-shTS or Ad-shNC (a control vector). (A)
DLD-1/5FU; (B) NUGC-3/5FU; (C) KM12C/5FU. Cell growth inhibition
(%) = [1-(the relative percentage of absorbance detected in the treated
cells)/(the relative percentage of absorbance detected in the PBS-treated
control cells)] x 100. *P<0.0001; **P<0.01.
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DLD-1/5FU cells. Mice were randomly divided into the six
groups: control group treated with PBS, groups treated with
Ad-shTS, Ad-shNC, S-1, and the combination of the vector
and S-1 (Fig. 5A). The tumor volume at day 30 was
1655±264 mm3 in the PBS-treated group, 1294±306 mm3 in

the Ad-shNC-treated group, 929±139 mm3 in the S-1-treated
group, 664±196 mm3 in the Ad-shTS-treated group, and
212±15 mm3 in the group treated with combined Ad-shTS
and S-1 (Fig. 5B). The Ad-shTS treatment alone had a
significantly greater inhibition of DLD-1/5FU xenografts in
comparison to PBS treatment and Ad-shNC treatment
(P<0.01, respectively). Furthermore, the combined treatment
with Ad-shTS and S-1 was found to have a significantly
greater inhibition of DLD-1/5FU xenografts in comparison to
S-1 treatment alone and Ad-shTS treatment alone (P<0.01,
respectively). These results showed that the combined
treatment of Ad-shTS and S-1 has the strongest antitumor
effect against DLD-1/5FU xenografts.

Furthermore, apoptotic cells in tumor sections obtained at
day 30 were analyzed by the TUNEL method (Fig. 6A). The
apoptotic indexes were 43.8±8.7 in tumors treated with
combined Ad-shTS and S-1, 21.1±5.7 in tumors treated with
S-1, 27.9±7.8 in tumors treated with Ad-shTS (Fig. 6B). The
apoptotic index in tumors treated with the combined Ad-shTS
and S-1 was significantly higher in comparison to that in
tumors treated with S-1 alone and that in tumors treated with
Ad-shTS alone (P<0.0001, respectively).

Discussion

TS catalyses the conversion of deoxypirimidine-5'-monophos-
phate to deoxythymidine-5'-monophophate. Therefore, TS
plays a central role in the biosynthesis of thymidylate, an
essential step in DNA synthesis, and its expression is asso-
ciated with the cell proliferation (24,25). Furthermore, after
5-FU is converted into 5-fluoro-2'-deoxyuridine 5'-mono-
phosphate (FdUMP), this activated molecule forms a tight-
binding complex with TS, thus resulting in the inhibition of
the TS activity (6). Therefore, TS is a target molecule of 5-FU.
In total, the intratumoral TS expression is associated with the
cell proliferation (24,25) and the responsiveness to 5-FU (7).
In fact, 5-FU-derived agents are considered to be effective
for tumors with a low TS expression (2).

In contrast, the overexpression of TS is reported to be
associated with a poor prognosis of many cancer patients
treated with 5-FU (8-10). A previous experimental study also
reported that E2F1-transfected cells with up-regulation of
TS were more resistant to 5-FU (26). Actually, the 5-FU-
resistant tumor cell lines studied in the present study have
high levels of the TS expression (data not shown). Therefore,
we considered that the suppression of the intratumoral TS
expression could acquire the responsiveness to 5-FU against
5-resistant tumors.

Regarding the method for the downregulation of the target
genes, RNAi has recently become a powerful technique for
such gene therapy (13). RNAi is a conserved biological process
by which dsRNA inhibits gene expression in a sequence-
dependent manner. This process is initiated by an event by
which dsRNA is cleaved into 21- to 23-nucleotide siRNAs
by Dicer, a member of the RNase III family. Then, the siRNAs
mediates the suppression of the complementary mRNA
through a phylogenetically conserved cellular pathway (12).

The successful application of RNAi in cancer gene
therapy depends on the efficient delivery of siRNA into cells.
Although chemically-synthesized siRNAs are quickly and
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Figure 4. Cell viability evaluated by the MTT assay at 96 h after the treatment
of 5FU (0.5 μg/ml 5-FU and 30 μg/ml uracil), Ad-shTS at a MOI of 20, Ad-
shNC (a control vector) at a MOI of 20, or the combination of the vector and
5-FU. (A) DLD-1/5FU; (B) NUGC-3/5FU; (C) KM12C/5FU. Cell growth
inhibition (%) = [1-(the relative percentage of absorbance detected in the
treated cells)/(the relative percentage of absorbance detected in the PBS-
treated control cells)] x 100.
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easily obtained, their application has been restricted because
of their short half-lives. In contrast, stable siRNA molecules
can be produced in mammalian cells via shRNA expressed
under the control of the RNA polymerase III-dependent pro-
moter (14). However, the plasmid-based vectors expressing
shRNA perform low transfection efficiency and unstable
expression of shRNAs, when used in vivo (27). To circumvent
these problems, viral vectors carrying shRNA expression
cassettes have been developed in an attempt to achieve high
delivery efficacy and long-term expression (15). Among
various viral vectors, an adenoviral vector is an efficient tool
(28,29). It is relatively easy to produce adenoviral vectors,

and high titers of recombinant adenovirus particles can be
obtained. Furthermore, as adenoviral vectors can transfect
into a broad spectrum of cell types, they have been used
widely not only for experimental conditions but also for
clinical conditions (30). Therefore, an adenoviral vector
expressing shRNA targeting TS was constructed in the
present study, and it effectively inhibited the TS expression
in human 5-FU-resistant tumor cell lines.

Next, the antitumor effect of this TS-inhibiting adenoviral
vector itself against 5-FU-resistant tumor cells was assessed.
Consequently, the present study demonstrated that down-
regulation of the TS expression by simple transduction of the
TS-inhibiting adenoviral vector induced apoptosis and inhibited
the growth of TS-overexpressing tumor cells, both in vitro
and in vivo. Previous research has revealed that TS itself
exhibits oncogene-like activity (31). Experimental studies
showed that TS expression is associated with tumor cell
proliferation (24,25), anchorage-independent growth, and
tumor formation in nude mice (31). Furthermore, clinical
studies have revealed that a high level of the intratumoral TS
expression is associated with tumor proliferation (1,32) and
poor prognosis in cancer patients, including gastrointestinal
tumors, non-small cell lung cancers, and breast cancers
(32-35).

Furthermore, the present study demonstrated that the
combined treatment of the TS-inhibiting adenoviral vector
and 5-FU more effectively inhibited growth of 5-FU-resistant
tumor cells in comparison to TS-inhibiting vector treatment
alone and 5-FU treatment alone, not only in vitro but also
in vivo. The combined treatment of the TS-inhibiting adenoviral
vector and 5-FU strongly induced apoptosis in 5-FU-resistant
tumor cell lines, both in vitro and in vivo. These results
indicated that the combined therapy with adenoviral vector
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Figure 5. (A) 5-FU-resistant DLD-1/5FU xenografts in nude mice; (B) Tumor
volume of DLD-1/5FU xenografts in nude mice. PBS, a mock control; Ad-
shNC, a control vector; *P<0.01.
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expressing shRNA targeting TS and S-1 has the strong anti-
tumor activity against 5-FU-resistant tumors. In fact, a previous
study also reported the siRNA targeting TS to restore
chemosensitivity to TS inhibitor compounds in vitro (36).

Regarding the in vivo experiments, we used S-1 for the
5-FU treatment. Recently, S-1 has been developed for clinical
use (16-18). Many experimental and clinical studies have
revealed that the responsiveness to 5-FU is also associated
with the intratumoral expression of dihydropyrimidine dehy-
drogenase (DPD) (8). DPD is the first and rate-limiting enzyme
of 5-FU catabolism (37). A high level of the intratumoral
DPD expression is thus associated with tumor resistance to
5-FU (8). S-1 is a combination product of tegafur, gimeracil
and oteracil potassium. Because gimeracil is a strong inhibitor
for the intratumoral DPD activity, we considered that the
combined treatment with the TS-inhibiting vector and S-1

could be more effective against 5-FU-resistant xenografts.
However, tegafur in S-1 is a prodrug of 5-FU, and it should
be converted into 5-FU by cytochrome p-450 enzyme which
is mainly expressed in the liver (3). Therefore, we used 5-FU
in in vitro experiments and S-1 in in vivo experiments in the
present study.

Consequently, the present study demonstrated the
combined treatment with the TS-inhibiting adenoviral vector
and S-1 to be successfully used for 5-FU-resistant xenografts.
Therefore, this combined treatment could be a new and
effective treatment option against 5-FU-resistant tumors.
Because the efficacy of an RNAi cancer therapeutics is
limited by the quantity of the oligomer that effectively enters
the tumor cells, this is primarily dependent on the method of
delivery in the clinical setting (15). Further studies including
non-viral vectors may be required to develop this new treat-
ment strategy for patients with 5-FU-resistant tumors (38).

The mechanisms of resistance to chemotherapy partly
depend on overexpression of the target molecules of antitumor
drugs. For example, RRM1 overexpression is associated with
resistance to gemcitabine (39). Considering the results of the
present study, gene therapy inhibiting these target molecules
associated with antitumor drugs could thus enhance the effect
of chemotherapy against chemo-resistant tumors. Therefore,
combined treatment with the antitumor drug and the target
molecule-inhibiting gene therapy will be a new strategy for
cancer therapy.
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Figure 6. (A) TUNEL staining of 5-FU-resistant DLD-1/5FU xenografts in
nude mice at 30 days after the initiation of treatments. Bar, 100 μm. (B)
apoptotic index. PBS, a mock control; Ad-shNC, a control vector.
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