
Abstract. Thymidylate synthase (TS) is a dNTP synthetic
enzyme and is also a target enzyme of 5-fluorouracil (5-FU).
5-FU is one of the anticancer agents most frequently used for
the treatment of colorectal cancers. However, the clinical rate
of response to its use as a single agent is not exceptionally high.
Therefore, various combination chemotherapies have been
devised. The elevated expression of TS in cancer cells is a
serious obstacle in the clinical use of 5-FU. In the present
study, TS expression was up-regulated by the knockout of the
p21WAF1/CIP1 gene in human colorectal cancer HCT116 cells,
suggesting that TS expression is mediated through the
inhibition of cyclin-dependent kinase (CDK). Based on these
findings, we tested whether the CDK inhibitor (CDKI)
SU9516, acted as a suppressor of TS. SU9516 effectively
reduced the expression of TS in a dose-dependent manner.
Furthermore, the reduction of TS expression resulted in
enhancement of the sensitivity to 5-FU in human colon
cancer DLD-1 cells. Thus, SU9516 might be a promising
compound for combination chemotherapy with 5-FU.

Introduction

Colorectal cancers often show low sensitivity to anticancer
agents. 5-Fluorouracil (5-FU) has been in clinical use as an
anticancer agent and remains a mainstay of chemotherapeutic
approaches for the treatment of colorectal cancers (1).
However, the clinical rate of response to its use as a single

agent is not exceptionally high. Therefore, various combination
chemotherapies have been devised.

The target enzyme of 5-FU is thymidylate synthase (TS).
TS is a folate-dependent enzyme that is essential for DNA
synthesis and DNA repair. TS often functions as an oncogene
(2) and inhibition of the TS reaction results in the cessation
of cellular proliferation and growth. Thus, TS represents an
important target for cancer chemotherapy. However, the
expression levels of TS are elevated in many cases, which is
a serious obstacle in the clinical use of 5-FU (3). Accordingly,
clinical studies have shown that high TS levels are correlated
with poor prognosis in patients with colorectal and other
malignant tumors (4). To make matters worse, exposure to TS
inhibitors leads to the further up-regulation of TS expression
(5). Therefore, some experiments for regulating TS expression
have been attempted, including TS-targeted siRNAs that may
have therapeutic potential by themselves or as chemosensitizers
in combination with 5-FU (6,7).

On the other hand, the expression of TS has been assumed
to be up-regulated by E2F1 (8). Furthermore, it has been
reported that the retinoblastoma tumor-suppressor (RB)
protein which acts as a negative regulator of cell cycle
transition, suppresses the expression of TS (9,10). RB is also
known to bind the E2F family of transcriptional factors. In
quiescent cells, the function of E2F is inactivated by binding
to the unphosphorylated form of RB protein (11). When RB
is phosphorylated by CDK-cyclins, E2F is released from the
complex and binds to a cis-element in the promoter region of
various genes involved in cell proliferation and DNA synthesis,
such as TS (8). Thus, several studies have shown that TS
expression is correlated with E2F1 expression (12,13).

Based on these findings, we investigated whether a CDK
inhibitor (CDKI) acted as a suppressor of TS, and whether it
could be used to enhance the sensitivity to 5-FU. Our results
demonstrated that SU9516, a CDKI (14,15) effectively
reduced TS expression and enhanced the sensitivity to 5-FU
in human colorectal cancer cells.

Materials and methods

Reagents. FdUrd, a metabolized product of 5-FU, was
obtained from Wako (Osaka, Japan). SU9516 was obtained
from Calbiochem (San Diego, CA). They were dissolved in
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dimethylsulfoxide (DMSO) and diluted to the final
concentrations in each culture medium used.

Cell culture. Human colon adenocarcinoma DLD-1 cells and
FdUrd-resistant DLD-1 cells (DLD-1/FdUrd cells), a kind
gift from Taiho Pharmaceutical Co. Ltd. (Tokushima, Japan),
were cultured in Roswell Park Memorial Institute (RPMI)
medium. The establishment of DLD-1/FdUrd cells was
described previously (16). Human colon adenocarcinoma
wild-type HCT116 cells (HCT116 WT cells) and p21WAF1/CIP1-
null HCT116 cells (HCT116 p21-/- cells), a kind gift from
Dr B. Vogelstein (The Johns Hopkins University, Baltimore,
MD), were cultured in Dulbecco's modified Eagle's medium
(DMEM). The establishment of HCT116 p21-/- cells was
described previously (17). Each medium contained 10% fetal
bovine serum and 2 mM glutamine (RPMI) or 4 mM
glutamine (DMEM). All cells were maintained at 37˚C in a
humidified atmosphere supplemented with 5% CO2.

Colony formation assay. For the cell growth study, DLD-1,
DLD-1/FdUrd, HCT116 WT and p21-/- cells were seeded at a
density of 200 cells in each well of 6-well plates. After
culturing for 24 h, cells were treated with various concentrations
of FdUrd for 48 h. Then the cells were incubated in growth
medium for 7-10 days, and the number of viable colonies
was counted. For the study of the effect of SU9516, DLD-1
cells were seeded at a density of 200 cells in each well of
6-well plates. After culturing for 24 h, cells were exposed to
SU9516 (5 μM) or mock-treated with DMSO, and 24 h after
the treatment, growth medium was replaced by medium
supplemented with various concentrations of FdUrd and
culturing was continued for 48 h. In the same way as in the
cell growth study, cells were incubated in growth medium for
7-10 days, and the number of viable colonies was counted. The
data are presented as the percent compared to the control
samples and were analyzed using the Student's t-test.
Differences were considered to be statistically significant
from the controls at p<0.05.

Western blot analysis. Cells were lysed with buffer containing
50 mM Tris-HCl (pH 6.8), 10% glycerol, 1% SDS, 5%
2-mercaptoethanol and 0.025% bromphenol blue. The protein
extract was loaded onto a 12% (for TS and GAPDH detection)
or 7% (for RB detection) polyacrylamide gel, electro-
phoresed, and transferred onto a polyvinylidene difluoride
membrane (Millipore, Bedford, MA). Monoclonal antibodies
to TS [a kind gift from Taiho Pharmaceutical Co. Ltd. (18)],
RB (PM-14001A from Pharmingen, Franklin Lakes, NJ),
phsphorylated RB (Thr356) (Biosource, Carlsbad, CA) or
GAPDH (HyTest Ltd., Turku, Finland) were used as the
primary antibodies. The signal was then developed with
Chemi-Lumi One (Nacalai Tesque Inc., Kyoto, Japan).

RNA isolation and quantitative real-time RT-PCR. Total
RNA was isolated from DLD-1 cells using Sepasol-RNA I
(Nacalai Tesque Inc.). Total RNA (10 μg) was reverse
transcribed to cDNA in a 20-μl reaction volume, with
Superscript reverse transcriptase (Invitrogen Corp., Carlsbad,
CA), using oligo(dT) primers (Toyobo Co., Ltd., Osaka,
Japan). The reaction mixture was incubated at 42˚C for 50 min,

and then at 70˚C for 15 min to stop the reaction. An
equivalent volume (1 μl) of cDNA solution was used for the
quantification of specific cDNAs by quantitative real-time
RT-PCR. The primer sequences used for the TS and GAPDH
genes were described previously (19). Quantitative real-time
RT-PCR was carried out using an RT-PCR system
GeneAmp5700 (Applied Biosystems, Foster, CA). The
expression level of TS mRNA was normalized by the level of
GAPDH mRNA in the same sample.

DNA transfection and luciferase assay. The TS promoter
plasmid was a kind gift from Dr K. Kawakami (20). For the
establishment of a TS mutant promoter, a QuickChange site-
directed mutagenesis kit (Stratagene Cloning Systems, Co.,
La Jolla, CA) was used to generate point mutations at the
E2F site of the TS reporter plasmid. The mutant sense
sequence was CGGGACGGCCGCtaGAAAAGGCGCG
CGG (the point mutation is shown as a small letter) and the
wild-type sense sequence was CGGGACGGCCGCGGGAAA
AGGCGCGCGG (the consensus E2F sequence site in the TS
promoter between -129 and -156 bp from the first nucleotide of
the initiation codon is underlined). DLD-1 cells (1x104 cells)
were incubated in each well of 12-well plates, and 1.0 μg per
well of a reporter plasmid DNA was transfected using
Lipofectamine Plus reagent (Invitrogen Corp.). For the study
of the effect of p21WAF1/CIP1 or E2F1 expression on the TS
promoter, 1.0 μg per well of each expression vector was
transfected at the same time. After 24 h, the cells were
harvested. For the study of the effect of SU9516, 24 h after
transfection of the TS promoter, the cells were treated with
medium containing SU9516, and 24 h after the start of the
treatment, the cells were harvested for the luciferase assay.
Luciferase activity was analyzed using a PicaGene
luminescence kit (Toyo Ink, Tokyo, Japan) and a luminometer.
The relative luciferase activity was standardized by the
protein concentration of each cell lysate.

Results

The expression levels of TS and the sensitivity to FdUrd in
DLD-1 and DLD-1/FdUrd cells. We examined the expression
levels of TS in DLD-1 and DLD-1/FdUrd cells by Western
blotting. TS expression was higher in DLD-1/FdUrd than in
DLD-1 cells (Fig. 1A). We subsequently confirmed the
sensitivity of DLD-1 and DLD-1/FdUrd cells to FdUrd
in vitro by colony formation assays. As shown in Fig. 1B,
upon exposure to various concentrations of FdUrd for 48 h,
DLD-1/FdUrd cells showed a smaller reduction in the colony
number than DLD-1 cells in accord with a previous study
(21), indicating that TS expression is reversely correlated
with the sensitivity to FdUrd. These findings also agree with
a previous study showing that further up-regulation of TS
expression by exposure to TS inhibitors leads to a more
critical condition (5).

The expression levels of TS and the sensitivity to FdUrd in
HCT116 WT and p21-/- cells. To test whether CDKI acted as a
suppressor of TS, we used HCT116 WT and p21-/- cells,
because p21 acts as a CDK inhibitor. After confirming that
the expression of p21 was not detected in HCT116 p21-/-
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cells, we examined phosphorylated RB in HCT116 WT
and p21-/- cells by Western blotting. The expression of phos-
phorylated RB was higher in p21-/- than in WT cells (Fig. 2A).
Then, the expression levels of TS in HCT116 WT and p21-/-

cells were examined by Western blotting. As shown in Fig. 2B,
TS expression was higher in HCT116 p21-/- than in WT cells.
We were able to assess the relationship between p21 and TS
expression. Subsequently, we examined the sensitivity of
HCT116 WT and p21-/- cells to FdUrd in vitro by a colony
formation assay. Upon exposure to various concentrations of
FdUrd for 48 h, HCT116 p21-/- cells showed a smaller
reduction in the colony number than WT cells, indicating
CDKI affects the sensitivity to FdUrd (Fig. 2C).

Effects of ectopic p21 and E2F expression on TS promoter
activity. To ascertain whether the down-regulation of the TS
gene expression is mediated through the CDK-RB pathway,
we employed p21 and E2F expression vectors, and studied
the effects on the TS promoter. As shown in Fig. 3A, the TS
promoter activity was down-regulated by ectopic p21
expression. On the other hand, the TS promoter activity was
up-regulated by ectopic E2F expression (Fig. 3B). Furthermore,
to determine whether a region of the TS promoter is responsible
for the activation by E2F, we generated point mutations at
the E2F site of the TS promoter. As shown in Fig. 3C, the TS
mutant promoter activity was not up-regulated by ectopic
E2F expression.
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Figure 1. (A) The levels of TS protein of DLD-1 and DLD-1/FdUrd cells. GAPDH was used as an internal control. (B) Sensitivity of DLD-1 and DLD-1/
FdUrd cells to FdUrd. Cells were exposed to various concentrations of FdUrd for 48 h, and the number of viable colonies was counted (*p<0.05; **p<0.01).

Figure 2. (A) The levels of p21 and phosphorylated RB of HCT116 WT and
p21-/- cells. GAPDH was used as an internal control. (B) The levels of TS
protein of HCT116 WT and p21-/- cells. GAPDH was used as an internal
control. (C) Sensitivity of HCT116 WT and p21-/- cells to FdUrd. Cells were
exposed to various concentrations of FdUrd for 48 h, and the number of
viable colonies was counted (*p<0.05; **p<0.01).
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CDK inhibitor down-regulates TS expression in DLD-1 cells.
To investigate whether the inhibition of CDK contributes to
the down-regulation of TS in DLD-1 cells, we examined the
expression of TS protein and mRNA after CDKI treatment.
As shown in Fig. 4A, we found by Western blotting that
SU9516 (a CDKI) decreased TS protein expression in a

dose-dependent manner, accompanied by the reduction of
phosphorylated RB. In addition, we demonstrated, using
quantitative real-time RT-PCR, that SU9516 also decreased
TS mRNA expression in a dose-dependent manner (Fig. 4B).
To examine whether the down-regulation of TS expression
by CDKI is mediated through the TS promoter, we performed
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Figure 3. (A) Effect of ectopic p21 expression on TS promoter activity. p21
expression vector was transfected with TS reporter plasmid at the same
time, and a luciferase assay was performed (*p<0.05). (B) Effect of ectopic
E2F1 expression on TS promoter activity. E2F1 expression vector was
transfected with TS reporter plasmid at the same time, and a luciferase assay
was performed (*p<0.05). (C) Effect of ectopic E2F1 expression on mutant
TS promoter activity. E2F1 expression vector was transfected with the
mutant TS reporter plasmid at the same time, and luciferase assay was
performed.

Figure 4. The effect of SU9516 on TS expression and RB status of DLD-1
cells. (A) DLD-1 cells were treated with SU9516 at the indicated
concentrations for 24 h. Western blotting was then performed. GAPDH was
used as an internal control. (B) DLD-1 cells were treated with SU9516 at
the indicated concentrations for 24 h. Quantitative real-time RT-PCR was
performed. The expression level of TS mRNA was normalized by the level
of GAPDH mRNA in the same sample (*p<0.05; **p<0.01). (C) DLD-1 cells
were transfected with the TS reporter plasmid and then treated with SU9516
at the indicated concentrations for 24 h. The luciferase assay was then
performed. Fold induction by SU9516 was calculated relative to that of
DMSO (0). 

1105-1110  7/4/08  13:27  Page 1108



luciferase reporter assays using transient transfection of a TS
promoter-luciferase reporter plasmid. SU9516 treatment of
DLD-1 cells reduced the luciferase activity of the TS promoter
in a dose-dependent manner (Fig. 4C). These results suggest
that the CDKI decreases the TS promoter activity, mRNA and
protein expression through the RB pathway in DLD-1 cells.

CDK inhibitor does not down-regulate TS expression in
DLD-1/FdUrd cells similarly as in DLD-1 cells. To assess
whether the same phenomena occur in DLD-1/FdUrd cells,
we examined the expression of TS protein after CDKI
treatment to DLD-1/FdUrd cells. As shown in Fig. 5A, the
CDK inhibitor did not down-regulate TS expression in DLD-1/
FdUrd cells by the same concentrations as in DLD-1 cells.
Upon confirming the RB status in DLD-1 and DLD-1/FdUrd
cells by Western blotting, we found that expression of RB
was quite low in DLD-1/FdUrd cells (Fig. 5B). These findings
suggest that down-regulation of TS by a CDKI is affected by
the status of RB where the CDKI shows the effect.

CDK inhibitor up-regulates the sensitivity to FdUrd in DLD-1
cells. We investigated the effects of a CDKI on the sensitivity
to FdUrd in DLD-1 cells. Fig. 6 shows the colony formation
assay of DLD-1 cells in the presence of FdUrd after treatment
with DMSO or SU9516. At concentrations of FdUrd between
0.1-0.5 μM, the numbers of colonies of SU9516-treated cells
were lower than those of DMSO-treated cells. This result
indicates that the CDKI up-regulated the sensitivity of DLD-1
cells to FdUrd.

Discussion

As already performed in 5-FU-mediated chemotherapy, one
method of improving the response rate is the combined use of
5-FU with an inhibitor of dihydropyrimidine dehydrogenase,
which degrades 5-FU (22). Nevertheless, the response rate is
not exceptionally high because the expression levels of TS are
elevated in many cases causing drug resistance (3). In the
present study, in an attempt to identify a new chemo-

sensitizer, we used a CDKI as a suppressor of TS. As expected,
we found that the treatment of DLD-1 cells with SU9516
reduced TS expression, resulting in enhancement of the
sensitivity to FdUrd. CDKIs, by themselves are attractive
compounds for molecular-targeting chemotherapy. From our
experiments, CDKIs are expected to be not only attractive
compounds for molecular-targeting chemotherapy, but also
attractive chemosensitizers to 5-FU. However, the effect of
SU9516 as a suppressor of TS might be reduced by low RB
expression, which was observed in DLD-1/FdUrd cells. This
indicates that other regimens must be utilized in the case that
RB expression is low, as observed in DLD-1/FdUrd cells
which were established by the long exposure to FdUrd (16).

Our promoter analysis of TS suggested that the CDKI acts
as a counter agent against E2F. The negative regulation of
cellular proliferation by RB is attributed to its transcriptional
suppression of E2F target genes (10). The results of the present
study indicate that down-regulation of TS expression by
SU9516 is at least partially mediated through the status of
RB phosphorylation.

In conclusion, we showed that a CDKI reduced TS
expression and enhanced the sensitivity to FdUrd in DLD-1
cells. The results indicate the possibility that addition of a
CDKI to 5-FU-mediated chemotherapy might be a good
method for molecular-targeting chemotherapy against
colorectal cancers. Furthermore, we expect that inducers of
CDKIs or activators of RB might also be useful compounds
in combination with 5-FU-mediated chemotherapy.
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Figure 5. (A) The effect of SU9516 on TS expression of DLD-1/FdUrd
cells. DLD-1/FdUrd cells were treated with SU9516 at the indicated
concentrations for 24 h. Western blotting was then performed. GAPDH was
used as an internal control. (B) RB and the phosphorylated RB status of
DLD-1 and DLD/FdUrd cells.

Figure 6. Effect of SU9516 on the sensitivity of DLD-1 cells to FdUrd.
Cells were treated with DMSO or SU9516 (5 μM) for 24 h and then
exposed to various concentrations of FdUrd for 48 h, and the number of
viable colonies was counted (*p<0.05).
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