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Thymidylate synthase (TS) plays a major role in the response to
5-fluorouracil (5-FU) by binding directly to the 5-FU metabolite,
5-fluoro-dUMP (FdUMP). The change in the TS expression levels
after 5-FU administration was examined in parallel to 5-FU respon-
siveness in six human gastric adenocarcinoma cell lines to eluci-
date the source of variability of 5-FU sensitivity. MKN-1, SH-10-TC
and MKN-74 cells were more resistant to 5-FU than MKN-28, KATO
III and MKN-45 cells. Western blotting analysis revealed that the
5-FU sensitivity of these cells did not correlate with the basal TS
expression levels but did correlate with rapid detection of the
TS-FdUMP complex after exposure to 5-FU. In 5-FU-resistant cells,
very low levels of the TS-FdUMP complex early after 5-FU exposure
were elevated by pretreatment with calpain inhibitors such as
benzyloxycarbonyl-leucyl-leucinal (ZLLH), benzyloxycarbonyl-leu-
cyl-leucyl-leucinal (ZLLLH) and ALLN, but not by other protease
inhibitors. In contrast, ONO-3403, which causes calpain activation,
stimulated downregulation of the TS-FdUMP complex in 5-FU-sen-
sitive cells. The expression levels of calpastatin, an endogenous
calpain inhibitor, were higher in 5-FU-sensitive cells than in 5-FU-
resistant cells. ZLLH increased the 5-FU sensitivity of 5-FU-resistant
cells, whereas ONO-3403 decreased the sensitivity of 5-FU-sensi-
tive cells. In addition, knockdown of m-calpain by siRNA increased
the 5-FU sensitivity in 5-FU-resistant cells, while knockdown of
calpastatin reduced the sensitivity in 5-FU-sensitive cells. These
results suggest that calpain might reduce the chemosensitivity of
human gastric cancer cells to 5-FU possibly by rapid degradation of
the TS-FdUMP complex, a finding that is considered to have novel
therapeutic implications. (Cancer Sci 2011; 102: 1509–1515)

G astric cancer is one of the most common neoplasms world-
wide.(1,2) Although surgery remains the mainstay of poten-

tially curative treatment, the prognoses even for patients who
undergo a complete resection are not satisfactory. Postoperative
adjuvant chemotherapy with S-1, which includes tegafur as a
prodrug of 5-FU, has recently been reported to be effective
for curatively resected stage II ⁄ III gastric cancer.(3) At present,
5-FU is still a key drug for gastric cancer in both the adjuvant
and primary settings, while numerous multidrug regimens have
been developed for this treatment.(4,5) However, chemotherapeu-
tic management is further complicated by the observation that,
even among gastric cancers that share identical clinicopathologi-
cal features, there are significant differences among individuals
in the sensitivity to the same regimen.(6–9) Therefore, the clinical
response to 5-FU-based chemotherapy is patient dependent, and
it is important to select patients in whom the treatment is likely
to be effective, namely, to predict the sensitivity of gastric
cancer cells to 5-FU.(5,7–9) Gastric adenocarcinoma cells
that have a mutant p53 are likely to be more resistant to the
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growth-inhibitory effect of 5-FU than cells with a wild-type
p53.(6) This fact(6) suggests a mechanism in which p53 protein
contributes to the cellular response to chemotherapy. However,
other possible molecular mechanisms responsible for this
variation in the response to 5-FU are still unclear.

Sensitivity to 5-FU is significantly associated with the levels
or activities of intratumoral 5-FU-metabolizing enzymes such as
TS, DPD or OPRT before 5-FU treatment in vitro, in vivo and in
clinical model systems.(7–13) In particular, TS (EC 2.1.1.45), an
essential DNA synthetic enzyme that catalyzes the methylation
of dUMP to dTMP, is inactivated by the formation of a covalent
ternary complex with a 5-FU metabolite, FdUMP and methyl-
enetetrahydrofolate.(14) Thymidylate synthase is a key chemo-
therapeutic target of 5-FU or antifolate analogs(14,15) and the
basal expression level of TS gene, TS protein or TS enzymatic
activity in tumors is a good predictor of response to 5-FU.(7,9–11)

Furthermore, 5-FU treatment causes increases in TS gene expres-
sion, TS levels and enzymatic activity in cancer cells,(14–16) and
in human colon carcinoma cells, such enhanced TS expression
by 5-FU exposure is less in 5-FU-sensitive cells.(17) Although
the 5-FU-mediated TS induction might be a crucial response for
resistance to 5-FU, the possible changes in TS protein levels
after 5-FU treatment have yet to be documented in human gastric
cancer cells, and they might be related to the variability of 5-FU
sensitivity.

In the present study, we have focused on the TS level as a
major site of action and have compared the changes in TS levels
during 5-FU treatment in two sets of human gastric adenocar-
cinoma cell lines that differ in their chemosensitivity toward
5-FU. The results showed a difference in TS-FdUMP complex
levels between 5-FU-resistant and 5-FU-sensitive cells. Further-
more, this seems to be caused by a difference in the intrinsic
calpain activity. The possible implications of calpain in regard
to the chemotherapy with 5-FU in human gastric cancer cells
are also discussed.

Materials and Methods

Cell lines and culture. Six human gastric adenocarcinoma cell
lines(6,18,19) were used. MKN-1 (JCRB No. 0252), MKN-28
(JCRB No. 0253), MKN-45 (JCRB No. 0254), MKN-74 (JCRB
No. 0255) and KATO III (JCRB No. 0611) cells were obtained
from Health Science Research Resources Bank ⁄ Japanese Col-
lection of Research Bioresources (Osaka, Japan) and SH-10-TC
(RCB No. 1940) was obtained from Riken Bioresource Center
Cell Bank (Tsukuba, Japan). The mutational status of the p53
gene in the five cell lines has been reported,(6,18,19) while DNA
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Fig. 1. Different sensitivities to 5-fluorouracil (5-FU) among the
human gastric cancer cell lines. MKN-1, SH-10-TC, MKN-74, MKN-28,
KATO III and MIN-45 cells were cultured in the presence of varying
concentrations of 5-FU for 3 days. Cell viabilities were measured by
MTT assay and are shown as percentages of the control results.
single-strand conformation polymorphism analysis and direct
DNA sequencing confirmed that MKN-45 and SH-10-TC pos-
sess a wild-type p53.(6) MKN-1 has a point mutation (T to C
transition) at codon 143 in exon 5 in the p53 gene.(18,19) MKN-
28 has a point mutation (A to C transversion) at codon 251 in
exon 7.(18,19) The MKN-74 strain used in the present study has
the same point mutation as that in MKN-28,(19) although no
mutation was reportedly detected in other MKN-74 strains.(6,18)

Entire deletion of the p53 gene was confirmed in KATO III as
previously reported.(18,19)

The gastric cancer cells were maintained in DMEM supple-
mented with 1% non-essential amino acids, 100 U ⁄ mL penicil-
lin, 100 U ⁄ mL streptomycin and 10% heat-inactivated fetal
bovine serum in a 5% humidified CO2 incubator at 37�C. Mouse
NIH3T3 fibroblasts transformed by activated Ha-ras (ras-
NIH3T3)(20) were cultured in DMEM supplemented with 5%
bovine serum and 100 lg ⁄ mL of kanamycin. The culture med-
ium including 5-FU was prepared just before each experiment
by the addition of the drug directly to the medium, as described
previously.(6) The cells in the logarithmic phase of growth were
used for all experiments.

Chemicals. DMEM, 5-FU, PMSF and MTT were purchased
from Sigma (St Louis, MO, USA). DMSO was obtained from
Wako Pure Chemicals (Kyoto, Japan). Anti-TS,(21) anti-
OPRT(22) and anti-DPD polyclonal antibodies were generous
gifts from Taiho Pharmaceutical Co., Ltd (Tokyo, Japan). Anti-
l-calpain, anti-m-calpain, anti-calpastatin(23,24) and anti-b-actin
polyclonal antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Clasto-lactacystin b-lactone
(lactacystin)(24,25) was from Biomol Research Laboratories
(Plymouth Meeting, PA, USA). N-Acetyl-leucyl-leucyl-norleuc-
inal (ALLN)(26) was purchased from Nacalai Tesque (Kyoto,
Japan). ZLLH,(27) ZLLLH,(27) which is also known as
MG132,(15) and pepstatin A were purchased from Peptide Insti-
tute (Osaka, Japan). MMP inhibitor was purchased from Merck
Biosciences (Darmstadt, Germany). Serine protease inhibitors,
ONO-3403(28–30) and ONO-5046, were provided by Ono Phar-
maceuticals (Kyoto, Japan). All other chemicals used were of
the highest standard grade commercially available.

Evaluation of the cytotoxicity of 5-FU. The in vivo chemosen-
sitivity was evaluated using the MTT colorimetric assay(31) as
previously described.(24,32) Briefly, 5 · 103 cells per well were
plated in 96-well plates at various concentrations of 5-FU and
cultured for 3 days. Cell viability was quantified by measuring
the absorbance at 570 nm with a reference wavelength of
655 nm after incubation with 0.5 mg ⁄ mL MTT for 4 h. Absor-
bance reflects the viable cell number and the results are shown
as percentages of the control results.

When indicated, gastric cancer cells were pretreated with sev-
eral protease inhibitors or the solvent (DMSO) as a control for
1 h and then the chemosensitivity to 5-FU was examined using
the MTT assay in the presence of these compounds.

Western blotting analysis. Cells were incubated with or with-
out 5 lM 5-FU for the indicated periods. From each sample,
30 lg total protein of the cytoplasmic fraction was separated on
11% polyacrylamide gels containing sodium dodecylsulfate
(SDS) by electrophoresis (SDS-PAGE), and Western blotting
was performed as described previously,(6,24) followed by treat-
ment with a secondary antibody and detection using Immuno-
Star Reagents (Wako Pure Chemicals) according to the
manufacturer’s instructions.

When indicated, the cells were incubated in the presence of
protease inhibitors or the solvent DMSO for 3 h just before har-
vest and were also exposed to 5 lM 5-FU for the last 2 h.

Transfection of siRNA and cDNA. The siRNA used to knock-
down m-calpain (Sigma) were siCAPN2 (gene name of m-
calpain)-1 (5¢rCrGrCUrAUUrCrArArGrAUrAUUUrArATT and
5¢UUrArArAUrAUrCUUrGrArAUrArGrCrGTT), siCAPN2-2
1510
(5¢GrArArArCUrGrAUrCrCrGrCrAUrCrCrGrATT and 5¢Ur-
CrGrGrAUrGrCrGrGrAUrCrArGUUUrCTT) and siCAPN2-3
(5¢rCUUrAUrCUrCUUrGrGrCUrCUrGUUTT and 5¢rArArCrAr
GrArGrCrCrArArGrArGrAUrArArGTT). The siRNA for cal-
pastatin (Sigma) were siCAST (gene name of calpastain)-1 (5¢r
CrArGrArArCrArCrArGrCrArArArGrGrAUrATT and 5¢UrA-
UrCrCUUUrGrCUrGUrGUUrCUrGTT) and siCAST-2 (5¢CrA-
rGrCrArArArGrGrAUrArArGUrGrCrArATT and 5¢UUrGrCrA
rCUUrAUrCrCUUUrGrCUrGTT). MISSION siRNA Universal
Negative Control SIC-001 (Sigma) was used as a control siR-
NA. MKN-1 or MKN-45 cells (1 · 106 cells) were transfected
with a total of 500 pmol of siRNA by electroporation using
Neon Transfection System (Life Technologies, Carlsbad, CA,
USA). Cells were cultured for 2 days and replated for the MTT
assay and Western blotting analysis.

cDNAs of l-calpain and m-calpain large subunits (CAPN1
and CAPN2) were provided by Dr Koichi Suzuki (Toray Indus-
tries, Tokyo, Japan).(33,34) Human calpastatin cDNA was
provided by Dr Masatoshi Maki (Nagoya University, Aichi,
Japan).(35) Human DAN cDNA was provided by Dr Shigeru
Sakiyama (Chiba Red Cross Blood Center, Chiba, Japan).(36)

Expression vectors containing the cDNA were transfected into
ras-NIH3T3 cells, and G418-resistant stable transfectants were
isolated as described previously.(24,32)

Results

Sensitivity of gastric cancer cells to 5-FU. By MTT assay,
MKN-1, SH-10-TC and MKN-74 cells were found to be rela-
tively resistant to 5-FU compared with MKN-28, KATO III and
MKN-45 cells (Fig. 1). The half-maximal inhibition concentra-
tions of MKN-1, SH-10-TC and MKN-74 cells were higher than
40 lM, whereas those of MKN-28, KATO III and MKN-45 cells
were 10–20 lM. Based on these results, MKN-1, SH-10-TC and
MKN-74 cells were designated as the 5-FU-resistant group and
MKN-28, KATO III and MKN-45 cells were the 5-FU-sensitive
group, and 5 lM was selected as the concentration of 5-FU in
the following experiments. The p53 gene is mutated in MKN-1,
MKN-74, MKN-28 and KATO III cells but not in MKN-45 and
SH-10-TC cells, thus suggesting that the chemosensitivity to 5-
FU does not simply indicate the p53 status.

Effects of 5-FU on TS protein levels in gastric cancer cells. By
Western blotting analysis, the basal state of the TS protein
doi: 10.1111/j.1349-7006.2011.01978.x
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appeared as a band at approximately 36 kDa, the expression lev-
els of which showed no relationship with the sensitivity to 5-FU
(Fig. 2). The 5-FU treatment at 5 lM for 1 day (24 h) or 2 days
(48 h) resulted in the induction of another distinct band of
38 kDa (indicated as TS*) in all strains (Fig. 2). This higher
molecular mass band can never be found in the untreated cells
and can be detected just after 5-FU exposure; it represents TS
protein bound in a covalent complex (TS-FdUMP complex) to a
5-FU metabolite, FdUMP and methylenetetrahydrofolate.(15,17)

Alterations in TS protein levels after exposure to 5-FU. To
determine whether there was any direct effect of 5-FU on the TS
levels, changes in the levels of TS protein were analyzed using
Western blotting in the six gastric adenocarcinoma cell lines
after treatment with 5 lM 5-FU for 0–24 h, based on the results
shown in Figure 2. The 38 kDa TS-FdUMP complex was not
apparent until 4–6 h after the addition of 5-FU in 5-FU-resistant
cells such as MKN-1, SH-10-TC and MKN-74 (Fig. 3A–C). In
contrast, the complex appeared as early as 2 h after 5-FU addi-
tion in 5-FU-sensitive MKN-28, KATO-III and MKN-45 cells
(Fig. 3D–F). The levels of FdUMP-free TS protein of 36 kDa
were relatively constant after 5-FU addition in 5-FU-resistant
cells, whereas they rapidly decreased after 5-FU addition in
5-FU-sensitive cells. As a result, the ratios of the TS-FdUMP
complex versus free TS were much higher in 5-FU-sensitive
cells 2–6 h after 5-FU addition than those in 5-FU-resistant
cells. The levels of OPRT as well as those of the loading control
b-actin did not change throughout the treatment period (Fig. 3).
In addition, no apparent alteration in the expression levels of
DPD was confirmed (data not shown).

Influences of protease inhibitors on the TS level and
chemosensitivity to 5-FU. The difference in the TS expression
levels between 5-FU-resistant and 5-FU-sensitive cells might be
caused by the difference in the synthesis and ⁄ or degradation of
TS protein. A large difference in synthesis rates was unlikely
because treatment with cycloheximide, a protein synthesis
inhibitor, for 2 h led to no detectable decrease in TS protein
(data not shown). The influence of proteolysis on the levels of
TS protein expression was investigated using protease inhibi-
tors. The 5-FU-resistant MKN-1 cells pretreated with protease
inhibitors for 1 h were then treated with 5-FU in the presence
of these compounds for 2 h, and then analyzed by Western
blotting. The level of the TS-FdUMP complex increased after
pretreatment with calpain inhibitor ZLLH and was moderately
raised by proteasome ⁄ calpain inhibitor ZLLLH(27) (Fig. 4A).
The dose of either ZLLH or ZLLLH used is considered enough
to inhibit calpain activity.(27) Protease inhibitors such as lacta-
cystin,(24,25) PMSF, pepstatin A, MMP inhibitor and elastase
inhibitor ONO-5046 caused no apparent change in the TS lev-
els, whereas the calpain ⁄ proteasome inhibitor ALLN increased
Fig. 2. Varying expression levels of thymidylate synthase (TS) protein
and the TS–5-fluoro-dUMP (FdUMP) complex in the human gastric
cancer cell lines before or after 5-fluorouracil (5-FU) treatment. MKN-
1, SH-10-TC, MKN-74, MKN-28, KATO III and MIN-45 cells were treated
with 5 lM 5-FU for 0 (no treatment), 1 day (24 h) or 2 days (48 h).
Extracts of control (0) and 5-FU-treated cells were analyzed by
Western blotting using anti-TS antibody (upper panel) or anti-b-actin
antibody (lower panel). TS* represents the TS-FdUMP complex.
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the levels of the TS-FdUMP complex (data not shown). In turn,
the TS-FdUMP complex, which was rapidly detectable in 5-FU-
sensitive KATO-III cells (Fig. 3E), remarkably decreased by
pretreatment with calpain stimulator ONO-3403(28–30) for 1 h
followed by 5-FU treatment in the presence of ONO-3403 for
2 h (Fig. 4B).

Different calpain ⁄ calpastatin levels between 5-FU-resistant and
5-FU-sensitive cells. Two types of calpain, l-calpain and m-cal-
pain, are ubiquitously expressed in most cells.(24,37) Their prote-
olytic activity is activated by Ca2+ and is inhibited by the
endogenous inhibitor calpastatin.(23,24) Although the expression
levels of l-calpain were similar, the expression of m-calpain
was relatively lower in 5-FU-sensitive MKN-28, KATO III and
MKN-45 cells than in 5-FU-resistant MKN-1, SH-10-TC and
MKN-74 cells (Fig. 5). Furthermore, the expression of calpasta-
tin was exclusively detectable only in the three 5-FU-sensitive
cells (Fig. 5).

Decrease in calpain activity sensitizes 5-FU-resistant gastric
cancer cells to 5-FU. The survival of 5-FU-resistant MKN-1
cells after exposure to 5-FU decreased in the presence of ZLLH
but not in the presence of ZLLLH (Fig. 6A). Lactacystin caused
a marginal increase in cell viability at high concentrations (20–
100 lM) of 5-FU (Fig. 6A), thus suggesting that the inhibition
of proteasome activity might have an opposite effect on the sen-
sitivity to 5-FU. ZLLH did not further increase the sensitivity of
5-FU-sensitive cells (data not shown). When 5-FU-sensitive
KATO III cells were pretreated with calpain activator ONO-
3403, the 5-FU-induced decrease in cell viability was efficiently
suppressed (Fig. 6B). ONO-3403 did not further decrease the
sensitivity of 5-FU-resistant cells (data not shown). Conse-
quently, the decrease in calpain activity might increase the
sensitivity to 5-FU.

This was further supported by the results of siRNA transfec-
tion. In most 5-FU-resistant MKN-1 cells, knockdown of m-cal-
pain by siCAPN2-1 or siCAPN2-2 increased the sensitivity to
5-FU but not by siCAPN2-3 (Fig. 6C). The effect of each
siCAPN2 on 5-FU sensitivity correlated well with the
knockdown level of m-calpain protein determined by Western
blotting (Fig. 6D). Transfection with siRNA for l-calpain
caused no apparent change in the 5-FU sensitivity (data not
shown). In most 5-FU-sensitive MKN-45 cells, knockdown
of calpastatin by siCAST-1 or siCAST-2 reduced the 5-FU
sensitivity (Fig. 6E). The effective knockdown of calpastatin
protein by either siCAST was confirmed by Western blotting
(Fig. 6F).

Similar effects of calpain on the sensitivity to 5-FU was also
observed in ras-NIH3T3 cells that were stably transfected with
expression vectors containing cDNA coding for CAPN1 (l-cal-
pain large subunit), CAPN2 (m-calpain large subunit) or DAN, a
calpain-activating gene.(36) In comparison to parental ras-
NIH3T3 cells, CAPN1- and CAPN2-transfected cells were more
resistant to 5-FU (Fig. 6G). Furthermore, DAN-transfected cells
were found to be much more resistant to 5-FU than the other
three cell types (Fig. 6G).

Discussion

The results of the present study clearly demonstrate that in
human gastric adenocarcinoma cells the alteration of the TS-
FdUMP complex levels after exposure to 5-FU is associated
with chemosensitivity to 5-FU and calpain regulates the TS-
FdUMP levels accompanied by the corresponding alteration in
the 5-FU-sensitivity.

The six human gastric carcinoma cell lines failed to show any
correlation between the basal TS levels and the sensitivity to 5-
FU (Figs 1,2), which is consistent with the findings of a previ-
ous report.(16) In contrast, the basal level of TS ⁄ TS expression or
TS activity was suggested to be a good predictor of response to
Cancer Sci | August 2011 | vol. 102 | no. 8 | 1511
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(A)

(B)

(C)

(D)

(E)

(F)

Fig. 3. Time course of changes in expression levels of thymidylate synthase (TS) and the TS–5-fluoro-dUMP (FdUMP) complex (TS*) in 5-
fluorouracil (5-FU)-resistant (A-C) and 5-FU-sensitive (D-F) gastric cancer cell lines after treatment with 5 lM 5-FU for the periods indicated. The
cell extracts were analyzed by Western blotting using anti-TS, anti-orotate phosphoribosyltransferase (OPRT) and anti-b-actin antibodies.

(B)

(A)

Fig. 4. Effects of calpain inhibitor ⁄ activator on expression levels of
thymidylate synthase (TS) and the TS–5-fluoro-dUMP (FdUMP) complex
(TS*). MKN-1 cells were pretreated with calpain inhibitors such as
benzyloxycarbonyl-leucyl-leucinal (ZLLH) and benzyloxycarbonyl-
leucyl-leucyl-leucinal (ZLLLH) (A) and KATO III cells were pretreated
with calpain activator ONO-3403 (B) at concentrations indicated or
the solvent DMSO (0.1%) for 3 h just before harvest, and were also
exposed to 5 lM 5-fluorouracil (5-FU) for the last 2 h. Extracts of
control ()) and 5-FU-treated (+) cells were analyzed by Western
blotting using anti-TS and anti-b-actin antibodies.

Fig. 5. Comparison of the expression levels of calpain and calpastatin
among human gastric cancer cells by Western blotting analysis using
anti-l-calpain, anti-m-calpain, anti-calpastatin and anti-b-actin anti-
bodies.
5-FU:(7,9–11) high TS ⁄ TS tended to be associated with 5-FU
resistance and vice versa, which might be explained by the fact
that TS catalytic activity is inhibited by FdUMP, a 5-FU metab-
olite.(14) However, care must be taken concerning the methods
used to measure the TS ⁄ TS levels when interpreting the corre-
lation between TS levels and 5-FU sensitivity or the clinical
outcome, since previous studies with clinical samples showed
discrepancies between the protein expression and either the
mRNA expression or enzymatic activity of TS.(8,38)
1512
The treatment of cancer cells with 5-FU results in an increase
of TS ⁄ TS expression levels.(14–17) While the findings of 5-FU-
mediated TS protein induction previously shown corresponds
to the current observations, this phenomenon was attributed to
relieving the translational inhibition caused by binding of TS to
its cognate mRNA,(14) and also decreasing the 26S-proteasome-
induced degradation of TS protein.(15) These reported mecha-
nisms mainly focused on the free TS levels. In contrast, the
current study noticed the importance of the TS-FdUMP ternary
complex rather than free TS in the resistance of gastric cancer to
5-FU. Once formed, the TS-FdUMP complex is not subject to
dissociation even under denaturing conditions.(17) However, the
presence of calpain inhibitor ZLLH increased the 38 kDa TS-
FdUMP complex level with no apparent change in the level of
free TS (Fig. 4A), and calpain activator ONO-3403 stimulated
the downregulation of the TS-FdUMP complex (Fig. 4B). This
implies that the TS-FdUMP complex rather than free TS is
preferentially degraded by calpain in human gastric adenocarci-
noma cells within 24 h during 5-FU treatment (Figs 2,3). In
doi: 10.1111/j.1349-7006.2011.01978.x
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(A)

(C)

(E) (G)

(B)

(D)

(F)

Fig. 6. Effects of calpain inhibition ⁄ activation on the chemosensitivity to 5-fluorouracil (5-FU). The respective cell viability (shown in A–C, E and
G) was determined by MTT assay as described in the legend of Figure 1. (A) MKN-1 cells were treated for 3 days with varying concentrations of
5-FU in the presence of 25 lM benzyloxycarbonyl-leucyl-leucinal (ZLLH), 250 nM benzyloxycarbonyl-leucyl-leucyl-leucinal (ZLLLH), 2 lM
lactacystin or the solvent DMSO (0.1%). (B) Chemosensitivity of KATO III cells to 5-FU was examined in the presence of 25 lg ⁄ mL of ONO-3403
or the solvent DMSO (0.1%). (C) Chemosensitivity of MKN-1 cells cultured for 2 days after transfection with control siRNA, siCAPN2-1, siCAPN2-2
or siCAPN2-3. (D) The protein expression levels of m-calpain and b-actin in siRNA-transfected MKN-1 cells were examined using Western blotting.
(E) Chemosensitivity of MKN-45 cells cultured for 2 days after transfection with control siRNA, siCAST-1 or siCAST-2. (F) The protein expression
levels of calpastatin and b-actin in siRNA-transfectanted MKN-45 cells were examined using Western blotting. (G) Chemosensitivity of stable
transfectants of ras-NIH3T3 to 5-FU. ras-NIH3T3 cells transfected with CAPN1 (l-calpain), CAPN2 (m-calpain) or DAN cDNA and the parental cells
were examined.
5-FU-resistant cells, the endogenous calpain inhibitor calpastatin
is lacking (Fig. 5) and calpain might be readily activated by
extracellular stress such as 5-FU exposure, as previously
observed in ultraviolet-irradiated human fibroblasts.(23) As a
result, high calpain activity might degrade the TS-FdUMP com-
plex in 5-FU-resistant cells. However, it remains unclear
whether such selective degradation of the TS-FdUMP complex
by calpain was caused by a conformational change, subcellular
Nabeya et al.
localization or other unknown mechanisms. In contrast, it is pos-
sible that 5-FU-sensitive gastric cancer cells have a sufficient
quantity of calpastatin to inhibit calpain, as shown in Figure 5.

The possible involvement of calpain in the sensitivity to 5-FU
was further confirmed by siRNA transfection. Knockdown of m-
calpain by siRNA in most 5-FU-resistant MKN-1 cells increased
the 5-FU sensitivity, whereas knockdown of calpastatin in most 5-
FU-sensitive MKN-45 cells reduced the sensitivity (Fig. 6C,E).
Cancer Sci | August 2011 | vol. 102 | no. 8 | 1513
ªª 2011 Japanese Cancer Association



As knockdown of l-calpain did not affect the 5-FU sensitivity, the
proteolytic activity of m-calpain might play a pivotal role in the
regulation of 5-FU sensitivity. Transient transfection with cDNA
of CAPN1, CAPN2, calpastatin or calpain-activating DAN failed
to alter 5-FU sensitivity, possibly because of transfection effi-
ciency (data not shown). However, we previously showed that
DAN-transfected cells were the most resistant to 5-FU among
more than 110 stable transfectants examined for their chemosensi-
tivity.(32) The current study has also revealed by stable transfection
into mouse fibroblasts that DAN-transfected cells were much more
resistant to 5-FU than parental ras-NIH3T3 cells (Fig. 6G). Since
transfection and expression of DAN cDNA results in the activation
of calpain,(29) increased calpain activity might suppress the cyto-
toxic effects of 5-FU. In comparison to DAN, transfection with
cDNA of CAPN1 or CAPN2 had less effect on 5-FU sensitivity.
This implies that high expression of the calpain large subunit alone
is insufficient to increase the calpain catalytic activity. In contrast,
one might argue that similar effects could be obtained with other
cell stress-inducing agents unrelated to TS. However, calpain-
transfected cells were more resistant to 5-FU than the parental line
but not to other anticancer drugs such as cisplatin, ifosfamide,
mitoxantrone, nitrosourea and taxol (data not shown). Accord-
ingly, the intracellular calpain activity might affect the chemosen-
sitivity specifically to 5-FU, as shown in esophageal cancer cells
to peplomycin.(24) Transfection with calpain inhibitor calpastatin
did not increase 5-FU sensitivity (data not shown), possibly
because the basal activity of calpain was sufficiently suppressed in
the ras-NIH3T3 cells.(30) Transfection with calpain ⁄ calpastatin
cDNA into human gastric adenocarcinoma cells failed to produce
any significant difference in the sensitivity to 5-FU presumably
because of the much lower transfection efficiency in human cells
compared with that in mouse fibroblasts (data not shown).

Although our results suggest a causal relationship between
calpain activity and sensitivity to 5-FU, the possibility that the
variance in the early induction of the TS-FdUMP complex
resulted from differential calpain activation cannot be ruled out.
In addition, it is not fully understood why the degradation of the
TS-FdUMP complex causes resistance to 5-FU, because this is
essentially an enzymatically dead complex. However, since the
‘‘ternary’’ complex includes methylenetetrahydrofolate, rapid
degradation of this complex might release methylenetetrahy-
drofolate, which can be bound to free TS again, resulting in cell
survival. Therefore, regulation of the TS-FdUMP complex lev-
els by calpain might play an important role in determining the
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sensitivity to 5-FU, while some underlying mechanism has yet
to be elucidated by in vivo models as well as in vitro experi-
ments.

Finally, the results of the present study suggest a mechanism
in which calpain activity contributes to the chemoresistance of
5-FU, leading to the proposal of a novel treatment strategy for
chemotherapy to gastric cancer. First, it is possible that the
chemosensitivity to 5-FU can be predicted by the expression
levels of calpain and calpastatin in gastric carcinoma cells.
When the ratio of calpain versus calpastatin is high, the cells
might be resistant to 5-FU and vice versa. Second, it is also
possible that introduction of calpain inhibitors might sensitize
gastric cancer cells to 5-FU. However, one should be cautious in
the fact that inhibition of proteasome might desensitize cells to
5-FU (Fig. 6A). Most, if not all, calpain inhibitors also inhibit
proteasome as exemplified by ALLN and ZLLLH.(26,27) There-
fore, the development of more potent and specific calpain inhibi-
tors is anticipated, and we believe that the present study presents
significant information as a clue to enhance the chemotherapeu-
tic efficacy of 5-FU to human gastric adenocarcinomas.
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5-FU 5-fluorouracil
DPD dihydropyrimidine dehydrogenase
FdUMP 5-fluoro-dUMP
OPRT orotate phosphoribosyltransferase
TP thymidine phosphorylase
TS thymidylate synthase
ZLLH benzyloxycarbonyl-leucyl-leucinal
ZLLLH benzyloxycarbonyl-leucyl-leucyl-leucinal
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