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The aim of this study is to clarify the benefit of combination che-
motherapy in gastric cancer based on a cell-signal inhibitor and an
anticancer drug. Two scirrhous gastric cancer cell lines and two
non-scirrhous gastric cancer cell lines were used. Five anticancer
drugs (5-fluorouracil [5FU], paclitaxel, oxaliplatin, irinotecan, and
gemcitabine) and four cell-signal inhibitors, mammalian target
of rapamycin (mTOR) inhibitor, glycogen synthase kinase 3b,
p38abMAPK, and cyclin-dependent kinase, were used. The prolifer-
ation of cancer cells was examined by MTT assay and in vivo study.
The apoptosis of cancer cells and the expression of apoptosis-
related molecules were examined by flow cytometry, real-time
PCR, and immunostaining. mTOR inhibitors with 5FU showed a
synergistic antiproliferative effect in scirrhous gastric cancer,
whereas the other signal inhibitors showed no synergistic effect
with any anticancer drugs. mTOR inhibitor decreased the IC50 of
5FU and increased the apoptosis rate in scirrhous gastric cancer
cells, but not in non-scirrhous gastric cancer cells. The pan-caspase
inhibitor, zVAD-fmk, inhibits apoptosis induced in combination
with 5FU and mTOR inhibitor. mTOR inhibitor decreased dihydro-
pyrimidine dehydrogenase, thymidylatesynthase, and bcl-2 expres-
sion, and increased caspase-3 and p21 expression of scirrhous
gastric cancer cells, but did not affect those of non-scirrhous gastric
cancer cells. In an in vivo study, mTOR inhibitor significantly
enhanced the therapeutic efficacy of S1, an analog of 5FU. These
findings suggest that mTOR inhibitor interacts with 5FU in a syner-
gistic manner in scirrhous gastric cancer cells by the activation of
the apoptosis signal. Therefore, mTOR inhibitor is a promising ther-
apeutic agent in combination with 5FU in scirrhous gastric cancer.
(Cancer Sci 2009; 100: 2402–2410)

G astric carcinoma remains one of the major causes of can-
cer deaths around the world.(1,2) Most patients with

advanced gastric cancer need chemotherapy. Among the chemo-
therapeutic agents for gastric cancer, a 5FU analog, S1, has
recently become the first line chemotherapy for gastric cancer
patients in Japan, while several new drugs, including the taxanes
such as PTX, the third-generation platinum derivative OXA, the
topoisomerase-I inhibitor SN38, and the pyrimidine analog
GEM, have emerged. These agents provide a better prognosis
for patients with advanced gastric cancer.(3–6) Even so, the
response rate remains low.

Cell-signal inhibitors are also emerging as a potential therapy
for cancers, because signal pathways play an important role in
the progression of various types of carcinomas. The proliferation
of cancer cells mainly involves the PI3K signal pathway and the
MAPK signal. The PI3K ⁄ Akt signal and the MAPK are pro-
posed to be a critical integrator of various signaling transduction
systems.(7) mTOR and GSK3b are located downstream of the
PI3K ⁄ Akt signal. mTOR inhibitor has been reported to show the
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proliferation inhibitory effect against various kinds of tumor
cells through the inhibition of Akt signaling.(8,9) p38MAPK is
a member of the MAPK signaling cascade. CDK, a group of
protein kinases, were originally described as key regulators of
the cell cycle.

Combination chemotherapy with an anticancer drug and a
cell-signal inhibitor might achieve a better response rate, thus
exceeding the efficacy of single treatment. In gastric cancer there
are only a few published reports of the combination effect of a
cell-signal inhibitor and an anticancer drug.(10,11) In this study,
we examined the combination effects of these signal inhibitors
with anticancer drugs on the proliferation of gastric cancer cells.

Materials and Methods

Chemicals and anticancer drugs. We used five cell-signal
inhibitors and five anticancer drugs. As inhibitors of the cell-
signal pathway, mTOR inhibitors rapamycin (Sigma, St Louis,
MO, USA) and rapamycin analog CCI-779 (Wyeth Pharmaceu-
ticals, Collegeville, PA, USA), GSK3b inhibitor AR-A014418,
p38abMAPK inhibitor SB239063, and CDK inhibitor SU9516
(all Calbiochem, Darmstadt, Germany) were used. Anticancer
drugs 5FU (Kyowa Hakko, Tokyo, Japan), PTX (Bristol-Myers,
Wallingford, CT), OXA (Yakult, Tokyo, Japan), irinotecan
active metabolite SN38 (Yakult), and GEM (Eli Lilly, Kobe,
Japan), were used. For the in vivo study, S1 (Taiho Pharmaceuti-
cal, Tokyo, Japan) a 5FU analog, was used. All reagents were
formulated as recommended by their suppliers.

Cell culture and cell lines. The human gastric cancer cell lines
OCUM-2M,(12) OCUM-8,(13) MKN-45, and MKN-74 were used
in this study. OCUM-2M and OCUM-8 were derived from a
scirrhous gastric adenocarcinoma, and MKN-45 and MKN-74
were derived from a non-scirrhous gastric adenocarcinoma.

Cell growth assays. Cancer cells (1.0 · 104) were placed in
each well of a 96-well plate. The plates were incubated with or
without the addition of a cell-signal inhibitor, and with or with-
out an anticancer drug. After incubation for 72 h, 20 mL MTT
(Sigma) was added in each wells. The formazan product of
MTT was measured as absorbance at 570 nm using a microtiter
plate reader (PM2004; Wako, Osaka, Japan). The potential syn-
ergy between the anticancer drugs and mTOR inhibitors, rapa-
mycin (20 nM or 100 nM) or CCI-779 (5 nM or 50 nM), was
evaluated using Drewinko’s fraction method.(14) The synergistic,
additive, or antagonistic interactions were determined when the
value was less than the expected value, more than the expected
value, but less than the drugs’ value, or more than the drugs’
value, respectively. The expected value of the combined effects
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(%) = the effects of the anti-cancer drug ⁄ control · the effects
of cell-signal inhibitor ⁄ control · 100 was calculated.

Flow cytometry. Apoptosis was detected using flow cytometry
by staining cells with annexin V-FITC and propidium iodide
(BD Pharmingen, San Diego, CA, USA) labeling. OCUM-2M
and OCUM-8 cells were seeded at a density of 1.0 · 105

cells ⁄ mL in six 100-mm plates. With or without the addition of
5FU at the concentration of IC50, and with or without rapamycin
(20 nM) or CCI-779 (5 nM), the plates were incubated for 72 h.
We also examined the effect of zVAD-fmk (Sigma), a pan-cas-
pase inhibitor, on the apoptosis rate of cancer cells. zVAD-fmk
(50 lM) was added 1 h before treatment, and the plates were
incubated for 72 h. Using an apoptosis kit, cells were stained
with annexin V-FITC and propidium iodide according to the
instructions of the manufacturers, and immediately analyzed by
FACScan flow cytometry (Becton Dickinson, Mountain View,
CA, USA). We evaluated the synergistic effect of apoptosis by
the combination of mTOR inhibitor and 5FU in scirrhous gastric
cancer. The survival rate was calculated as follows: survival rate
(%) = 100 · (100 ) apoptotic rate) ⁄ (100 ) apoptotic rate of the
control). The synergistic interactions were determined when the
value was less than the expected value (Exp). The expected
value (%) = (survival rate of the anticancer drug) · (survival
rate of mTOR inhibitor) · 100 was calculated.

Quantitative real-time RT-PCR. We examined the expression at
the mRNA level of genes, including TS, DPD, caspase-3, bcl-2,
and p21, as previously reported.(15) Quantitative real-time RT-
PCR was done on the ABI Prism 7000 (Applied Biosystems,
Foster City, CA, USA) using the commercially available gene
expression assay for TS, DPD, p21, bcl-2 and caspase-3
(Hs00426591, Hs00559278, Hs01121172, Hs00099010, and
Hs00234387, respectively). The threshold cycle (Ct) values were
used to calculate the relative expression ratios between control
and treated cells using the formula described by Pfaffl.(16) Quan-
titative PCR reactions were done in triplicate.

Animal models. BALB ⁄ c nude mice (Clea Japan, Shizuoka,
Japan) were used. All experiments with nude mice were carried
out in accordance with guidelines for animal experiments of
Osaka City University Medical School. Xenografts were estab-
lished by injecting 1 · 107 OCUM-2M cells into the flanks of
mice at 4 weeks of age. Mean tumor volume was observed to be
100 mm3 at 6 days after inoculation. Accordingly, 3 mg ⁄ kg ⁄ day
of rapamycin, or 20 mg ⁄ kg ⁄ day of CCI-779, and ⁄ or 10 mg ⁄ kg ⁄
day of S1 was given for 5 days per week for 2 weeks, except
in the control. Rapamycin and CCI-779 were intraperitonealy
injected, and S1 was given orally. Tumor volumes (V) were
determined at each time point by measuring length (l) and width
(w), then calculating the volume (V = lw2 ⁄ 2). Medication-
defined groups were CMC (control group; n = 6), rapamycin
(3 mg ⁄ kg ⁄ day; n = 6), S1 (10 mg ⁄ kg ⁄ day; n = 6), rapamycin
combined with S1 (n = 6), CCI-779 (20 mg ⁄ kg ⁄ day; n = 6),
and CCI-779 combined with S1 (n = 6). After mice were
killed, the specimens were fixed in 10% formalin for paraffin
sectioning. Sections were stained immunohistochemically using
Table 1. Growth inhibitory effect of signal inhibitors in combination wit

Anticancer

drug

OCUM-2M

Rapamycin

(mTOR)

CCI-779

(mTOR)

AR-A014418

(GSK3b)

SB239063

(p38abMAPK)

SU9

(CD

5FU Synergistic Synergistic – – Addi

PTX – – – – –

OXA Additive – Additive Additive –

SN38 – – Additive – Addi

GEM – – – – Addi

–, antagonistic; 5FU, 5-fluorouracil; CDK, cyclin-dependent kinase; GEM, ge
of rapamycin; OXA, oxaliplatin; PTX, paclitaxel; SN38, irinotecan.

Matsuzaki et al.
anticaspase3 antibody (Cell Signaling, Danvers, USA), anti-p21
antibody (Dako, Glostrup, Denmark), and an in situ apoptosis
detection kit (Takara, Shiga, Japan).

Statistical methods. Comparisons among datasets were made
with the Kruskal–Wallis one-way ANOVA by ranks followed by
Dunn’s multiple comparison test. Probability values of P < 0.05
were regarded as statistically significant. All statistical tests
were two-sided.

Results

Combination effect of signal inhibitors with anticancer
drugs. We investigated the antiproliferative effect of signal
inhibitors, including mTOR inhibitor, GSK3b inhibi-
tor, p38abMAPK inhibitor, and CDK inhibitor, in combination
with an anticancer drug, including 5FU, PTX, OXA, SN38, or
GEM (Table 1). A synergistic antiproliferative effect was found
only for the combination of the mTOR inhibitors rapamycin and
CCI-779 with 5FU in scirrhous gastric cancer OCUM-2M and
OCUM-8 cells. In contrast, GSK3b inhibitor, p38abMAPK
inhibitor, and CKD inhibitor showed no synergistic effect when
combined with any anticancer drug. An additive effect was
found for the combination of CDK inhibitor with 5FU, SN38, or
GEM in both scirrhous gastric cancer cell lines. An antagonistic
effect was found in the other combinations of signal inhibitors
with anticancer drugs in OCUM-2M or OCUM-8 cells. We then
investigated the effect of the combination of 5FU and mTOR
inhibitor in detail.

Synergistic effects of mTOR inhibitor with 5FU in gastric cancer
cell lines. The proliferation of OCUM-2M and OCUM-8 cells
was significantly decreased by rapamycin and CCI-779. 5FU
was added to cancer cell cultures at the IC75 for each cell line.
The proliferation effect for OCUM-2M and OCUM-8 cells with
the combination of mTOR inhibitors with 5FU was lower
than the expected additive effects (Fig. 1a,b), suggesting that the
combination of rapamycin or CCI-779 with 5FU shows a syner-
gistic effect. In contrast, in MKN-45 and MKN-74 cells, the pro-
liferation effect of the combination of mTOR inhibitor with 5FU
was higher than the expected additive effect (Fig. 1c,d).

mTOR inhibitor increased the efficiency of anticancer drug.
Figure 2 shows the IC50 of 5FU with or without mTOR inhibi-
tor. The IC50 of 5FU was decreased in combination with rapa-
mycin or CCI-779 in scirrhous gastric cancer cells, OCUM-2M
and OCUM-8. In contrast, the IC50 of 5FU was increased by
the combination with rapamycin in non-scirrhous gastric cancer
cells, MKN-45 and MKN-74.

mTOR inhibitor increased apoptosis induced by anticancer
drug. Figure 3 shows the rates of apoptosis induced by the
combined exposure of OCUM-2M, OCUM-8, MKN-45, and
MKN-74 cells to mTOR inhibitor and ⁄ or 5FU in the absence or
presence of the pan-caspase inhibitor zVAD-fmk. The latter was
used to clarify the effect of caspase on apoptosis by mTOR
inhibitors. The mTOR inhibitors increased apoptosis induced by
5FU in OCUM-2M and OCUM-8 cells, but not in MKN-45 or
h anticancer drugs in two scirrhous gastric cancer cell lines

OCUM-8

516

K)

Rapamycin

(mTOR)

CCI-779

(mTOR)

AR-A014418

(GSK3b)

SB239063

(p38abMAPK)

SU9516

(CDK)

tive Synergistic Synergistic – – Additive

Additive Additive – – Additive

– – – – –

tive – – – – Additive

tive – Additive – – Additive

mcitabine; GSK, glycogen synthase kinase; mTOR, mammalian target

Cancer Sci | December 2009 | vol. 100 | no. 12 | 2403
ªª 2009 Japanese Cancer Association



MKN-45 MKN-74

80

100

80

100
Rapamycin Rapamycin

40

60

40

60

Exp

0

20 Exp

0

20

80

100

80

100
CCI-779

CCI-779

20

40

60

ExpP
ro

lif
er

at
io

n 
ra

te
 (

%
)

P
ro

lif
er

at
io

n 
ra

te
 (

%
)

P
ro

lif
er

at
io

n 
ra

te
 (

%
)

P
ro

lif
er

at
io

n 
ra

te
 (

%
)

20

40

60

Exp

0 0

(c) (d)

OCUM-2M OCUM-8

Rapamycin

*
100 **

**

Rapamycin

100 **
****

40

60

80

Exp

**

**
40

60

80

**
**

0

20

0

20

80

100 **
****

CCI-779

* **
**

CCI-779

20

40

60

Exp

**

Exp

**

P
ro

lif
er

at
io

n 
ra

te
 (

%
)

P
ro

lif
er

at
io

n 
ra

te
 (

%
)

P
ro

lif
er

at
io

n 
ra

te
 (

%
)

100

40

60

80

0

20

P
ro

lif
er

at
io

n 
ra

te
 (

%
)

0

Exp

(a) (b)

Fig. 1. Synergistic effects of mammalian target of rapamycin (mTOR) inhibitor in combination with 5-fluorouracil (5FU) by MTT assay. A
synergistic antiproliferative effect in response to a combination of mTOR inhibitor with 5FU was observed in both OCUM-2M (a) and OCUM-8
(b) scirrhous gastric cancer cells, but not in MKN-45 (c) or MKN-74 (d) non-scirrhous gastric cancer cells. The results are presented as the mean of
three independent experiments, and the bars indicate the SD. *P < 0.05 and **P < 0.01 compared with each anticancer drug alone. Exp, an
expected additive value.
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Fig. 2. IC50 of 5-fluorouracil (5FU) in combination with mammalian target of rapamycin (mTOR) inhibitor. The IC50 of 5FU was decreased when
combined with rapamycin or CCI-779 in OCUM-2M (a) and OCUM-8 (b) scirrhous gastric cancer cells. In contrast, the IC50 of 5FU was increased
when combined with rapamycin or CCI-779 in MKN-45 (c) and MKN-74 (d) non-scirrhous gastric cancer cells.
MKN-74 cells. Figure 3a shows flow cytometric analysis of
OCUM-2M cells. 5FU, rapamycin, and CCI-779 increased the
apoptosis rate of OCUM-2M cells compared with the control.
The combined exposure to the combination of 5FU with rapa-
mycin or 5FU with CCI-779 significantly (P < 0.05) increased
the apoptosis rate of cancer cells, compared to the control and to
those treated with 5FU alone and rapamycin alone. zVAD-fmk
(50 lM) decreased the rate of apoptosis induced in combination
with 5FU and mTOR inhibitor in OCUM-2M cells. No signifi-
cant difference of apoptosis rate was found between the combi-
nations of 5FU with mTOR inhibitor and 5FU alone in the
Matsuzaki et al.
zVAD-fmk group. Figure 3b shows flow cytometric analysis of
OCUM-8 cells. 5FU, rapamycin, or CCI-779 increased apopto-
sis compared with the control. In addition, the apoptosis rates
induced by the combination of rapamycin or CCI-779 with 5FU
were significantly (P < 0.05) increased compared to the control,
5FU, and mTOR inhibitor alone. In contrast, no significant dif-
ference of apoptosis rate was found between the combinations
of 5FU with mTOR inhibitor and 5FU alone in the zVAD-fmk
group. We evaluated the synergistic effect of apoptosis by com-
bining mTOR inhibitor and 5FU in OCUM-2M and OCUM-8
cells (Fig. 3c). The survival rate for OCUM-2M cells treated
Cancer Sci | December 2009 | vol. 100 | no. 12 | 2405
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with 5FU, rapamycin, or CCI-779 were 87%, 95%, and 96%,
respectively. Survival rates after exposure to the combination of
5FU and rapamycin or 5FU and CCI-779 were 73% and 78%,
respectively. The survival rate for OCUM-2M cells treated with
the combination of mTOR inhibitors was lower than the expected
value (82% and 83%, respectively), indicating that the combina-
tion of 5FU with rapamycin and CCI-779 shows a synergistic
effect. Survival rates of OCUM-8 cells after treatment with 5FU,
rapamycin, or CCI-779 were 85%, 80%, and 87%, respectively.
In response to the combination of 5FU and rapamycin or 5FU
and CCI-779, the survival rates were 67% and 72%, respectively.
The survival rate for OCUM-8 cells following treatment with
mTOR inhibitors was lower than the expected value (68% and
73%, respectively), evaluating that the combination of 5FU with
rapamycin or CCI-779 shows a synergistic effect in OCUM-8
cells. Figure 3d shows flow cytometric analysis of MKN-45 and
MKN-74 cells. 5FU, rapamycin, and CCI-779 increased the
apoptosis rate of MKN-45 and MKN-74 cells compared with the
control. The combined exposure to the combination of 5FU with
rapamycin increased the apoptosis rate of cancer cells compared
to those treated with 5FU alone, but not significantly.

Effect of mTOR inhibitor on gene expression by real-time PCR.
mTOR inhibitors decreased the expression of DPD, TS, and
bcl-2 genes in scirrhous gastric cancer OCUM-2M and OCUM-8
cells compared to the control. Caspase-3 mRNA expression was
significantly increased by the combination of 5FU and mTOR
inhibitor in OCUM-2M and OCUM-8 cells compared to the
single treatment. In OCUM-8 cells, the expression of p21 was
significantly increased by the combination treatment compared to
the single treatment. In contrast, mTOR inhibitor did not affect
the expression of those genes in non-scirrhous gastric cancer
MKN-45 and MKN-74 cells, as shown by real-time PCR (Fig. 4).

Effect of mTOR inhibitor on tumor development in vivo. The
mean volumes of the subcutaneous tumor of the control, S1,
rapamycin, S1 plus rapamycin, CCI-779, and S1 plus CCI-779
groups were 92.2, 56.4, 67.5, 25.0, 50.6, and 22.5 mm3, respec-
tively. The size of tumors in mice receiving the combination of
S1 with the mTOR inhibitors rapamycin or CCI-779 was signifi-
cantly smaller than in those receiving either S1, rapamycin, or
CCI-779 alone (Fig. 5a). The combination of mTOR inhibitors
with S1 significantly (P < 0.05) decreased the number of mitosis
positive cells. Rapamycin significantly (P < 0.01) increased the
number of apoptotic cells, compared to the control. The combi-
nation of rapamycin with S1 significantly (P < 0.01) increased
the number of apoptotic cells, compared to those receiving S1
alone. CCI-779 increased the number of apoptotic cells. Taken
together, S1 with CCI-779 significantly (P < 0.05) increased the
number of apoptotic cells compared to S1 alone (Fig. 5b). The
immunohistochemical study showed that the expressions of cas-
pase-3 and p21 were enhanced in the S1 with mTOR inhibitor-
treated group compared to the control, 5FU, or mTOR inhibitor
groups (Fig. 5c).

Discussion

Scirrhous gastric carcinoma, a diffusely infiltrating type of gas-
tric carcinoma also known as linitis plastica-type gastric carci-
Fig. 3. Effects of 5-fluorouracil (5FU) and ⁄ or mammalian target of rapa
5FU, rapamycin, and CCI-779 increased the apoptosis rate of OCUM-2M
control. The combined exposure to the combination of 5FU with rapam
cancer cells, compared to the control and to those treated with 5FU, r
decreased the rate of apoptosis induced by combination with 5FU and m
between the combinations of 5FU with mTOR inhibitor and 5FU alone in
non-scirrhous gastric cancer cells following exposure to the combination o
the combination of 5FU with rapamycin or CCI-779 shows a synergistic eff
of 5FU with rapamycin or CCI-779 did not a show significant increase i
control. Exp, an expected additive value; NS, not significant.
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noma, carries a poor prognosis compared to other types of
gastric carcinomas, with 5-year survival rates in the range of
10–15%.(17) Most patients with scirrhous gastric cancer are diag-
nosed at an advanced stage(17) and treated with S1,(18) a 5FU
analog. In this study, synergistic antiproliferative effects of the
mTOR inhibitors, rapamycin and CCI-779, were found in com-
bination with 5FU in the scirrhous gastric cancer cell lines
OCUM-2M and OCUM-8. We first investigated the antiprolifer-
ative effect of four types of signal inhibitors, mTOR inhibitor,
GSK3b inhibitor, p38abMAPK inhibitor, and CDK inhibitor, in
combination with five anticancer drugs, 5FU, PTX, OXA,
SN38, and GEM, in gastric cancer cell lines. The synergistic
antiproliferative effects of mTOR inhibitors were observed only
in combination with 5FU in scirrhous gastric cancer cell lines,
but no synergistic effect of GSK3b inhibitor, p38abMAPK
inhibitor, or CDK inhibitor was found when combined with any
anticancer drugs. Then we investigated the effect of mTOR
inhibitor on the IC50 of 5FU in four gastric cancer cell lines,
COUM-2M, OCUM-8, MKN-45 and MKN-74. We found that
mTOR inhibitors decreased the IC50 of 5FU in scirrhous gastric
cell lines, but not in the non-scirrhous gastric cancer cell lines
MKN-45 and MKN-74. Moreover, mouse xenografts of OCUM-
2M cells revealed that treatment with mTOR inhibitor signifi-
cantly enhanced the therapeutic efficacy of S1, a 5FU analog.
These findings suggest that the mTOR inhibitor is a promising
chemotherapeutical agent in combination with the anticancer
drug 5FU for patients with the scirrhous types of gastric cancer,
and support further clinical evaluation of mTOR inhibitor in
combination with 5FU.

A phase II clinical test of the mTOR inhibitor RAD001 is
ongoing in gastric cancer. Kamata et al.(10) reported that the
combination rapamycin with cisplatin increased the expression
of Bax, a proapoptotic protein, and significantly suppressed the
proliferation of gastric cancer. Cejka et al.(11) reported that the
combination of mTOR inhibitor with cyclophosphamide
resulted in synergistic antitumor activity against gastric cancer.
In contrast, our study showed that an antagonistic effect was
found for the combination of mTOR inhibitors with anticancer
drugs other than 5FU in both scirrhous gastric cancer cell lines,
OCUM-2M and OCUM-8. These findings suggested that anti-
cancer drugs combined with mTOR inhibitor should be classi-
fied according to the histologic type of gastric cancer.

Rapamycin and its derivatives are generally regarded as
having cytostatic effects because these drugs arrest cells in the
G1 phase but do not generally induce apoptosis.(19) In our
study, the combination of mTOR inhibitor and 5FU signifi-
cantly increased apoptotic cancer cells in comparison to mTOR
inhibitor or 5FU alone in both scirrhous gastric cancer cell lines
in vitro. Also, the combination of rapamycin with S1, a 5FU
analog, significantly increased the number of apoptotic cells in
xenografted tumors made up of OCUM-2M cells compared to
S1 alone. mTOR inhibitor might induce differential apoptosis
responses when given as a single exposure vs in combination
with 5FU.

To understand the implication of caspases in the apoptosis
responses of combined 5FU and mTOR inhibitor, the effect
of zVAD-fmk, a pan-caspase inhibitor, was investigated. The
mycin (mTOR) inhibitor on apoptosis induction and gene expression.
(a) and OCUM-8 (b) scirrhous gastric cancer cells compared with the

ycin or CCI-779 significantly (P < 0.05) increased the apoptosis rate of
apamycin, or CCI-779 alone. Pan-caspase inhibitor zVAD-fmk (50 lM)
TOR inhibitor. No significant difference of apoptosis rate was found

the zVAD-fmk group. (c) The survival rate for OCUM-2M and OCUM-8
f mTOR inhibitors was lower than the expected value, evaluating that

ect in both cell lines. In MKN-45 and MKN-74 cells (d), the combination
n apoptosis, compared to 5FU alone. *P < 0.05 and **P < 0.01 versus
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Fig. 4. Effects of 5-fluorouracil (5FU) and ⁄ or mammalian target of rapamycin (mTOR) inhibitor on gene expression. Dihydropyrimidine
dehydrogenase (DPD), thymidylatesynthase (TS), and bcl-2 mRNA expression were significantly decreased by mTOR inhibitor in OCUM-2M and
OCUM-8 scirrhous gastric cancer cells. p21 and caspase-3 mRNA expression levels were higher after exposure to 5FU and ⁄ or mTOR inhibitor than
the control in OCUM-2M and OCUM-8 cells. In contrast, mTOR inhibitor did not affect gene expression levels in MKN-45 or MKN-74 non-
scirrhous gastric cancer cells. *P £ 0.05 and **P £ 0.01 versus control.
apoptosis rates were significantly high in the 5FU and mTOR
inhibitor combination, compared to 5FU alone or mTOR alone.
zVAD-fmk inhibited apoptosis induced in combination with
5FU and mTOR inhibitor in both OCUM-2M and OCUM-8 cell
lines. These results suggest that the apoptosis induced by the
combination of 5FU and mTOR inhibitor might be related with
caspase-dependent pathways. Caspase-3 mRNA expression was
significantly increased by the combination treatment 5FU and
mTOR inhibitor compared to the single treatment. We investi-
gated the expression of caspase-3 in protein level (Fig. S1). The
immunohistochemical study also showed that the expressions of
caspase-3 were enhanced in the combination of S1 with mTOR
inhibitor treatment group compared to the single treatment
group. Caspase-3 might be associated with apoptotic signals by
the combination of 5FU and mTOR inhibitor.

p21 and bcl-2 are also associated with apoptosis.(20,21) mTOR
inhibitors upregulated the expression of p21 mRNA, and down-
regulated the expression of bcl-2 mRNA in scirrhous gastric
cancer cell lines, compared with the control. Overall, the immuno-
staining study of p21 using xenografted tumors confirmed these
mRNA results. The antiproliferative effects induced by mTOR
inhibitor were reported to correlate with the arrest in the G1

phase of the cell cycle through the regulation of cellular p21
or p53 levels.(22,23) These findings suggested that alteration of
2408
apoptosis genes, including p21 and bcl-2 by mTOR inhibitor
might be one of the reasons for the synergistic effects induced
by the combination of 5FU and mTOR inhibitor. In OCUM-8
cells, apoptosis stimulated by the single treatment of mTOR
inhibitor is decreased by zVAD-fmk. bcl2 mRNA expression
was decreased more by the single treatment of mTOR inhibitor
than by the combination treatment in OCUM-8 cells. These
results might suggest that the bcl2 signaling is associated with
apoptosis induced by not only the combination treatment but
also the single treatment of mTOR inhibitor in OCUM-8 cells.

The suppression of TS and DPD expression by mTOR inhibitor
might be one of the reasons for the synergistic effects induced by
the combination of mTOR inhibitor and 5FU. Although 5FU and
GEM are both pyrimidine analogs, the antitumor effect was
different between the two when combined with mTOR inhibitor.
DPD is the key enzyme in the 5FU catabolic pathway; 5FU is
inactivated by DPD.(24) mTOR inhibitor suppressed DPD expres-
sion that was synergistically decreased in combination with
mTOR inhibitor and 5FU. 5FU inhibits DNA synthesis by the
inhibition of TS activity.(25) The TS expression level was
decreased by mTOR inhibitor, and was synergistically decreased
in combination with mTOR inhibitor and 5FU. In contrast, GEM
is inactivated by deoxycytidine deaminase-mediated conversion
to difluorodeoxyuridine.(6) GEM undergoes complex intracellular
doi: 10.1111/j.1349-7006.2009.01315.x
ªª 2009 Japanese Cancer Association



Fig. 5. Effect of mammalian target of rapamycin (mTOR) inhibitor on the proliferation of xenografted tumor in vivo. (a) The tumor volume was
significantly (P < 0.05) decreased by S1 plus rapamycin compared to the volume resulting from S1 or rapamycin treatment alone. In addition, the
tumor volume was significantly decreased by S1 plus CCI-779 compared to the volume resulting from S1 (P < 0.05) or CCI-779 (P < 0.01)
treatment alone. *P £ 0.05 and **P £ 0.01 vs control. (b) The number of mitotic or apoptotic cells in xenograft tumors. The number of mitotic
cells was significantly (P < 0.05) decreased by the combination of S1 with rapamycin (0.21 ± 0.35) or CCI-779 (0.15 ± 0.18) compared to the
control (0.66 ± 0.54). The number of apoptotic cells was increased by rapamycin alone (3.22 ± 1.25) and by S1 with rapamycin (3.86 ± 0.96)
compared to the control (0.98 ± 0.38). S1 with rapamycin significantly (P < 0.01) increased the number of apoptotic cells compared to S1 alone
(1.48 ± 0. 8). S1 with CCI-779 (4.7 ± 2.7) also significantly (P < 0.05) increased the number of lapoptotic cells compared to S1 alone. *P £ 0.05 and
**P £ 0.01 vs control. (c) Expression of caspase-3, p21 and apoptotic cells in xenograft tumors. S1 with mTOR inhibitor, rapamycin, or CCI-779
enhanced the expression of caspase-3, p21, and apoptotic cells in xenograft tumors compared to the control. Arrows indicate the apoptotic cells.
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conversion to the nucleotides GEM diphosphate and triphosphate
responsible for its cytotoxic actions on DNA synthesis.(26) These
differences of catabolic pathway between 5FU and GEM might
be responsible for different antitumor effects between 5FU and
GEM when combined with mTOR inhibitor.

In this study, a synergistic antiproliferative effect in response
to a combination of mTOR inhibitors with 5FU was observed in
scirrhous gastric cancer cells, but not in non-scirrhous gastric
cancer cells. The mTOR inhibitors decreased the expression lev-
els of TS and DPD, key enzymes in the 5FU catabolic pathway
in scirrhous gastric cancer cells, but not in non-scirrhous gastric
cancer cells. These results might explain one of the reasons for
the different effects of mTOR inhibitors on scirrhous and non-
scirrhous gastric cancer.

In conclusion, our data suggest that mTOR inhibitor can
increase the chemosensitivity of 5FU by apoptosis induction in
scirrhous gastric cancer cells. The synergistic effect of mTOR
inhibitor might be mediated by the regulation of TP, DPD, Cas-
pase-3, p21 and bcl-2 expression. mTOR inhibitor is a promis-
ing chemotherapeutic agent, in combination with the anticancer
drug 5FU, for patients with scirrhous gastric cancer.
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Abbreviations

5FU
 5-fluorouracil

CDK
 cyclin-dependent kinase

DPD
 dihydropyrimidine dehydrogenase

GEM
 gemcitabine

GSK
 glycogen synthase kinase

mTOR
 mammalian target of rapamycin

OXA
 oxaliplatin

PI3K
 phosphatidylinositol-3-OH kinase

PTX
 paclitaxel

SN38
 irinotecan
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Fig. S1. Western blot analysis of caspase-3. The expression of active-type caspase-3 (19 kDa) of OCUM-2M scirrhous gastric cancer cells was
increased by 5-fluorouracil (5FU) alone, mammalian target of rapamycin (mTOR) inhibitor alone, or the combination of 5FU with rapamycin,
compared to the control. Moreover, caspase-3 expression was higher after exposure to the combination of 5FU and rapamycin than by 5FU or
mTOR inhibitor alone.
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