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Aside from the human epidermal growth factor receptor-2 (HER2)-
targeting agent trastuzumab, molecular targeting therapy for gas-
tric cancer (GC) has not been established. We previously reported
that apoptosis signal-regulating kinase-1 (ASK1) was upregulated
in human GC and that overexpression of ASK1 promoted GC cell
proliferation. Here, we investigated the effect of ASK1 inhibitor
K811 on GC cells. K811 efficiently prevented cell proliferation in
cell lines with high ASK1 expression and in HER2-overexpressing
GC cells. Treatment with K811 reduced sizes of xenograft tumors
by downregulating proliferation markers. These results indicate
that ASK1 inhibition prevents GC cell growth in vitro and in vivo,
suggesting that ASK1 inhibitors can be potent therapeutic drugs
for GC. (Cancer Sci 2012; 103: 2181–2185)

A lthough the curative rate for early stage gastric cancer
(GC) has been increased by improvements in endoscopic

and surgical techniques, the prognosis of advanced and unre-
sectable GC remains quite poor.(1–3) Helicobacter pylori and
subsequent mucosal changes appear to be critical risk factors
for GC.(4,5) We previously reported that nuclear factor-kappa
B (NF-jB) and mitogen-activated protein kinase (MAPK)
pathways play critical roles in the development of H. pylori-
induced gastritis and GC.(6–10) However, therapies targeted to
these pathways remain clinically unavailable.
Targeting vascular endothelial growth factor (VEGF) and epi-

dermal growth factor (EGF) is now widely accepted for treat-
ment of colorectal cancer.(11) Unlike colon cancer, the benefit of
complementing 5-fluorouracil (5-FU) or cisplatin with VEGF-
or EGF-targeting drugs in the treatment of GC has not been
demonstrated in clinical trials.(12,13) Human epidermal growth
factor receptor-2 (HER2) is upregulated in 20% of GC, and
HER2-targeting therapy was recently established for HER2-
positive GC treatment.(14) However, for the majority of patients
with advanced GC whose cancer cells do not overexpress HER2,
efficient therapeutic molecular targets have not been identified.
We recently demonstrated that expression of the MAP3K,

apoptosis signal-regulating kinase-1 (ASK1), is elevated in
human GC tissues, and that the ASK1-dependent positive feed-
back loop controlling cyclin D1 expression is important for
GC development.(15) The purpose of this experiment was to
investigate the effect of ASK1 inhibitor for GC treatment.
We showed that ASK1 inhibitor blocked GC cell proliferation
in vitro and in vivo by suppressing activation of ASK1 and
downstream molecules, suggesting that ASK1-targeting
therapies might be useful for GC.

Materials and Methods

Reagents. The ASK1 inhibitor K811 is a nitrogen-containing
heterocyclic derivative compound. It was synthesized at and
obtained from Kyowa Hakko Kirin Co. Ltd (Shizuoka, Japan).
The company has filed a patent application for K811 (International
Patent Number: WO 2012/011548 A1). Detailed information
about K811 including its chemical structure is described on the
World Intellectual Property Organization homepage (http://
patentscope.wipo.int/search/en/detail.jsf?docId=WO2012011548
&recNum=266&docAn=JP2011066650&queryString=pa/univer
sity&maxRec=70686). K811 was dissolved in DMSO for
in vitro analysis, and in 10% DMSO and 10% chremophore EL
(Sigma, St. Louis, MO, USA) for in vivo analysis. Anti-phospho-
JNK, anti-JNK, anti-phospho-p38, anti-p38, anti-phospho-ERK,
anti-ERK, anti-phospho-HER2, anti-HER2 and anti-phospho-
ASK1 antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA). Anti-ASK1 and anti-PCNA (proliferating
cell nuclear antigen) antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-cyclin D1 (AB3)
was acquired from Neomarkers (Fremont, CA, USA). 5-FU and
paclitaxel (PTX) were purchased from Wako Chemical Indus-
tries (Osaka, Japan).

Cell lines. AGS, NCI-N87, 293T and Hela cell lines were pur-
chased from ATCC (Manassas, VA, USA), MKN45, MKN74,
MKN7 and HuG1-N cells were obtained from RIKEN (Sai-
tama, Japan), and SCH cells were acquired from JCRB (Osaka,
Japan). The 293T cells are derived from human embryonic kid-
ney cancer cells, Hela cells are from human epitheloid carci-
noma of cervix, and the others are from human gastric cancer
cells. The cell lines were cultured in Ham’s F-12, DMEM or
RPMI medium (Wako Chemical Industries) supplemented with
10% fetal bovine serum. Cell numbers were determined using
Cell Counting Kit-8 according to the manufacturer’s protocol
(Dojindo Laboratories, Kumamoto, Japan).

Xenograft model. The xenograft mouse model experiments
were performed as described previously.(16,17) Nude mice were
implanted with 1 9 106 SH101 or MKN45 cells subcutane-
ously. When tumors reached a diameter of approximately
5 mm, the animals were pair matched into K811 treatment and
control groups. Each group consisted of eight mice. K811 was
administered orally at a dose of 50 mg/kg per day. The control
group received only the vehicle. The largest diameter of each

5To whom correspondence should be addressed.
E-mail: yhayakawa-tky@umin.ac.jp

doi: 10.1111/cas.12024 Cancer Sci | December 2012 | vol. 103 | no. 12 | 2181–2185
© 2012 Japanese Cancer Association



tumor was measured every other day after tumors reached a
diameter of 5 mm and tumor volumes were calculated. After
treatment, the tumors were removed, fixed in 10% formalin
and embedded in paraffin. The experimental protocols were
approved by the Ethics Committee for Animal Experimenta-
tion and conducted in accordance with the Guidelines for the
Care and Use of Laboratory Animals of the Graduate School
of Medicine, University of Tokyo, Japan.

Plasmids and adenovirus vectors. ASK1-expressing plasmids
and adenoviruses have been described previously.(18,19) The
HER2-expressing plasmid pSV2-neuNT was purchased from
Addgene (Cambridge, MA, USA). Cells were seeded into 12-
well plates and after 24 h they were transfected with 200 ng
of plasmids using Effectine Transfection Reagent (Qiagen).

Immunohistochemistry. Tissues were fixed in 10% formalde-
hyde, dehydrated, embedded in paraffin and sectioned as
described previously.(20) The sections were deparaffinized and

incubated overnight at 4°C with anti-PCNA, anti-cyclin D1 or
control antibodies. Binding of the primary antibody was
detected with anti-rabbit IgG (Vector Laboratories, Burlin-
game, CA, USA), followed by visualization with 3, 3′-diam-
inobenzidine (Sigma-Aldrich).

Western blotting and immunoprecipitation. Protein lysates
were prepared from cells or tissues, separated using sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA). The membrane was probed
with primary antibodies and then incubated with the secondary
antibody. Immunocomplexes were detected using the enhanced
chemiluminescence system (Amersham Biosciences, Piscat-
away, NJ, USA). For immunoprecipitation, samples were lysed
in radioimmunoprecipitation assay buffer and immunoprecipi-
tated with 50 lL of protein A/G Sepharose beads (Santa Cruz
Biotechnology) overnight at 4°C using the indicated antibod-
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Fig. 1. Apoptosis signal-regulating kinase-1 (ASK1) inhibitor K811 suppresses ASK1 phosphorylation and downstream activation. (a) AGS cells
infected with ASK1-HA adenoviral vectors were treated with 1 lM K811 or vehicle (Cont.) for 4 h. (b) AGS and MKN45 cells were treated with
1 lM K811 or vehicle (Cont.) for 4 h. (c) Western blot analysis of the indicated proteins in gastric cancer cells.
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Fig. 2. K811 prevents gastric cancer cell proliferation in vitro. (a) Numbers of MKN45 cells at 24, 48 and 72 h after treatment with K811 or vehi-
cle (Cont.). K811 (0.5–1 lM) was administered every 24 h. (b) Relative numbers of the indicated cells 72 h after treatment with K811 (0.5–3 lM).
Data show the mean ± SD. *P < 0.05 versus vehicle. (c) AGS, Hela and 293T cells were transfected with control, ASK1-HA or mutant HER2-
expressing vectors and cultured with or without K811 (1 lM) for 4 h. (d) Relative numbers of MKN45 cells 48 h after treatment with K811
(2 lM), 5-FU (10 lM), paclitaxel (PTX) (0.4 lM), vehicle or a combination of these drugs. The mean cell number for control cells was set to 1.0.
Data show the mean ± SD. *P < 0.05.
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ies. The beads were washed three times with radioimmunopre-
cipitation buffer and then analyzed using SDS-PAGE.

Statistical analyses. Differences between means were com-
pared using the Student’s t–test. P-values < 0.05 were consid-
ered statistically significant.

Results and Discussion

We first analyzed the effect of the ASK1 inhibitor K811 in
GC cell lines. Treatment with K811 efficiently inhibited ASK1
phosphorylation in ASK1-overexpressing cells (Fig. 1a). It has
been reported that ASK1 acts upstream of JNK and p38(21),
and we previously showed that ASK1 knockdown reduced
cyclin D1 expression in GC.(15) Levels of phosphorylated JNK,
phosphorylated p38 and cyclin D1 in AGS and MKN45 cells
were reduced after K811 treatment, but the level of phosphory-
lated ERK did not change (Fig. 1b). These results indicate that
the ASK1 inhibitor K811 reduced cyclin D1 expression
through inhibiting ASK1 and downstream kinases JNK and
p38, but not through ERK.
Next we tested whether treatment with K811 would inhibit

GC cell proliferation. In MKN45 cells, K811 (0.5–1 lM)
significantly reduced the cell number 72 h after treatment
(Fig. 2a). We found that in MKN45, MKN74 and SCH cells,
which express large amounts of ASK1 (Fig. 1c), treatment
with K811 (0.5–3 lM) dose dependently reduced the number
of cells (Fig. 2b). In contrast, K811 treatment did not affect
cell migration ability (data not shown). Among MKN7,
HuGN-1 and NCI-N87 cells, whose ASK1 expression is rela-
tively low (Fig. 1c), K811 only inhibited cell growth in NCI-
N87 cells (Fig. S1), which overexpress HER2 protein
(Fig. 1c). Hence, we hypothesized that K811 might inhibit
HER2-mediated MAPK signaling pathways. We investigated
this hypothesis using AGS cells transfected with ASK1- and
HER2-expressing vectors (Fig. 2c). Levels of phosphorylated
ASK1 were increased in cells transfected with both ASK1-

and HER2-expressing vectors compared with cells transfected
with the ASK1-expressing vector alone, suggesting that HER2
can activate ASK1. K811 treatment significantly inhibited
phosphorylation of ASK1 in cells overexpressing both ASK1
and HER2. Similar results were obtained using non-gastric
cancer cells, Hela and 293T cells (Fig. 2c), suggesting HER2
universally contributes to ASK1 phosphorylation and down-
stream signaling. Indeed, in NCI-N87 cells that overexpress
HER2, immunoprecipitation analysis showed that the phos-
phorylated ASK1 was inhibited by K811 (Fig. S2), even
though the expression level of ASK1 is low. These results
indicate that K811 inhibits cell growth not only in cells that
express ASK1 at high levels, but also in cells that overexpress
HER2.
Although the HER2-positive rate is only 20% in GC,(14)

ASK1 expression was elevated in approximately 40–50%
cases,(15) suggesting that ASK1-targeting therapy might be
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Fig. 3. Treatment with K811 inhibits gastric cancer xenograft growth
in vivo. K811 was orally given to mice daily, 9 days after s.c. injection
for MKN45 cells and 7 days after injection for SH101 cells, when
tumors reached a diameter of 5 mm. The starting day of K811 admin-
istration is described as day 0. (a) Day 7 MKN45 cell-derived xenograft
tumor. (b) Calculated tumor volume changes. Data show the
mean ± SE. *P < 0.05.
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Fig. 4. Treatment with K811 inhibits phosphorylation of ASK1 and
expression of cell cycle markers in xenograft tumors. (a) Tumors were
removed 4 h after the last K811 administration. Cell lysates of xeno-
graft tumors were immunoprecipitated with anti-ASK1 antibody and
immunoblotted with anti-phospho-ASK1 and anti-ASK1 antibodies.
Total lysates were used for immunoblotting with phospho-JNK, phos-
pho-p38 and actin. (b) Immunohistochemical staining for cyclin D1
and PCNA in MKN45 cell-derived tumors from mice treated with or
without K811. (c) Numbers of cyclin D1- or PCNA-positive cells in each
field. Data show the mean ± SD. *P < 0.05 versus mice treated with
vehicle.
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more beneficial to GC patients than HER2-targeting
therapy. In addition, as HER2 overexpression leads to cell
proliferation via activation of MAPK, K811 might inhibit
the growth of HER2-positive tumors by inhibiting ASK1
and JNK activation.
Next we investigated whether K811 has additional effects on

the growth of GC cells treated with other cytotoxic agents.
Treatment of MKN45 cells with K811, 5-FU or PTX alone
significantly reduced the number of cells. Furthermore, K811
and 5-FU/PTX had additive inhibitory effects on growth
(Fig. 2d), suggesting that combination therapy comprising
K811 and cytotoxic agents might be useful for GC treatment.
However, because previous studies have shown that ASK1
plays a critical role in ROS-dependent apoptosis,(21) the combi-
nation of an ASK1 inhibitor with a ROS-inducing drug might
reduce the cytotoxic effect. Further analysis of the possible
combined use of ASK1 inhibitors and ROS-inducing drugs is
needed.
To confirm the efficacy of K811 treatment in vivo, we cre-

ated xenograft models using two GC cell lines, MKN45 and
SH-101 (which show moderate ASK1 expression). In both cell
lines, tumors of mice treated with K811 were significantly
smaller than those of mice treated with vehicle only after
K811 treatment (Fig. 3). In the xenograft tumors treated with
K811, phosphorylated ASK1 and phosphorylated JNK were
significantly reduced compared with the control tumors
(Fig. 4a). Immunohistochemical analysis showed that the num-
ber of cyclin D1-positive and PCNA-positive cells in the
tumors of K811-treated mice were significantly decreased

(Fig. 4b,c). These experiments reveal that K811 treatment had
good oral bioavailability and was effective for the treatment of
GC xenografts in vivo.
As administration of K811 at this dose for 3 weeks caused

no bodyweight changes in wild-type C57B6 mice (Fig. S3),
we consider that no major side-effect has occurred. We previ-
ously reported that ASK1 has protective functions in the devel-
opment of colitis, colitis-associated cancer(22) and liver
cancer.(23) Thus, we observed colon and liver tissues after K811
treatment, but no histological changes were seen (Fig. S3).
However, the effect of long-term treatment with K811
against colon and liver diseases should be analyzed in future
studies.
In conclusion, we demonstrated that ASK1 inhibitor treat-

ment successfully prevents GC cell proliferation in vitro and
in vivo, suggesting that ASK1-targeting therapy is a future can-
didate for the treatment of advanced GC.
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Supporting Information

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

Fig. S1. Effect of K811 on proliferation in apoptosis signal-regulating kinase-1 low-expressing cells.

Fig. S2. K811 inhibits apoptosis signal-regulating kinase-1 phosphorylation in NCI-N87 cells.

Fig. S3. Effect of K811 on bodyweight change and liver histology.
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