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Abstract. Apoptosis signal-regulating kinase-1 (ASK-1) is
an important molecule for the pro-apoptotic signaling. ASK-1
also contributes to the cellular survival for many types of
cells. Thus, ASK-1 has a broad range of biological activities
depending on the cell type. The present study assessed the
role(s) of ASK-1 in colorectal cancer cells (HT-29) by using
adenovirus vectors expressing wild-type (WT)-ASK-1 or
dominant-negative (DN) mutant of ASK-1 and recombinant
adenovirus containing the bacterial 3-galactosidase gene
(Ad-LacZ), a negative control for Ad-DN-ASK-1. Selective
phosphorylation of ASK-1 at Thr 845, a kinase domain site,
but not Ser 83 nor 967 sites was induced by serum stimulation
in a time-dependent manner. Transfection with Ad-DN-
ASK-1 inhibited the serum-induced phosphorylation of p38
mitogen-activated protein kinase, a downstream molecule of
ASK-1. Transfection with Ad-DN-ASK-1 diminished the
serum-induced cell proliferation in a dose-dependent manner,
whereas WT-ASK-1 increased it. Apoptosis assessed by
Hoechst staining was induced in the Ad-DN-ASK-1 treated
cells. In vivo transfection of Ad-DN-ASK-1 into tumor
xenografts of HT-29 cells in nude mice significantly decreased
the tumor volume on day 29. Cleaved caspase-3 was found in
the tumors of DN-ASK-1 treated mice. We obtained the first
evidence that DN-ASK-1 transfection exerted significant
antitumor effects on colon cancer mediated by apoptosis.
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Introduction

Apoptosis signal-regulating kinase-1 (ASK-1) is expressed in
various types of cells and tissues (1). A variety of external
stimuli such as chemical, mechanical, or oxidative stresses
and proinflammatory cytokines such as tumor necrosis factor
(TNF) or interleukin (IL)-18 induced the activation of ASK-1,
followed by the activation of c-Jun NH2-terminal kinases
(JNK) and p38 mitogen-activated protein kinase (MAPK)
(2-6). ASK-1-p38 MAPK/JNK cascade is associated with
apoptosis of various types of cultured cells (7). Apoptosis is
significantly inhibited in fibroblasts derived from knockout
mouse fetus of ASK-1 (8). ASK-1 has thus been generally
considered to induce apoptosis. However, it has been
reported that pathway(s) activating p38 via the activation
of ASK-1 induce the survival of epithelial cells and non-
differentiated neuronal cells (9,10). Previous evidence has
suggested that ASK-1 not only induces apoptosis, but also
regulates the cell cycle. The biological properties of ASK-1
may depend on the cell type or conditions. Furthermore, the
role of ASK-1 in cellular proliferation remains unclear.

Accumulating evidence has demonstrated that the patho-
genesis of colon cancer involves multiple, progressive steps
associated with a number of genetic alterations, including
mutations of tumor suppressor genes and proto-oncogenes,
such as APC, K-ras, p53, or DCC1 (11). Basic molecular
mechanisms underlying colon cancer growth have been studied
extensively, with the ultimate goal of delineating critical targets
for the development of novel treatments. We have shown that
the transcription factor activator protein-1 (AP-1) is essential
for the growth of colon cancer (HT-29 cells). We obtained
evidence that dominant-negative (DN)-c-Jun gene transfer
significantly inhibits the growth of colon cancer (12).

The pathway from the activation of ASK-1 followed by
that of JNK and/or p38 MAPK has been reported to reside
upstream of the transcription of AP-1 (13). Available evidence
thus suggests that elucidation of the role of ASK-1 in the pro-
liferation of colon cancer cells may be critical to understanding
the pathogenesis of colon cancer and establishing new
strategies for treatment.
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In the present study, we constructed a recombinant adeno-
virus containing the dominant-negative mutant of ASK-1
(Ad-DN-ASK-1) and transfected it into colon cancer cells
(HT-29) in vitro and in vivo to elucidate the roles of ASK-1.
We found that inhibition of the ASK-1-p38 MAPK pathway
inhibited HT-29 cell proliferation mediated by inducing
apoptosis. Our results provide initial evidence that Ad-DN-
ASK-1 transfection significantly inhibits the growth of colon
cancer cells and may thus be used as a therapeutic strategy
for colon cancer.

Materials and methods

Cells and culture conditions. The human colon adeno-
carcinoma cell line HT-29 was purchased from American
Type Culture Collection. Cells were continuously grown as
monolayers in McCoy's 5A medium, supplemented with 10%
heat-inactivate fetal bovine serum (FBS) in an atmosphere of
5% CO, and 95% O, at 37°C. The cells were subcultured every

7 days.

Construction of recombinant adenovirus containing the
dominant-negative mutant of ASK-1 (Ad-DN-ASKI).
Adenovirus vectors expressing wild-type (WT)-ASK-1 (Ad-
WT-ASK-1) and dominant-negative mutant of ASK-1 (Ad-
DN-ASK-1)(Lys 709 to Met), tagged hemagglutinin (HA) in
the site of NH,-terminus, have been described previously (3).
Recombinant adenovirus containing the bacterial B-galacto-
sidase gene (Ad-LacZ) was constructed as a negative control
for Ad-DN-ASK-1. The titer of the virus was determined by
Adeno-X™ rapid titer kit (Clontech, USA) and expressed in
ifu.

Adenovirus-mediated gene transfer to HT-29 cells in vitro.
In vitro gene transfer to HT-29 cells was carried out by
incubation with the adenoviral vector with MOI of 30-100 in
McCoy's 5SA medium for 1 h, followed by addition of 1%
FBS overnight at 37°C in an atmosphere of 5% CO, and 95%
O,. HT-29 cells were then made quiescent for 24 h before the
experiments.

Measurement of cell proliferation. For cell proliferation
assay, HT-29 cells, infected with Ad-LacZ, Ad-WT-ASK-1,
or Ad-DN-ASK-1 at 30, 50, or 100 MOI in six-well cultured
plates, were stimulated by 1% FBS for 5 days and harvested
by trypsin/EDTA. Viable cell number was counted by a
coulter counter (Beckman Coulter).

Western blotting. Cells were washed and then dissolved in
lysis buffer (50 mM HEPES [pH 8.0], 150 mM NacCl, 1%
[vol/vol] Triton-X100, 10% [vol/vol] glycerol, 25 mM EDTA,
complete protease inhibitor cocktail tablet [Roche]). Lysates
were clarified by centrifugation at 13,500 x g, 4°C. Lysates
for immunoblotting (30 g of protein) were separated on
7.5 or 12.5% SDS-polyacrylamide gels under reducing
conditions, followed by electrophoretic transfer to poly-
vinylidine difluoride membranes (Immobilon-P, Millipore
Corp., Bedford, MA). After blocking with 5% BSA in TBS-T
for a 1-h incubation, the membranes were incubated with the
relevant primary antibodies in the same buffer for 1 h. The
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membranes were washed in TBS-T 3 times and further
incubated with horseradish peroxidase-linked secondary
antibodies (1:5000) (Amersham Life Sciences Inc.,
Buckinghamshire, UK). After washing for another hour, the
blots were developed using an enhanced chemiluminescence
system (Amersham) and LAS1000 plus (Fujifilm, Tokyo,
Japan). Anti-a-tublin (Oncogene) and B-actin (Sigma, USA)
were used at 1:5000 dilutions. Anti-cleaved-caspase-3 (Abcom,
UK), HA-7 (Sigma), anti-ASK-1, anti-phospho-ASK-1 (Ser-
83), anti-phospho-ASK-1 (Ser-967), anti-phospho-ASK-1
(Thr-845), and anti-phospho-p38 mitogen activated protein
kinase (MAPK) (all from Cell Signaling Technology, Beverly,
MA) were used at dilutions of 1:1000.

Hoechst 33342 staining. Detached and adsorbed cells were
washed with PBS and fixed in 4% (wt/vol) paraformaldehyde
at 4°C overnight. Thereafter, the cells were washed with PBS,
stained with 1.6 yM Hoechst 33342 (Calbiochem, USA) for
10 min, resuspended, seeded on glass slides, and examined
by fluorescence microscopy.

Production of xenografted tumor of HT-29 cells and treatment
with Ad-DN-ASK1. HT-29 cells (1x10° cells) were inoculated
subcutaneously into the hind paws of BALB/cA Jcl nu/nu
female mice (4-5 weeks old; CLEA Japan, Inc., Osaka, Japan).
After reaching a mean volume of 150 mm?, the tumors were
randomly assigned to three groups in a blinded manner;
group 1, Ad-DN-ASK-1 (3x108 i.f.u.); group 2, Ad-LacZ
(3x10% i.f.u.); and group 3, control vehicle (PBS) (n=8). Direct
injection was performed 3 times a week, for a total of six
sessions. Each injection of purified virus was diluted in a total
volume of 30 x1 PBS and administered in a single pass with a
30-gauge needle, using gentle, constant infusion pressure
during anesthesia with diethylether. Tumors were measured 3
times per week immediately before each treatment. Tumor size
was estimated using the following formula: length (mm) x
width (mm) x width (mm)/2. All experimental procedures
were approved by the Animal Care Committee of Osaka City
University Medical School.

Statistical analysis. The values are presented as means + SEM.
Statistical significance was determined with one-way analysis
of variance and Duncan's multiple range test. Differences
were considered statistically significant at a value of p<0.05.

Results

Phosphorylation of ASK-1 in HT-29 cells stimulated by FBS
(1%). Activation of ASK-1 phosphorylation requires threonine
residue (Thr 845), which is present in the activation loop of
the kinase domain. Phosphorylation of ASK-1 at Thr 845, but
not at sites Ser 83 nor 967, was induced in HT-29 cells by
serum stimulation in a time-dependent manner. By 30 min,
phosphorylation levels were maximal as compared with the
control levels (Fig. 1).

Efficiency of ASK-1 gene transfer for p38 MAPK phosphory-
lation. After infection with Ad-LacZ at MOI of 3, 30, or 100,
the efficiency of gene transfer by our previously reported
transfection techniques into HT-29 cells was reconfirmed by
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Figure 1. Time dependency of ASK-1 phosphorylation in HT-29 cells stimulated by FBS (1%). HT-29 cells in serum-free media for 24 h were stimulated by
FBS (1%) and collected 0, 2, 5, 15, or 30 min after stimulation. Western blot analysis was performed as described in Materials and methods. Thirty
micrograms of each sample was applied. Antibodies to phosphorylated-ASK-1 (Thr 845, Ser 83, Ser 967), total-ASK-1, and a-tublin (for loading control)

were used in Western blot analysis.
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Figure 2. Efficiency of DN-ASK-1 transfection for p38 MAPK phosphorylation. (A) HT-29 cells transfected with 100 MOI of Ad-LacZ, Ad-WT-ASK-1, or
Ad-DN-ASK-1 were serum-starved and collected 5 min after FBS (1%) stimulation. (B) HT-29 cells, incubated under the same condition, were transfected
with Ad-LacZ, Ad-WT-ASK-1, or Ad-DN-ASK-1 at 100 MOI. After 24 and 48 h of transfection, the cells were collected and used for Western blot analysis.
Western blot analysis was performed as described in Materials and methods. Thirty micrograms of each sample was applied. Antibodies to phospho-p38 and
a-tublin (for loading control) were used in Western blot analysis. (A) 24 h later (B) 48 h later, upper lane: p-p38 MAPK, lower lane: a-tublin.
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Figure 3. Efficiency of DN-ASK-1 transfection for viable cell number of HT-29 cells. HT-29 cells were seeded on 6-well cultured plates. They were
transfected with Ad-LacZ, Ad-WT-ASK-1, Ad-DN-ASK-1 at 30, 50, 100 moi, cultured with 1% FBS for 5 days. Viable cell number was counted by a coulter
counter. Each value represents the mean + SEM, (n=8); (a) 30 moi, (b) 50 moi, (c) 100 moi: p<0.01 vs. Ad-LacZ.
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Figure 4. Detection of apoptotic cells after DN-ASK-1 transfection. HT-29 cells, cultured under the same conditions as described for Fig. 2, were transfected
with Ad-LacZ, Ad-WT-ASK-1, or Ad-DN-ASK-1 at 100 MOI. After 24 h of transfection, the cells were stained with Hoechst 33342 (white arrows indicate

apoptotic cells). LacZ, Ad-LacZ; WT, Ad-WT-ASK-1; DN, Ad-DN-ASK-1.
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Figure 5. Confirmation of transfection of Ad-DN-ASK-1 into tumor
xenografts of HT-29 cells and effect of subcutaneous injection of Ad-DN-
ASK-1 on tumor xenografts in vivo. (A) Extracted proteins from HT-29 cell
tumors were prepared for Western blot analysis 48 h after the last injection.
Western blot analysis was performed as described in Materials and methods.
Thirty micrograms of each sample was applied. Antibodies to HA-7 and
B-actin (for loading control) were used in Western blot analysis. (B)
Established tumors (150 mm?) were randomly assigned to three groups in a
blinded manner and treated with Ad-LacZ (3x108% i.f.u.), Ad-DN-ASK-1
(3x108% i.f.u.), or PBS (vehicle control). Each treatment was performed from
days 8 to 10 and from days 14 to 16. Tumors were measured in 2 dimensions.
Tumor volumes were calculated as described in Materials and methods.
Each value represents the mean + SEM, (n=8). P<0.05 vs. Ad-LacZ.

X-gal assay (12). Infection with Ad-LacZ at MOI of 100 was
sufficient to transfer the gene to HT-29 cells. Transfection with
Ad-DN-ASK-1 inhibited the serum-induced phosphorylation

of p38 MAPK, a downstream molecule of ASK-1, while gene
transfer of Ad-WT-ASK-1 induced such phosphorylation
(Fig. 2A). To evaluate the continuous efficacy of Ad-DN-
ASK-1, as well as the transient efficacy as shown in Fig. 2A,
we analyzed the activation of p38 MAPK on days 1 and 2 after
transfection. Ad-DN-ASK-1 inhibited the activation of p38
MAPK in HT-29 cells. However, Ad-WT-ASK-1 induced
its activation (Fig. 2B). These findings showed that our
constructed Ad-DN-ASK-1 inhibited the ASK-1-p38 MAPK
pathway.

Effect of ASK-1 gene transfer on viable cell number of HT-29
cells. To examine the biological functions of ASK-1, we
investigated the effect of Ad-DN-ASK-1 on cell proliferation.
Viable cell number after treatment with Ad-WT-ASK-1 was
increased as compared with that of control (treated with
Ad-LacZ). In addition, transfection with ASK-1 and AN,
constitutively active mutant of ASK-1, also increased the
viable cell number similarly to Ad-WT-ASK-1 (data not
shown). In contrast, the viable cell number after treatment
with Ad-DN-ASK-1 was decreased as compared with that of
control (Fig. 3). These changes in the number of HT-29 cells
were affected in a dose (MOI)-dependent manner of
transfection. We confirmed the reproducibility of these results
in three separate experimental sessions.

Detection of apoptotic cells after ASK-1 transfection. To
investigate the mechanism(s) responsible for the inhibition of
HT-29 cell proliferation by Ad-DN-ASK-1, we focused on the
association with apoptosis. The number of positive cells for
Hoechst staining was significantly higher after Ad-DN-ASK-1
transfection than after Ad-LacZ transfection or Ad-WT-
ASK-1-transfection (Fig. 4).

In vivo transfection of Ad-DN-ASK-1 into tumor xenografs and
its inhibitory effect on tumor growth. As shown in Fig. 5A,
we first confirmed the specific expression of the HA-tag
originating from Ad-DN-ASK-1-HA in the Ad-DN-ASK-1
treated tumors but not Ad-LacZ treated tumors. DN-ASK-1
protein was successfully expressed in tumor xenografts of
HT-29 cells after local injection into the tumors. To assess the
effect of Ad-DN-ASK-1 on the growth of tumor xenografts,
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Figure 6. Expression of caspase-3 in the tumors xenografts of HT-29 cells
after transfection with Ad-DN-ASK-1. Extracted proteins from HT-29 cell
tumors were prepared for Western blot analysis 48 h after the last injection.
Western blot analysis was performed as described in Materials and methods.
Thirty micrograms of each sample was applied. Antibodies to cleaved-
caspase-3 and B-actin (for loading control) were used in Western blot
analysis.

we measured tumor volume after the local injection of Ad-DN-
ASK-1 (3x10% i.f.u.), Ad-LacZ (3x108 i.f.u.), or PBS (vehicle
control). On day 29 after inoculation, the volume of tumors
treated with Ad-DN-ASK-1 was significantly smaller than
that of tumors treated with Ad-LacZ or PBS (Fig. 5B).

Activation of caspase-3 in tumor xenografts of HT-29 cells by
Ad-DN-ASK-1. Caspase-3 was activated in tumor xenografts
of HT-29 cells by two injections of Ad-DN-ASK-1. In
contrast, neither Ad-LacZ nor PBS affected caspase-3
enzymatic activity (Fig. 6).

Discussion

We demonstrated that a recombinant adenovirus containing
the dominant-negative mutant of ASK-1 (Ad-DN-ASK-1)
inhibited the activation of p38 MAPK, a downstream signal
of ASK-1, and suppressed the proliferation of HT-29 cells by
apoptotic mechanisms in in vitro experiments. Tumor volume
was most likely reduced by apoptotic mechanisms after
transfection with Ad-DN-ASK-1 in in vivo experiments. To
our knowledge, this is the first evidence suggesting that
ASK-1 is involved in the proliferation of HT-29 cells and that
Ad-DN-ASK-1 gene transfer might be useful for the
treatment of colon cancer.

ASK-1 is one of the molecules located in MAPKKK,
directly responsible for phosphorylation of MKK-3, MKK-6,
SEK-1, and MKK-7, as well as activation of the p38 MAPK
and JNK pathways (2,7,14,15). ASK-1 is generally activated
by oxidative stress, inflammatory cytokines such as TNF or
IL-18, or calcium irritation, and then transmits signals to
the MAPK pathway located downstream (3-6). ASK-1-p38
MAPK/INK cascades regulate AP-1 activation in NO-
stimulated bronchial epithelial cells under some inflammatory
conditions (13). Moreover, antioxidants such as thioredoxin,
a physiological inhibitor of ASK-1, inhibit cytokine- and
stress-induced apoptosis (3-6). Cardiac myocyte hypertrophy,
a characteristic of cardiac remodeling, requires activation of
ASK-1 and nuclear factor kB (16). Thus, ASK-1 is considered
essential for a variety of physiological functions, such as
apoptosis (7). In gastric and colonic epithelial cells, JNK and
p38 MAPK, downstream signals of ASK-1, are also activated
by various external stimuli (17-19).

We previously reported that IL-18 induces MAPK
activation, including extracellular signal-regulated kinases
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(ERK), JNK, and p38 MAPK, in normal rat gastric epithelial
cells (RGMI cells) and weakly inhibits cell proliferation (20).
In contrast, serum stimulation (2%) induces phosphorylated-
ERK, -JNK, and -p38 MAPK as well as the expression of
cyclooxygenase-2, a potent proliferative factor for gastro-
intestinal normal and cancer cells, in MKN 45 cells (gastric
cancer cell line) and HT-29 cells (21). Thus, the role of ASK-1
linked with MAPK activation remains controversial with
regard to the proliferation of gastrointestinal epithelial cells.
Moreover, data on the proliferation and apoptosis of colon
cancer cells are lacking. Phosphorylation of ASK-1 requires
a threonine residue (Thr 845), present in a locus called the
activation loop in the kinase domain (22,23), and phos-
phorylation of Ser 967 and Ser 83 leads to inactivation of
ASK-1 (24,25). We first investigated activation of these three
sites to evaluate the role of ASK-1 in proliferation of colon
cancer (HT-29) cells after serum stimulation. Phosphorylation
of ASK-1 at Thr 845 was markedly induced but not at sites of
Ser 83 or Ser 967. This finding suggested that phos-
phorylation of ASK-1 was closely related to HT-29 cell
proliferation. To evaluate the implications of these findings,
our previously reported gene transfer technique using DN-
ASK-1 was performed, since no agent is available for the
selective inhibition of ASK-1 activity (2,12,26). Ad-DN-
ASK-1-induced blockade of the downstream signal
transmission of p38 MAPK and inhibition of cell
proliferation reconfirmed that DN-ASK-1 was efficiently
transfected into cells in our system and that ASK-1 has an
important role in the proliferation of HT-29 cells. To elucidate
underlying mechanism(s), we measured the number of
apoptotic cells by Hoechst staining. Apoptotic cells increased
only after the treatment with Ad-DN-ASK-1, but not after
treatment with Ad-WT-ASK-1 or LacZ. Collectively, these
findings suggested that ASK-1 was involved at least in
cellular proliferation of HT-29 cells and that blockade of
ASK-1 inhibited cell proliferation by causing apoptosis.

We next examined the efficacy of DN-ASK-1 gene transfer
in an animal model of colon cancer to determine whether DN-
ASK-1 inhibits tumor cell proliferation in vivo. We confirmed
that DN-ASK-1 protein was successfully expressed in tumor
xenografts of HT-29 cells. Moreover, repeated treatment with
Ad-DN-ASK-1 significantly decreased the volume of the
tumor xenografts as compared with vehicle-treated controls
and adenoviral vector (LacZ)-treated controls. However,
consistent with the results of previous studies, including ours
(12), there was a faint nonspecific effect of control adenovirus
on the tumor volume. Furthermore, DN-ASK-1 induced
activation of apoptosis-related enzyme (caspase-3) in the
treated tumors. These findings suggested that inhibition of
ASK-1 activity participated in anti-tumor effects mediated by
apoptosis both in in vivo and in vitro systems. A potential
advantage of Ad-DN-ASK-1 transfection was suggested by
the apparent lack of adverse effects, such as mortality or
body weight or appetite loss. Therefore, the obtained initial
evidence suggested that Ad-DN-ASK-1 gene transfer can
significantly inhibit the growth of colon cancer and may thus
be a new strategy for treatment. However, neither DN-ASK-1
nor WT-ASK-1 had any effect on the other two colon cancer
cell lines: Caco2 (moderately differentiated adenocarcinoma
cells) and Colon26 (highly potent cells for metastasis to liver
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or lung) cells. Our preliminary studies indicate that serum
stimulation does not induce the activation of ASK-1 in either
of these cell lines (unpublished data). In addition to
differences in the histological features or genetic properties
of colon cancer cells, whether or not ASK-1 activation is
required for cell proliferation may be one reason why these
three cell lines have different responses to DN-ASK-1.
However, clinically, most colorectal cancers (>70%) consist
of well-differentiated adenocarcinoma cells, similar to HT-29
cells. DN-ASK-1 may therefore be useful in the clinical
treatment of most, but not all, colon cancers. In addition,
more efficient systems for the loco-regional delivery of target
genes should be established, not only to enhance anti-tumor
efficacy but also to avoid nonspecific responses. Further
investigations are thus needed.

In conclusion, we obtained initial evidence suggesting
that transfer of a dominant-negative mutant of the ASK-1
gene inhibited colon cancer growth in vitro and in vivo. Our
study may provide new insights into the molecular
mechanisms of colorectal cancer.
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