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A novel member of the human AMPK family, ARK5,
was recently discovered to be a key molecule in me-
diating cancer cell migration activity in human pan-
creas cancer cell line PANC-1, and its activation was
found to be induced by Akt-dependent phosphoryla-
tion at Ser 600. DNA array analysis with 241 paired
cDNAs from 13 different types of tumors and corre-
sponding normal tissues derived from cancer patients
revealed ARK5 overexpression in the samples of colo-
rectal cancer. ARK5 expression was measured and an
in vitro invasion assay was performed in six human
colorectal cancer cell lines, WiDr, HCT-15, DLD-1,
SW620, LoVo, and SW480, and since high invasion
activity was concordant with higher ARK5 expres-
sion, ARK5 expression was examined in relation to
tumor progression and metastatic activity in clinical
samples. In 56 clinical samples of primary colorectal
cancers and their liver metastases, higher ARK5 ex-
pression was observed in the samples from more
advanced cases, and much higher expression was
observed in the liver metastases. In situ hybridization
analysis showed ARK5 overexpression in tumor cells.
Based on these findings, we propose that ARK5 over-
expression is involved in tumor progression of colon
cancer clinically. (Am J Pathol 2004, 164:987–995)

Because of excessive proliferation, energy demands,
and insufficient and structurally and functionally inappro-
priate angiogenesis, tumor tissues are often exposed to
an insufficient blood supply, and in turn are usually ex-
posed to both hypoxia and nutrient starvation in their
microenvironment.1 The impact of the microenvironment
on the progression of various tumors has been clearly
recognized. The importance of the response of tumor
cells to hypoxic conditions has long been studied,2–4 and
the angiogenic ability of tumors was first recognized as a
key factor in tumor biology about 30 years ago by Folk-
man.5 The molecular mechanism of tumor angiogenesis,

and its control mechanisms have been thoroughly stud-
ied.6,7 Excessive tumor angiogenesis is often naively re-
garded as improving tumor’s blood supply, but tumor
hypoxia is now known to be a good marker for poor
prognosis in various cancers.8–10

When cells and tissues are exposed to hypoxia, they
sustain their excessive growth and proliferation in this
adverse environment by improving blood flow, cell cycle
regulation, and energy metabolism.11,12 These reactions
are called the hypoxic response, and hypoxia-inducible
factor 1 (HIF-1) is known to be a key transcriptional factor
in the response. HIF-1 transactivates a series of hypoxia
response genes, including the genes encoding VEGF,
erythropoietin, and glycolytic enzymes, in response to
hypoxia, and for this reason the ability of tumor cells to
produce angiogenic factors is often correlated with tu-
mor’s ability to invade, metastasize, and progress.13–15

Based on these observations, it has been proposed that
exposure to hypoxia might stimulate the ability of tumor
cells to produce angiogenic factors and in turn tumor
stimulate invasion and metastasis by the tumor16–18 and
that under these conditions, increased glycolysis might
temporarily compensate for the oxygen insufficiency.19,20

However, during the sustained severe hypoxia that typi-
cally occurs in pancreatic cancer, for example, increased
glycolysis might be inadequate, because the glucose
supply is also very limited under these conditions.

As a result of the insufficient blood supply for energy
production by tumor cells, increased glycolysis alone
might not be sufficient because of the limited glucose
supply, as stated above. We discovered an interesting
biological response by hepatoma and fibroblasts to glu-
cose starvation in which the cells acquired strong toler-
ance to glucose deprivation during hypoxia, and pancre-
atic cancer cell lines were subsequently found to be
constitutively tolerant to glucose deprivation.21,22 Based
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on these observations, we have proposed that the ability
of cancer cells to tolerate glucose deprivation might be
another aspect of the ability of tumor cells to overcome an
insufficient blood supply, and Akt and AMPK have been
found to be key molecules in this response, which is
referred to as “austerity”.22

AMPK, a metabolite-sensing protein kinase family
members, is activated by various cellular stresses which
consume intracellular ATP, and plays a major role in
protecting cell by converting energy metabolism from
anabolic to catabolic by inhibiting and activating various
molecules, including HMG-CoA reductase, acyl-CoA car-
boxylase, and glucose transporters.23–25 We recently
identified a novel AMPK family member, ARK5, which is
directly activated by Akt, and ARK5 has been found to
induce tumor cell survival during nutrient starvation in an
Akt-dependent manner.26 In addition, ARK5 overexpres-
sion has been found to markedly stimulate tumor cell
invasion and metastasis by pancreatic cancer in both in
vitro and in vivo models via the activation of MMPs and
MT1-MMP. Akt is known to be a very important molecule
in supporting cancer cell proliferation, survival, tumori-
genesis, invasion and metastasis,21,22,26 and ARK5 is a
key mediator of these actions of Akt.

In this study, the role of ARK5 in the progression,
invasion, and metastasis of cancer was investigated by
using human colon cancer cell lines (WiDr, DLD-1, HCT-
15, SW620, LoVo, and SW480) and samples of clinical
colorectal cancers and their metastases.

Materials and Methods

DNA Array

The DNA array (Cancer profiling array; BD Biosciences,
Franklin Lakes, NJ) consisted of 241 paired cDNAs that
had been reverse-transcribed and amplified from tissue
sources by SMART technology (BD Biosciences) from 13
different tissue types. Each pair consisted of a tumor
sample and a corresponding normal tissue sample was
obtained from the same patient. Specific primers of ARK5
spanning a 258-bp nucleotide sequence of cDNA were
used, and the 258-bp fragment was amplified by poly-
merase chain reaction (PCR) with the cycling conditions
of 94°C for 4 minutes, followed by 35 cycles at 94°C for 1
minute, 58°C for 1 minute, 72°C for 2 minutes, and final
extension at 72°C for 8 minutes. The nucleotide se-
quences of these primers were: forward, 5�-GAGTC-
CACTCTATGCATC-3�; reverse, 5�-GGCCACTATTGAG-
GACA-3�. The PCR product was 32P-dCTP (�-32P-dCTP:
6000 Ci/mmol, Amersham Biosciences Corp., Piscat-
away, NJ) labeled with RediprimeII (Amersham Bio-
sciences Corp.) and used as a probe. Prehybridization
was performed at 68°C for 1 hour in 40 ml of prehybrid-
ization solution containing heat-denatured salmon sperm
DNA. The DNA array was then hybridized overnight at
68°C in the 32P-dCTP labeled probe mixed hybridization
solution. ARK5 expression was detected with a BAS2000
system, and the amount of ubiquitin was used as an

external control in each spot, as recommended by the
supplier.

Cell Lines

Human colon cancer cell lines DLD-1, WiDr, HCT-15,
SW620, LoVo, and SW480, human hepatoma cell line
HepG2, and human pancreas cancer cell line PANC-1
were purchased from ATCC and maintained in Dulbec-
co’s modified Eagle’s medium (DMEM; Nissui Corp., To-
kyo, Japan) supplemented with 10% fetal calf serum
(�-Aldrich Corp., St. Louis, MO), 2 mmol/L L-glutamine,
and 25 mmol/L HEPES-NaOH (pH 7.3) at 37°C under an
atmosphere of 5% CO2 in air.

Plasmids

The same expression vectors of ARK5 and dominant
negative-ARK5 (DN-ARK5) and an antisense RNA ex-
pression vector of ARK5 (ARK5-AS) as previously report-
ed26 were used. The expression vector of the dominant
negative form of Akt1 (DN-Akt-1), the expression vector
of the constitutive active form of Akt-1 (CA-Akt-1), and
anti-FLAG antibody were purchased from Upstate Bio-
technology (Lake Placid, NY).

Transfection

For transfection, cells were seeded into a 24-well plate at
5 � 104/well, and transfection was performed with Trans-
Fast transfection reagent (Promega Corp., Madison, WI)
with some modifications. Transfection efficiency in the
current study was assessed with a green fluorescence
protein expression vector, and was about 80%.

In Vitro Invasion Assay

In vitro invasion assay was performed with a matrigel-
coated invasion chamber (BD Biosciences). Cells (5 �
104/chamber) were seeded into each chamber, and the
media in the inner and outer chamber were changed after
6 hours. Cells that had invaded were counted under a
phase-contrast microscope after 48 hours.

Northern and Southern Blot Analysis

Total RNA was isolated from the six colon cancer cell
lines by the AGPC method using ISOGEN (Nippon Gene
Co. Ltd., Tokyo, Japan), and 10 �g total RNA was frac-
tionated on a 1% agarose gel containing 6% formamide
and then transferred to a nylon filter (Hybond-N; Amer-
sham Biosciences Corp.). After UV cross-linking, the filter
was prehybridized and hybridized as described previ-
ously.21 The 258-bp fragment of ARK5 cDNA as de-
scribes in the DNA array method was labeled with 32P-
dCTP using RediprimeII (Amersham Biosciences Corp.).
The filter was washed four times at 58°C in 2X saline
sodium citrate containing 0.1% sodium dodecyl sulfate
and 0.2% sodium pyrophosphate. The ARK5 mRNA was
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visualized by BAS2000 system. To evaluate the amount
of RNA analyzed, the filter was rehybridized with 32P-
dCTP-labeled cDNA probe for human �-actin.

Southern blot hybridization was performed by a stan-
dard method. Genomic DNA was isolated from the six
colon cancer cell lines using SepaGene (Sanko Junyaku
Co. Ltd., Tokyo, Japan), and 10 �g of the DNA was
digested with EcoRI, fractionated on a 1% agarose gel,
and transferred to a nylon filter (Hybond-N; Amersham
Biosciences Corp.). The filter was prehybridized for 12
hours at 62°C. The 1187-bp fragment of NcoI digested
ARK5 cDNA containing the region corresponding from
2985 to 4172 (Gene Bank ID: NM 014840) was labeled
with 32P-dCTP using RediprimeII (Amersham Bio-
sciences Corp.). To evaluate the amount of DNA ana-
lyzed, the filter was rehybridized with 32P-dCTP labeled
cDNA for human PERK containing the region corre-
sponding from 1711 to 1890 (Gene Bank ID: AF110146).
Genomic DNA for ARK5 and PERK were visualized, and
an intensity of the band was quantified using the
BAS2000 system.

Tissue Sampling

A total of 71 clinical samples, consisting of 41 samples of
primary colorectal cancers (Dukes’ B: 19 samples, C: 19
samples, and D: 3 samples), 15 samples of liver metas-
tases, and 15 samples of normal colon mucosa were
obtained from the surgical specimens of 56 cancer pa-
tients who had undergone surgical resection at National
Cancer Center Hospital East (Chiba, Japan). The tissues
were collected at the time of surgery and immediately
stored in liquid nitrogen until used for RNA extraction. All
tissue samples were collected after obtaining informed
consent.

Quantitative-PCR (Q-PCR) and Reverse
Transcription PCR (RT-PCR)

The specific primers for ARK5 detection have been de-
scribed previously.26 Total RNA was isolated from the
tissues by the AGPC method using ISOGEN (Nippon
Gene Co. Ltd.). Q-PCR was performed with a Light-Cy-
cler (Roche Diagnostics, Mannheim, Germany). The
cDNA was prepared by using 100 ng of total RNA and a
RNA PCR Kit (AMV) Ver. 2.1 (Takara Bio Inc., Kyoto,
Japan) according to the manufacturer’s instructions. The
specific PCR primers for detection were: ARK5 forward
primer 5�-ATGCTAAGTACCCTCTGAATG-3� and ARK5 re-
verse primer 5�-GCAACAAGCAGTCAGTCGATC-3�, Akt-1
forward primer 5�-AGCTATCTGTCATCTCTCTGGGGC-3�
and Akt-1 reverse primer 5�-GTCAAGTGCTACCGTG-
GAGAGATC-3�, and Akt-2 forward primer 5�-AGGTCATG-
GAGCACAGGTTCTTCC-3� and Akt-2 reverse primer
5�-GTCAGGGGGTGTGATTGTGATGGA-3�. Q-PCR was
performed with cycling conditions of 95°C for 10 minutes,
followed by 40 cycles of denaturation at 95°C for 10 sec-
onds, annealing at 60°C for 10 seconds, and extension at
72°C for 20 seconds. To quantify the data, ARK5 mRNA
levels were normalized to glyceraldehyde-3-phosphate de-

hydrogenase (GAPDH) mRNA levels. Q-PCR of samples
without reverse transcription was also performed to test for
genomic DNA contamination in each sample.

Total RNA was isolated from cancer cells by the AGPC
method and reverse-transcripted into cDNA with oligo-dT
primers and AMV-reverse transcriptase (Takara Bio Inc.).
RT-PCR was performed using the ARK5 primers. The
cDNA was subjected to 30 cycles of PCR amplification on
a PCR Thermal Cycler 480 (Takara Bio Inc.), and PCR
products were fractionated by agarose electrophoresis,
stained with ethidium bromide, and then visualized under
UV light. GAPDH served as a control for RT-PCR.

RNA Probe Preparation

An ARK5-specific 258-bp nucleotide sequence was de-
signed (forward: 5�-GAGTCCACTCTATGCATC-3�, re-
verse: 5�-GGCCACTATTGAGGACA-3�). A cDNA frag-
ment spanning from 2022nd to 2279th nucleotide was
cloned into pcDNA2.1 to prepare the RNA probe for in
situ hybridization. RNA probes were prepared by tran-
scription with T7 RNA polymerase using Biotin RNA La-
beling Mix (Roche Diagnostics).

In Situ Hybridization

Tissue sections 6-�m thick were prepared from frozen
samples of colorectal cancers, liver metastases, and nor-
mal colon mucosa. The sections were processed accord-
ing to the standard protocol,27 and digested with 10
�g/ml protein K for 10 minutes at room temperature.
Endogenous peroxidase was inactivated by incubating
the tissue sections in 0.3% H2O2 for 20 minutes. Hybrid-
ization was performed in 200 �l of hybridization solution
with biotinylated ARK5-antisense RNA probe (1 �g/ml) or
ARK5-sense biotinylated RNA probe (1 �g/ml) for 2 hours
at 37°C as a negative control. DAKO GenoPoint (Dako
Cytomation Co. Ltd., Kyoto, Japan) and the streptavidin-
horseradish peroxidase, tyramide and diaminobenzidine
tetrahydrochloride (DAB) method were used for visual-
ization according to the manufacturer’s instructions.

Statistical Analysis

The data are expressed as means � SE or means � SD.
Student’s t-test was used to determine statistical signifi-
cance, and the differences were considered significant if
the P value was less than 0.05.

Results

DNA Array Analysis of ARK5 Expression

Firstly, ARK5 overexpression was examined among var-
ious human cancers to determine whether ARK5 expres-
sion is involved in certain type of human cancer. DNA
array generated from 13 different tissue types was used
to investigate ARK5 expression among a wide variety of
human clinical tumors (Figure 1A). The amounts of ARK5
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mRNA in 13 different tissues and cancers were quantified
by densitometry and normalized to Ub mRNA, varied
among the types of cancer. Higher levels of ARK5 mRNA
were detected in colon and rectal cancers than in normal
tissues. Breast, uterus, and ovary cancer also showed high
levels of ARK5 expression in both the tumors and the cor-
responding normal tissues (Figure 1A). As shown in Figure
1B, the ARK5 mRNA levels were 2.1-fold higher in colon
cancer and 1.4-fold higher in rectal cancer than in corre-
sponding normal tissue. The majority of colorectal cancers
expressed higher ARK5 mRNA levels than the normal tis-
sue, although the degree of the increase varied greatly.

Correlation between ARK5 Expression and the
Invasion Activity of Human Colorectal Cancer
Cell Lines

DNA array analysis is convenient to screen large number
of cancers for their expression of a given gene but the

specificity is not sufficient. To confirm ARK5 gene expres-
sion in colon cancers, six human colon cancer cell lines
were used. As shown in Figure 2A, LoVo and SW480 cell
lines showed high ARK5 expression at both the mRNA
and protein level. These data clearly indicate that some
human colon cancers actually express ARK5 gene.

To determine whether ARK5 gene amplified in LoVo
and SW480 cells, Southern blot hybridization was per-
formed. Contrary to the overexpression of ARK5 mRNA in
LoVo and SW480 cells, ARK5 gene was not amplified in
any colon cancer cell lines (Figure 2A). The mean and
variance value of the intensity of each band were 0.94 �
0.26 (SD) and the range was 0.70 in SW480 cells to 1.41
in LoVo cells, and no difference was detected with sta-
tistically significance. Similar result was also observed in
Southern blot analysis for PERK gene.

SW620 and LoVo cells are derived from lymph node
metastases, and SW480 cells are derived from the pri-
mary lesion of a colon cancer patient who had later lymph

Figure 1. Expression of ARK5 mRNA in various cancers (cancer: Ca.) and
corresponding normal tissues. A: DNA array analysis of ARK5 expression in
13 different types of cancers (T) and corresponding normal tissues (N). B:
Densitometric analysis of ARK5 mRNA expression in colon or rectal cancers
(filled bars) and corresponding normal tissues (open bars).

Figure 2. A: Total RNA, protein, and genomic DNA were extracted from each
cell line, and Northern blot (N.B.) or Western blot analysis (W.B.) was
performed with probe or antibody for ARK5 or �-actin. Southern blot analysis
(S.B.) was also performed with probe for ARK5 or PERK. B: Strong associ-
ation between ARK5 expression and tumor cell invasion activity. Each cell
line was seeded on a matrigel-coated invasion chamber (5 � 104 cells/
chamber), and cells that had translocated to the lower chamber were counted
after 48 hours. Results are shown as means of three experiments, and the
bars represent SE values.
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node metastasis. Because ARK5 was highly expressed in
two of three cell lines, we hypothesized that ARK5 ex-
pression might be associated with colon cancer metas-
tasis as noticed in pancreas cancer (Suzuki at al, unpub-
lished). Therefore, in vitro invasion assay of the above six
cell lines was carried out.

Interestingly, LoVo and SW480 cells were extremely
potent in their in vitro invasion activities (Figure 2B). Thus,
a good correlation was found between expression of
ARK5 by human colon cancer cell lines and their cell
invasion activity.

Tumor Cell Invasion Is Stimulated by the Akt/
ARK5 System

To determine whether there is a causal relationship be-
tween ARK5 overexpression and cell invasion activity, we
prepared the ARK5 overexpressing cell line DLD-1 (D/
ARK) and compared its invasion activity with that of the
parent DLD-1 cell line, which exhibited very low expres-
sion of ARK5 (Figure 3A). DLD-1 cells displayed very low
invasion activity, whereas the D/ARK cells showed high

activity (Figure 3A). The increased activity was further
accelerated by transient expression of CA-Akt-1 in
D/ARK cells but not in DLD-1 cells, and completely sup-
pressed by transient expression of DN-Akt-1, DN-ARK5,
or ARK5-AS, or by treatment with PI-3K inhibitor
LY294002 (Figure 3A).

As shown in Figure 3B, SW480 cells showed high
expression of ARK5 and high invasion activity. Their in-
vasion activity was further increased by transient expres-
sion of CA-Akt-1, but completely suppressed by DN-
Akt-1 and LY294002 (Figure 3B).

Expression of ARK5 mRNA in Fresh Clinical
Samples of Colorectal Cancer and Their Liver
Metastases

Surgically resected colorectal cancers and their liver me-
tastases were investigated to determine whether there
was an association between ARK5 expression and inva-
sion and metastasis ability. Higher expression of ARK5
was found in colorectal cancer than in normal mucosa in
most of the cases (P � 0.01) (Figure 4A), and Q-PCR
showed much higher expression in liver metastases of
colorectal cancer, with a statistically significant differ-
ence (P � 0.03). No clear stage-dependent increases in
ARK5 mRNA expression were detected, but there was a

Figure 3. Tumor cell invasion mediated by the Akt/ARK5 pathway in human
colorectal cancer cell lines. A: In vitro invasion activity of DLD-1 (open
bars) and D/ARK (filled bars) cell lines exposed to or unexposed (control)
to 20 �mol/L LY294002, or 1 �g of the expression vector of dominant
negative-Akt-1 (DN-Akt-1), constitutive active-Akt-1 (CA-Akt-1), dominant
negative-ARK5 (DN-ARK5), or ARK5-antisense (ARK5-AS) was used. Results
are shown as means of three experiments and the bars represent SE values.
B: In vitro invasion assay of SW480 cells. Either 20 �mol/L LY294002 or 1 �g
of the expression vector of each DN-Akt-1, CA-Akt-1, DN-ARK5, or ARK5/AS
was used. Results are also shown as means of three experiments.

Figure 4. A: Quantitative analysis of ARK5 mRNA expression in primary
colorectal cancers and liver metastases. Total RNA (100 ng) extracted from 15
samples of non-tumor colon mucosa (normal colon mucosa, N.C.), 41 pri-
mary tumors (colorectal cancer, C.Ca.) consisting of Dukes’ B: 19 samples, C:
19 samples, and D: 3 samples, and 15 liver metastases of colorectal cancer
(L.M.) were reverse-transcribed, and Q-PCR was performed. Each value was
normalized to the amount of GAPDH. B: Expression of Akt-1 and Akt-2
mRNA was also measured by Q-PCR in the same samples of colorectal
cancers and their liver metastases.
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significant difference between Dukes’ B and C/D (P �
0.04) (Figure 4A).

Since ARK5 is the direct target of Akt and mediates
signals from Akt, its expression was examined in surgical
materials. Expression of Akt-1 and Akt-2 was estimated
by performing Q-PCR with Akt-1- and Akt-2-specific prim-
ers in the same clinical samples. Higher Akt-1 expression
was detected in the clinical samples of colorectal cancer,
but expression was not much higher in the liver metasta-
ses (Figure 4B). Akt-2 overexpression was also observed
in the clinical samples of colorectal cancers, but Akt-2
expression was much higher in their liver metastases
(Figure 4B).

In Situ Hybridization of ARK5 mRNA in Clinical
Samples

Because the clinical samples contained both tumor and
stromal cells, the cellular distribution of ARK5 mRNA was
examined by in situ hybridization. We chose HepG2 cells
and PANC-1 cells, which had been confirmed to be a low
expresser and high expresser by RT-PCR (Figure 5A),
respectively, to verify the specificity of in situ hybridization
detection of ARK5 mRNA.

As shown in Figure 5B, a strong signal was detected in
PANC-1 cells only when antisense RNA was used as a
probe, and the signal was mainly in the cytoplasm and
the perinuclear region, clearly demonstrating the speci-
ficity of in situ hybridization detection of ARK5 mRNA.

In situ hybridization was then performed on 6-�m-thick
frozen sections of colorectal cancers, their liver metasta-
ses, and normal colon tissue. The results clearly showed
high expression within the tumor cells of the colorectal
cancers and much higher expression in their liver metas-
tases (Figure 5C).

Discussion

Colorectal cancer is still one of the leading causes of
cancer death in developed countries, and liver metasta-
sis is an especially serious problem as the main cause of
death in the later stages. Cell invasion is well known to be
an essential element for tumor metastasis, and Akt has
been found to play a key role in tumor cell invasion.28–30

Akt is often overexpressed in colorectal cancer cells and
gene amplification is sometimes observed. Since Akt is
thought to be a pivotal factor in colorectal carcinogenesis
and progression,31–34 it is very important to understand
the molecular basis of involvement of the Akt pathway in
invasion and metastasis by colorectal cancers.

We recently identified ARK5 as a key tumor cell sur-
vival factor that mediates Akt signaling,26 and it has also
been found to mediate Akt-dependent tumor cell invasion
and metastasis in vitro (Suzuki et al, unpublished). Some
cancer cells with high ARK5 expression show high inva-
sion activity. To investigate whether cancer cells with
ARK5 oxerexpression increase in vivo invasion activity,
we recently performed in vivo liver metastasis assay using
SCID mice that had been transplanted with human pan-

creatic cancer cell line PANC-1 or P/ARK, PANC-1 cells
that had been stably transfected with ARK5 full-length
expression vector, and the results showed a much higher
incidence of liver metastasis by the P/ARK cells than by
the PANC-1 cells.35

Since colon cancers are known to express Akt, and
overexpression and gene amplification of Akt are some-
times observed in them,36–38 we speculated that ARK5
might also be important in tumor invasion and metastasis
by human colon cancer, and the results of the present
study clearly demonstrated that ARK5 is a key factor
mediating Akt-dependent colon cancer cell invasion in
vitro. Based on the results of both an in vitro and an in vivo
analysis in an animal model, we hypothesized that ARK5
expression is associated with tumor progression of clin-
ical colorectal cancer. The results of the present study
clearly showed higher expression of ARK5 in colorectal
cancer than in normal colon mucosa, and it was espe-
cially higher in their liver metastases.

What is the biological significance of ARK5 overex-
pression? As previously mentioned, ARK5 mediates the
tumor invasion signal through Akt, and we therefore per-
formed Q-PCR to estimate the expression of Akt-1 and
Akt-2 as the upstream of ARK5 in the same clinical sam-
ples. As shown in Figure 4B, higher expression of both
Akt-1 and Akt-2 mRNA was clearly observed in the colo-
rectal cancers and their liver metastases than in normal
colon mucosa, and Akt-1 expression was predominated
over Akt-2 of expression in terms of the total number of
copies expressed. Recent reports have implicated Akt in
various human malignancies, and Akt-2 is the predomi-
nant isoform involved in colon carcinogenesis.39 Indeed,
as in the expression pattern of ARK5, Akt-2 overexpres-
sion was observed in colorectal cancers, and much
higher expression was observed in their liver metastases.
More recently, we found that ARK5 mediates tumor cell
invasion activity induced by the activation of Akt signaling
pathway by IGF-I in human pancreatic and colorectal
cancer cells. One of the mechanisms for the stimulation
of invasion by ARK5 was found to be the induction of
MT1-MMP production at translational level (Suzuki et al,
unpublished). Therefore, it is quite reasonable to see the
co-expression of ARK5 and Akt in colorectal cancers,
especially at their advanced stage in the present study.
Of course, tumor invasion and metastasis are complex
biological processes, ARK5 and Akt co-expression might
be one of the determinants of progression of colorectal
cancer.

We also found that ARK5 overexpression significantly
suppresses caspase 8 activation triggered by glucose
starvation in human hepatoma cell line HepG2.40 It has
been reported that some liver metastases of colorectal
cancer express both Fas and Fas-ligand, which cause
hepatocyte apoptosis,41,42 and similar observations have
also been made in some liver metastases of pancreatic
cancer.43 Moreover, we recently found that death recep-
tor-induced cell death can be suppressed by increasing
ARK5 expression.40 All of these observations taken to-
gether suggest that ARK5 overexpression might sup-
press cell death caused by various stimuli, leading to
another aspect of tumor progression.
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What is the molecular mechanism for ARK5 overex-
pression? One possible mechanism of the overexpres-
sion is gene amplification. Indeed, Akt gene is known to
be amplified in some colorectal cancers, in which Akt is

overexpressed and constitutively activated.31,44 We have
examined a possibility of ARK5 gene amplification by
taking six human colorectal cancer cell lines and found
not to be amplified. There might be a possibility of gene

Figure 5. Distribution of ARK5 mRNA expression in fresh clinical samples. A: ARK5 and GAPDH expression were examined by RT-PCR in PANC-1 and HepG2 cells.
B: In situ hybridization of AR5 mRNA in PANC-1 and HepG2 cells. In situ hybridization was performed by using the antisense and sense probe. C: Tissue sections of
non-tumor tissue (normal colon mucosa, N.C.), primary tumor tissue (colon cancer, C.Ca.), and liver metastatic tissue (liver metastases of colorectal cancer, L.M.) were
hybridized with the antisense probe for ARK5, and the sections were counterstained with hematoxylin. Nuclear stained cells as brown (diaminobenzidine tetrahydro-
chloride, DAB) are ARK5 mRNA-positive. As a negative control, in situ hybridization was also performed using the sense probe in the same tissue sections.
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amplification in clinical cases and this possibility must be
examined in future. Another possible mechanism for
ARK5 overexpression is transcriptional activation. We re-
cently found that at least in some colorectal cancer cell
line, ARK5 gene transcription is regulated by cofactor
required for Sp1 transcriptional activation proteins
(CRSPs) through Sp-1 site,45,46 and one of CRSPs was
found to be regulated by a metabolic stress (Suzuki et al,
unpublished). Detailed mechanisms remains to be deter-
mined, but these findings suggested that ARK5 gene
might be regulated both genetic alterations and micro-
environment of colorectal cancers through transcriptional
activation.

The present study strongly suggests that Akt-ARK5
pathway plays important roles in progression of colorec-
tal cancer. ARK5 may be a key molecule in understand-
ing the biology of invasive and metastatic colon cancers
and for developing a new strategy of chemotherapy.
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