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ARKS promotes invasion and migration in hepatocellular
carcinoma cells by regulating epithelial-mesenchymal transition
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Abstract. Hepatocellular carcinoma (HCC) is the third leading
cause of cancer-associated mortality worldwide. The highly
invasive nature of HCC leads to poor prognosis in patients
with malignant HCC. AMPK-related protein kinase 5 (ARKS)
is a key mediator of migratory activity in human cancer cells.
However, the role of ARKS in invasion and metastasis of HCC
cells remains unclear. The present study attempted to deter-
mine whether ARKS is involved in invasion and migration
via regulation of epithelial-mesenchymal transition (EMT).
Wound healing and Transwell Matrigel invasion assays
were utilized to detect the ability of the epithelial Huh7 and
mesenchymal SNU387 HCC cells to migrate and invade. Next,
the expression of ARKS and EMT markers, E-cadherin and
vimentin, were examined by western blot analysis. Inhibition
of ARKS was able to significantly reduce the ability HCC cells
to invade and metastasize. Furthermore, the knockdown of
ARKS was able to reverse the process of EMT in HCC cells.
These data suggested that ARKS may serve an important role
in regulating EMT in HCC cells. Taken together, these find-
ings indicate that ARKS is a potential molecular target for the
development of novel HCC therapeutics, which focus on cell
invasion and EMT regulation.

Introduction

Hepatocellular carcinoma (HCC) is a malignancy with one of
the highest mortality rates, and it has been ranked as the fifth
most common malignancy globally (1). Although substantial
progress has been made in the diagnosis and treatment of
HCC, it remains the third leading cause of cancer-associated
mortality globally (2). Therefore, there is an urgent requirement
to investigate the molecular mechanisms by which HCC
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progresses and to find novel diagnostic factors and effective
therapeutic strategies to improve patient survival rates.

The epithelial-mesenchymal transition (EMT) comprises a
complex series of reversible events that may lead to the loss of
epithelial cell adhesion and the indication of a mesenchymal
phenotype (3). EMT serves crucial roles during embryonic
development, tumor metastasis and invasion, and is one of
the major molecular mechanisms through which invasion and
metastasis are promoted during the oncogenic process (4,5).
Previous studies demonstrated that EMT activation in cancer
cells contributed to tumor invasion and metastasis in various
types of cancer, including HCC, resulting in aggressive cancer
progression (6,7). Taken together, these findings indicate that
EMT is associated with metastasis.

AMPK-related protein kinase 5 (ARKS) is a member
of the human AMP-activated protein kinase family. ARKS
was identified as a key molecule in mediating the migra-
tion of cancer cells in human pancreatic cancer cells, and
its activation was induced by Akt-dependent Ser600 phos-
phorylation (8). It has been reported that the overexpression
of ARKS5 was involved in tumor progression and metastatic
activity in colorectal cancer (9). Tumor malignancy, including
invasion and metastasis, is accelerated by the activation of
Akt, a process that has been demonstrated for breast, ovarian,
colorectal and pancreatic cancer, and squamous cell carci-
noma (10-13). ARKS5 was reported to promote invasion and
metastasis in cancer cells, including breast cancer, colorectal
cancer and glioma (9,14,15). However, the mechanism by
which ARKS alters invasion and metastasis has not been
fully identified in HCC cells.

In the present study, the authors hypothesized that ARKS
may be involved in HCC cell invasion and metastasis through
EMT. Suppression of ARKS may be used as a potential target
for the treatment of HCC. To investigate this hypothesis,
the role of ARKS in invasion and metastasis of cancer was
investigated using HCC cells.

Materials and methods

Cell culture. The human HCC Huh7 and SNU387 cells
were purchased from the American Type Culture Collection
(Manassas, VA, USA). Huh7 cells were cultured in Dulbecco's
Modified Eagle's Medium (DMEM; Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) containing 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and
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1% penicillin/streptomycin (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany). SNU387 cells were maintained in
RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS and 1% penicillin/streptomycin.
All cells were grown in a humidified incubator at 37°C and
with 5% CO,.

Short interfering RNA (siRNA) transfection. HCC Huh7 and
SNU387 cells were transfected with 100 nmol/l ARKS siRNA
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA) or nega-
tive siRNA control (Invitrogen; Thermo Fisher Scientific,
Inc.) using Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) following the manufacturer's protocol. The
transfection medium Opti-MEM (Gibco; Thermo Fisher
Scientific, Inc.) was used. After 6 h, the transfection medium
was removed, and the cells were maintained in DMEM and
RPMI-1640 medium for an additional 24 h, at which point all
subsequent experiments were performed.

Western blot analysis. HCC Huh7 and SNU387 cells were
washed with cold phosphate-buffered saline (PBS) and
treated with cell lysis buffer (Cell Signaling Technology, Inc.,
Danvers, MA, USA) at 4°C or on ice for 2 h. The concentration
of the proteins was measured using BCA Protein Assay kit
(Pierce; Thermo Fisher Scientific, Inc.). The protein (40 pg
per lane) were separated by 10% SDS-PAGE and transferred
onto polyvinylidene difluoride membranes (EMD Millipore,
Billerica, MA, USA). The membranes were then blocked
with 5% bovine serum albumin (Sangon Biotech Co., Ltd.,
Shanghai, China) in 0.1% Tween-20 (TBS/T) and incubated
with primary antibodies against ARKS (cat no. ab71814),
E-cadherin (cat no. ab76055) and vimentin (cat no. ab8978)
(all 1:1,000; Abcam, Cambridge, MA, USA) at 4°C overnight.
The membranes were then washed three times with TBST
and then incubated with the appropriate secondary anti-
body (1:2,000, Santa Cruz Biotechnology, Inc., Dallas, TX,
USA) at 37°C for 2 h. The protein bands were visualized by
chemiluminesence using an enhanced chemiluminesence kit
(GE Healthcare, Piscataway, NJ, USA) and were quantified
by densitometry using Image Lab 5.0 software (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). GAPDH (1:2,000;
Cell Signaling Technology, Inc.; cat no. 5174) was used as an
internal control.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA was extracted from HCC
Huh7 and SNU387 cells with TRIzol (Invitrogen, Carlsbad,
CA, USA). cDNA was synthesized using M-MLV Reverse
Transcript reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. qPCR was performed
using SYBR Green PCR kit (Takara Bio, Inc., Otsu, Japan)
and analyzed using an ABI Prism 7500 Real-time PCR system
(Applied Biosystems, CA, USA) under the following reaction
conditions: 50°C for 2 min; 95°C for 30 sec and followed by
40 cycles of 60°C for 30 sec. All reactions were performed
in triplicate. ARK5 mRNA expression was quantified and
reported as 224%4(16). The expression level of each gene was
normalized to the expression level of GAPDH. The primers
were as follows: ARK forward, 5-GAGTCCACTCTATGC
ATC-3" and reverse, 5'-GGCCACTATTGAGGACA-3'.
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Figure 1. Expression of ARKS in HCC cell lines. (A) Western blot analysis
was used to examine the expression of ARKS in HCC cells. Relative protein
expression in HCC cells was quantified by evaluating the band density, and
GADPH served as the control. All experiments were performed at least
three times. (B) Relative expression of ARKS was detected by reverse
transcription-quantitative polymerase chain reaction in HCC cells. "P<0.05
vs. Huh7 cells. ARKS, AMPK-related protein kinase 5; HCC, hepatocellular
carcinoma.

Wound-healing assay. HCC Huh7 and SNU387 cells were
seeded into 6-well plates at a density of 3x10° cells/well and
cultured in the appropriate medium (DMEM used for Huh7
cells, and RPMI-1640 used for SNU387 cells) containing 10%
FBS, 1% penicillin/streptomycin at 37°C with 5% CO, for 24 h
until 90% confluence, and then the medium was changed to
the corresponding medium (DMEM used for Huh7 cells, and
RPMI-1640 used for SNU387 cells) containing 0.05% FBS,
1% penicillin/streptomycin overnight to synchronize the cells.
The cells were wounded with 100 ul pipette tips, and the cell
debris was washed away with PBS. The wound scars were
photographed with an inverted light microscope at O and 24 h
after the scratch was made. The ratio of the remaining wound
area relative to the initial wound area was calculated, and the
wound area was quantified using Image-Pro Plus software
(version 6.0; Media Cybernetics, Inc., Rockville, MD, USA).

Transwell Matrigel invasion assay. The Huh7 and SNU387
cells were seeded at a density of 5x10* cells/well in the upper
chamber of a Transwell 24-insert plate with corresponding
medium (DMEM used for Huh7 cells, and RPMI-1640 used
for SNU387 cells). Following transfection with ARKS siRNA
(100 nmol/ml) for 6 h, the cells were treated with TGF-f1
(10 ng/ml) for 48 h. The upper chambers were coated with
Matrigel (BD Biosciences, San Jose, CA, USA), and the lower
chamber contained the same medium supplemented with
10% FBS. After 24 h, the bottom of the inserts were fixed in
methanol for 10 min and stained with H&E for 3 min at 37°C.
The cells that had invaded to the lower surface were counted
using an inverted phase-contrast microscope (magnification,
40x) and images were captured.

Statistical analysis. All data are expressed as the mean =+ stan-
dard deviation. Statistical analysis was performed using
one-way analysis of variance (ANOVA) followed by Tukey's
post hoc test. Student's t-test was also used. GraphPad Prism
(version 5.0; GraphPad Software, Inc., La Jolla, CA, USA) was
used to perform all statistical analysis. P<0.05 was considered
to indicate a statistically significant difference. All experi-
ments were performed at least three times as independent
experiments.
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Figure 2. Knockdown of ARKS inhibits invasion and migration in Huh7 and SNU387 cells. (A) Western blot was used to detect the expression of ARKS5 in hepa-
tocellular carcinoma cells that were transfected with ARKS siRNA or negative siRNA control. GAPDH was used as the internal reference. (B) Wound healing
assays indicate decreased motility in ARKS5-knocked down Huh7 and SNU387 cells compared with the control. Magnification x200. "P<0.05 (C) Transwell
migration assays. Images and quantification of migration of Huh7 and SNU387 cells in transfected with or without ARKS siRNA. Migrated cells were stained

with crystal violet and counted. Magnification x200. ““P<0.001 vs. control; ARK5, AMPK-related protein kinase 5; siRNA, small interfering RNA.

Results

ARKYS expression level is different between Huh7 and
SNU387 cell lines. To confirm whether the expression level
of ARKS5 was associated with HCC cell lines, western blot-
ting and RT-qPCR were used to analyze the expression of
ARKS. The HCC Huh?7 cell line, with an epithelial phenotype,
exhibited low expression of ARKS, whereas the mesenchymal
phenotype HCC SNU387 cell line exhibited high expression
of ARKS (Fig. 1), indicating that the level of ARKS may
be associated with invasion and migration in HCC cells
(P<0.05 vs. Huh7).

Knockdown of ARKS inhibits invasion and migration in Huh7
and SNU387 cells. To investigate the function of ARKS in inva-
sion and migration in HCC cells, the effect of ARKS5 knockdown
on metastasis was investigated by Transwell invasion and wound
healing migration assays. The knockdown efficiency was exam-
ined by western blot analysis (Fig. 2A). The results indicated
that inhibiting the expression of ARKS was able to significantly
reduce cell migration compared with the control under normal
conditions after 24 h in wound healing migration assays (Fig. 2B).
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Figure 3. Knockdown of ARKS upregulates the expression of E-cadherin and
downregulates vimentin expression in hepatocellular carcinoma cells. (A) The
expression of E-cadherin and vimentin in Huh7 and SNU387 cells. (B) Western
blot analysis was used to detect the expression of ARKS, E-cadherin and
vimentin following treatment with ARKS siRNA or negative control siRNA.
siRNA, small interfering RNA; ARKS, AMPK-related protein kinase 5.

In the Transwell invasion assay, it was observed that the number
of HCC cells transfected with ARKS siRNA passed through
the Transwell membranes were decreased compared with the
control group (Fig. 2C).

Knockdown of ARKS may upregulate the expression of
E-cadherin and downregulate vimentin expression in HCC
cells. It has been reported that EMT serves a notable role in
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Figure 4. Inhibition of ARKS reverses EMT under TGF-f1 treatment in Hep3B cells. (A) Western blot analysis indicated that the knockdown of ARKS in
TGF-p1-treated cells was able to reverse EMT, as demonstrated by increased E-cadherin expression and reduced vimentin expression. (B) Wound healing
assays indicate that there was a significant difference between ARKS-siRNA +TGF-f1 group and control in Huh7 cells. (C) Images and quantification of
migration of Huh7 cells in TGF-f1-treated cells which were transfected with or without ARKS5 siRNA and control cells. Migrated cells were stained with
crystal violet and counted. "P<0.05 vs. the control. EMT, epithelial-mesenchymal transition; ARK5, AMPK-related protein kinase 5; TGF-1, transforming

growth factor-p1.

the development of drug resistance in a number of different
tumor types, including cancer of the breast, lung, colon, and
pancreas, with tumor cells that have gained drug resistance
displaying a higher degree of malignant, and migratory and
invasive ability (17-20). Studies have demonstrated that the
inhibition of ARKS results in the upregulation of E-cadherin
expression and downregulation of vimentin expression in
HCC, ovarian cancer and non-small lung cancer cells (21-23).
In the present study, western blot analysis revealed that Huh7
cells exhibited high E-cadherin expression and low vimentin
expression, whereas SNU387 cells exhibited the opposite
pattern of expression (Fig. 3A). The results of the present study
also demonstrated that siRNA-mediated silencing of ARKS
resulted in upregulation of E-cadherin and downregulation
of vimentin in Huh7 and SNU387 cells (Fig. 3B). These
results demonstrated that the inhibition of ARKS may reverse
EMT.

Inhibition of ARK5 reverses EMT under TGF-f1 treatment in
Hep3B cells. Previously, TGF-P1 has been identified as the key
driver in inducing EMT (24). Following exposure to 10 ng/ml
TGF-f1 for 48 h, E-cadherin expression in Huh7 cells was mark-
edly decreased. Notably, the expression of E-cadherin in Huh7
cells was upregulated upon transfection with ARKS siRNA
following TGF-f1 treatment compared with TGF-f1-treated
cells (Fig. 4A). Wound healing assays revealed that the
knockdown of ARKS was able to reverse TGF-f31-induced
cell migratory ability (Fig. 4B). Transwell invasion assays also
revealed that the knockdown of ARKS was able to reverse
TGF-pl-induced invasion (Fig. 4C). There was no significant
difference between the group transfected with AKR5 siRNA
combined with TGF-p1 and the control in Huh7 cells. These
findings indicated that the knockdown of ARKS may reverse
TGF-pl-induced EMT and reduce the invasive and metastatic
capabilities of Huh7 cells, which have an epithelial phenotype.
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Discussion

There is a high mortality associated with HCC, the fifth most
common tumor worldwide, due to a lack of effective treat-
ments (25). HCC is frequently diagnosed at an advanced stage
and thus is associated with poor prognosis (26). It is known
that cell invasion is essential for tumor metastasis, and Akt has
been identified to serve a key role in invasion and metastasis
of tumor cells (27-29). Therefore, it is important to understand
the molecular basis of the involvement of ARKS in the inva-
sion and metastasis of HCC cell lines.

Evidence indicates that EMT serves a key role in
carcinogenicity, metastasis, progression and acquired chemo-
resistance in many types of cancer, including in HCC (30,31).
During EMT, expression of the epithelial marker E-cadherin
decreases, whereas that of the mesenchymal marker vimentin
increases (32). ARKS is a tumor invasion-associated factor
that is downstream of Akt signaling. Cancer cells with
high ARKS5 expression exhibit high invasive activity (11). It
has been demonstrated that the inhibition of ARKS is able
to enhance drug sensitivity in hepatocellular carcinoma
through EMT (21). However, prior to the present study,
there were a limited number of reports concerning the role
of ARKS in the metastasis of other cancer types (14,33),
including HCC.

The results of the present study indicated that the knock-
down of ARKS5 markedly decreased migration and invasion of
HCC cells. Furthermore, the inhibition of ARKS was also able
to increase the expression of the epithelial marker E-cadherin
and reduce expression of the mesenchymal marker vimentin in
Huh7 and SNU387 cells, compared with the control.

TGF-p1 is a pleiotropic cytokine that regulates cell prolifer-
ation and differentiation (34). TGF-f1 induces a mesenchymal
phenotype and functions as a tumor suppressor that restricts
cell growth, resulting in the inhibition of cancer progression
during the early stages of carcinogenesis (35). However,
as cancer progresses, TGF-f1 becomes a tumor promoter,
performing dual roles in the progression and metastasis of
HCC (36-38). The data reported in the present study indicated
that TGF-f treatment of HCC cells was able to induce invasion
and migration. When the epithelial Huh7 cells were treated
with TGF-f1, the invasive capability and migratory rate of
these cells was increased compared with the control. Notably,
this increased invasive capability and migratory rate was
reversed upon ARKS knockdown and treatment with TGF-f1,
suggesting that ARKS may reduce invasion and migration in
HCC cells. Furthermore, these data also indicated that the
treatment of Huh7 cells with TGF-p1 resulted in decreased
E-cadherin expression and increased expression of vimentin
compared with the control. However, the downregulation of
ARKS was able to reverse TGF-f1-induced EMT in Huh7
cells. These results indicated that the expression of ARKS5 may
serve an important role in cellular invasion and metastasis and
EMT phenotype changes of HCC cells.

In summary, the present study demonstrated that inhib-
iting the expression of ARKS may reduce the ability of the
HCC cells to invade and metastasize via EMT. Therefore,
ARKS has the potential to be a molecular target for the
development of novel therapy of HCC, which focuses on cell
invasion.
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