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Metastasis increases the mortality rate of gastric cancer, which is the third leading cause of cancer-associated deaths
worldwide. This study aims to identify the genes promoting metastasis of gastric cancer (GC). A human cell motility
PCR array was used to analyze a pair of tumor and non-tumor tissue samples from a patient with stage IV GC (T3N3M1).
Expression of the dysregulated genes was then evaluated in GC tissue samples (n= 10) and cell lines (n= 6)
via qPCR. Expression of α-actinin-4 (ACTN4) was validated in a larger sample size (n= 47) by qPCR, western blot and
immunohistochemistry. Knockdown of ACTN4 with specific siRNAs was performed in GC cells, and adhesion assays,
transwell invasion assays and migration assays were used to evaluate the function of these cells. Expression of potential
targets of ACTN4 were then evaluated by qPCR. Thirty upregulated genes (greater than twofold) were revealed by the PCR
array. We focused on ACTN4 because it was upregulated in 6 out of 10 pairs of tissue samples and 5 out of 6 GC cell lines.
Further study indicated that ACTN4 was upregulated in 22/32 pairs of tissue samples at stage III & IV (P= 0.0069).
Knockdown of ACTN4 in GC cells showed no significant effect on cell proliferation, but significantly increased cell-matrix
adhesion, as well as reduced migration and invasion of AGS, MKN7 and NCI-N87 cells. We found that NF-κB was
downregulated in GC with the knockdown of ACTN4. In conclusion, this is the first study to indicate that ACTN4 is
significantly upregulated in patients with metastatic GC. ACTN4 reduces cell adhesion and enhances migration and
invasion of GC cells and may therefore be a novel therapeutic target for GC.
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Gastric cancer (GC) is the third leading cause of
cancer-associated deaths worldwide.1 Moreover, it has been
predicted that the mortality rate of GC will rise from the 15th
to the 10th most common cause of death globally by 2030.2

About 70% of the GC cases occur in eastern Asia, with the
highest morbidity in China, Korea, and Japan. In general, the
5-year survival rate for patients at the early stage of GC is
490%. However, the chance for survival drops markedly to
o25% for advanced stage disease with metastasis.3,4 The
preferred sites of metastatic GC include lymph nodes, liver
and peritoneum.5,6

Metastasis of cancer cells is a complex, multi-step process.
Generally, it involves cancer cells acquiring the capability to
invade and disseminate from their original location. These
cells survive in circulation and colonize in secondary organs at
which they form new tumors.7 Numerous genes have
important roles in these processes. For example, genes for
chemotaxis and growth factors contribute to invasion.8,9

Genes for cell adhesion, protrusion, or movement lead to
intravasation and migration.10 Genes encoding receptors and
proteases are involved in extravasation.11,12

Previous studies have indicated that numerous, complex
gene interactions are necessary for metastasis, including
vascular endothelium growth factor receptor, matrix metal-
lopeptidase (MMP), and members of the PI3K-Akt and Wnt-
Notch signaling pathways.13–20 However, the mechanism of
GC metastasis remains unclear; hence, the aim of this study
was to identify genes promoting metastasis of GC.

In this paper, α-actinin-4 (ACTN4) is identified as a key player
in GC metastasis. ACTN4 is a member of the α-actinin family,
which belongs to the spectrin superfamily proteins. There are
four isoforms of α-actinin, and isoform 4 is 'non-muscle'
α-actinin. It predominantly localizes in the cytoplasmic region,21

and has multiple roles in non-muscle cells, including cellular
protrusion, cell adhesion, and cellular motility.22,23 Functionally,
α-actinin is associated with microfilament bundles and tight
junctions, where it is involved in cross-linking actin filaments and
connecting actin to the cell membrane. Actinin is a component
of the stress fiber and structural protein,24 and the overexpression
of ACTN4 contributes to metastasis and/or chemoresistance in
lung cancer, ovarian cancer, and colorectal cancer.25–27 As a
result, we proposed that ACTN4 is a key factor in GC metastasis.
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MATERIALS AND METHODS
Human Tissue Samples
Forty-seven pairs of human GC and non-tumor tissue
samples were collected directly after surgical resection at
Queen Mary Hospital, Hong Kong. All of the tumor tissue
samples were validated as malignant by an experienced
pathologist. All of the samples were obtained with the
participants’ informed consent and none of the patients
received preoperative treatment. All samples were immedi-
ately frozen in liquid nitrogen and stored at − 80 °C.

Cell Lines and Cell Culture
Human GC cell lines including AGS, NCI-N87 (ATCC,
Rockville, MD, USA), MKN7, MKN45 (Riken, Japan) and
BGC823, PAM82 (given by Beijing Institute of Cancer
Research, China) were used in this study. Cells were cultivated
in RPMI 1640 medium (Gibco BRL, Gaithersburg, MD, USA)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Gibco BRL, Grand Island, NY, USA). All cells were
incubated at 37 °C in a humidified incubator which contains
5% CO2.

Rna Extraction in Tissue Samples and Cell Lines
About 20 mg of each tissue sample or 106 cells of each cell line
were used for RNA extraction via RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instruc-
tions. The concentrations of all RNA samples were quantified
by NanoDrop 1000 (Nanodrop, Wilmington, DE, USA).
From each sample, 500 ng of total RNA were utilized for
reverse transcription (RT).

Rt2 Profilertm PCR Array for Human Cell Motility
A pair of tumor and non-tumor tissue samples from a patient
with GC (stage IV with metastasis, T3N3M1) was used for the
PCR array. Total RNA was extracted as prescribed above and
reverse-transcribed using RT2 First Strand Kit (Qiagen). The
cDNAs was used for the PCR array using RT2 SYBR Green
qPCR Mastermixes (Qiagen). This profiler is a pathway-
focused gene expression analysis. It contains 84 genes
involved in cell movement, including cell adhesion, cellular
projection, chemotaxis, proteases, and their inhibitors. By
comparing gene profiles between tumor and non-tumor
tissue samples, different gene expression profiles were
established. Upregulation of the genes (greater than twofold)
in tumor samples compared with non-tumor samples after
normalization were chosen for further study.

RT Quantitative PCR (qPCR)
SYBR green RT quantitative PCR (RT qPCR) assay was used
for mRNA quantification in tissue samples and cells. A total
of 500 ng of RNA from each tissue sample or cell line
containing total RNA were polyadenylated by poly (A)
polymerase and reverse-transcribed to cDNA using Omnis-
cript RT Kit (Qiagen) according to the manufacturer’s
instructions. Real-time PCR was performed using miScript

SYBR Green PCR Kit (Qiagen). Specific primers for qPCR
were provided by IDT (Singapore). QPCR was performed in
ABI ViiA7 Real-time PCR system (Applied Biosystems,
Waltham, MA, USA). The primers sequences are listed in
supplementary Table 1. The expression of mRNAs was
normalized to GAPDH using the 2−ΔΔCt method. The ΔCt
was calculated by subtracting the Ct values of GAPDH from
the Ct values of targets. The ΔΔCt was then calculated by
subtracting ΔCt of non-tumor sample from ΔCt of the paired
tumor sample. Fold changes in the targets were calculated by
the equation 2−ΔΔCt.

Western Blots
Cells were harvested and lysed by RIPA Buffer (Sigma
Chemical, St Louis, MD, USA). Samples containing equal
amounts of protein were separated by SDS-PAGE and
electroblotted onto Immobilon-P Transfer Membrane
(Applied Biosystems). The membrane was blocked with 5%
non-fat milk, followed by incubation with antibodies specific
for anti-ACTN4 (1:1000, Abcam, Cambridge, UK) and anti-
β-actin (1:10 000, Cell Signaling Technology, Beverly, MA,
USA), respectively. Blots were then incubated with goat anti-
rabbit or anti-mouse secondary antibody conjugated to
horseradish peroxidase (Amersham Pharmacia, Cleveland,
OH, USA) accordingly. The signals were captured by FUJI
Medical X-Ray Film (Fuji, Japan) and developed by the FUJI
system.

Immunohistochemistry
Tissue sections were obtained from tumor and non-tumor
segment of patients with GC. Consecutive paraffin-embedded
tissue sections of 5 μm were dewaxed and dehydrated. The
slides were incubated at 50 °C overnight, then soaked in
xylene for 10 min three times, and immersed in 100% ethanol
for 5 min, 95% ethanol for 5 min, and 80 and 70% ethanol for
1 min. After rehydration for 5 min, the slides were boiled in
citrate buffer (pH 6.1, Target Retrieval Solution; Sigma, CA,
USA) for 25 min, rinsed with 1 × PBS for 5 min, and treated
with 3% hydrogen peroxide for 10 min. After that, slides were
placed flat on the bench top and sections were covered in a
solution of rabbit antibody to ACTN4 (1:100 dilution;
Abcam) at room temperature for 30 min and then covered
with a solution of goat anti-rabbit (1:500) (Dako) for 30 min,
and finally in a solution of streptavidin–horseradish perox-
idase (LSAB2 System; Dako) for 30 min. Color was with the
Substrate—Chromogen Solution (LSAB2 System; Dako) for
5 min, and counter-stained with Mayer hematoxylin (Merck,
Darmstadt, Germany) for 1 min. Finally, the slides were
dehydrated in 50, 75, and 100% ethanol for 5 min each, and
sealed with mounting medium (CytosealTM 60 Thermo
Scientific, Waltham, MA, USA).

SiRNAs and Transfection
Small interfering RNAs (TriFECTa RNAi Kit) targeting
ACTN4 were purchased from Integrated DNA Technologies,
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(Coralville, USA) (Supplementary Table 2). A total of 5 × 104

cells were seeded into a 12-well plate a day in advance of
transfection and transfected with 20 nM siRNA or scrambled
control using Hiperfect Transfection Reagent (Qiagen),

according to the manufacturer’s instructions. Transient
transfected cells were evaluated for expression levels and
functional assays.

Adhesion Assay
Cells with transfection of siRNAs or scrambled control were
incubated for 24 h were harvested and employed for cell
adhesion assays (CBA-052, Cell Biolabs, CA, USA). Forty-
eight-well plates were coated with collagen I or BSA, and
50 000 cells in 150 μl of serum-free RPMI 1640 medium were
seeded into each well. The plates were incubated at 37 °C for
1 h, followed by aspiration of the medium and washing by
PBS to remove the non-adhesive cells. The wells were stained
with cell stain solution for 10 min. The adhesive stained cells
were photo-captured. the stained cells were extracted by the
extraction solution. Finally, extracted samples were trans-
ferred to a 96-well plate and measured the OD 570 nm by a
microplate photometer.

Migration Assay and Invasion Assay
Cells transfected with siRNAs or scrambled controls (24- h
incubation) were harvested and suspended in RPMI 1640
medium. A transwell culture insert with 8 μm pore size
membrane for 24-well plate (Cat no. 353097, Falcon, NY,
USA) was used to analyze the migration activity. A total of
30 000 suspension of cells in 300 μl of serum-free RPMI 1640
medium were seeded into the upper inserted chamber, 700 μl
of RPMI containing 10% FBS were added to the well, and the
plate was incubated at 37 °C for 24 h. After incubation, the
inner wall of the chamber was wiped with swabs to remove
non-migrating cells. The outer wall of the chamber was gently
rinsed with PBS and stained with Crystal Violet (Sigma-
Aldrich, St Louis, MO) for 10 min. Finally, the membrane was
rinsed and allowed to air-dry. The stained membrane was
photographed and the number of migrated cells was counted.

Invasion assays were performed with a modified migration
assay, described above, using Matrigel-coated transwell
chambers with 8 μm pore size membranes in 24-well plates
(Corning, NY, USA). A total of 30 000 cells in 300 μl serum-
free RPMI 1640 were seeded onto the Matrigel over the upper
chamber, followed by the addition of 700 μl of RPMI
containing 10% FBS at the bottom insert-well. After
incubation of the cells at 37 °C for 48 h, the following steps
were performed as the same of migration assay.

Statistical Analysis
Statistical analysis was carried out using Statistical Package for
Social Sciences (SPSS) 16.0 for Windows (SPSS, Chicago, IL,
USA). Student’s t-test was used to analyze the results
expressed as mean± s.d. Wilcoxon sign rank test was used
to analyze ACTN4 in upregulation of GC. All P-values are
two-sided and a value of P≤ 0.05 is considered statistically
significant.

Table 1 Dysregulated genes in human cell motility profiler

Symbol Full name GenBank T/N

Cell adhesion

ACTN1 Actinin, alpha 1 NM_001102 3.54

BCAR1 Breast cancer anti-estrogen resistance 1 NM_014567 8.07

ENAH Enabled homolog (Drosophila) NM_1008493 15.45

RASA1 RAS p21 protein activator 1 NM_002890 2.06

VASP Vasodilator-stimulated phosphoprotein NM_003370 3.13

VCL Vinculin NM_003373 4.61

Cell projection

ACTN4 Actinin, alpha 4 NM_004924 3.49

CTTN Cortactin NM_005231 5.92

DIAPH1 Diaphanous homolog 1 NM_005219 4.74

RDX Radixin NM_002906 4.42

RHOB Ras homolog gene family, member B NM_004040 3.15

RHOC Ras homolog gene family, member C NM_175744 3.44

SVIL Supervillin NM_003174 6.57

SRC V-src sarcoma viral oncogene homolog NM_005417 4.79

Chemotaxis

EGFR Epidermal growth factor receptor NM_005228 4.68

ITGB3 Integrin, beta 3 (antigen CD61) NM_000212 10.4

LIMK1 LIM domain kinase 1 NM_002314 3.76

MYH9 Myosin, heavy chain 9, non-muscle NM_002473 3.76

PAK1 P21 protein (Cdc42/Rac)-activated kinase 1 NM_002576 4.78

PAK4 P21 protein (Cdc42/Rac)-activated kinase 4 NM_005884 3.18

PLCG1 Phospholipase C, gamma 1 NM_002660 4.17

PRKCA Protein kinase C, alpha NM_002737 4.98

TGFβ1 Transforming growth factor, beta 1 NM_000660 3.12

VEGFA Vascular endothelial growth factor A NM_003376 16.38

Proteases

Akt1 V-akt murine thymoma viral oncogene

homolog 1

NM_005163 3.17

CAPN2 Calpain 2, (m/II) large subunit NM_001748 4.49

MMP14 Matrix metallopeptidase 14 NM_004995 3.47

MMP2 Matrix metallopeptidase 2 NM_004530 5.40

MMP9 Matrix metallopeptidase 9 NM_004994 3.68

PLAUR Plasminogen activator, urokinase receptor NM_002659 4.14
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RESULTS
Human Cell Motility in GC Tissue Samples
RT2 Profiler PCR Array for Human Cell Motility was
performed in a pair of tumor and non-tumor tissue samples
from the same patient with GC (stage IV with metastasis,
T3N3M1). Expression of 84 genes were evaluated from
this PCR array. Gene expression was normalized to internal
controls of GAPDH and β-actin. Upon comparison of
expression patterns in the tissue samples, a panel of
dysregulated genes was revealed. An average of a twofold
difference in expression was chosen as the cutoff point. Thirty
upregulated genes were found in this PCR array (Table 1).
Among these genes, several of them are consistent with
previous studies, such as Ras associated genes-RhoB and
RhoC, EGFR, TGF-β, Akt, and MMP9. Remarkably, we also
found a number of the upregulated genes have never been
reported as associated with GC before, including ACTN4,
BCAR1, CAPN2, DIAPH1, PLCG1, and RASA1.These results
suggest that there are a diverse panel of genes that may play
significant roles in GC metastasis.

Expression of Genes in Tissue Samples and Cell Lines
Expression of the selected genes was evaluated in 10 pairs of
gastric tumor/non-tumor tissue samples and six GC cell lines
via qPCR. The tissue samples were collected from patients in
stage III or stage IV with metastasis. The values (of y axis) in

Figure 1a represent the ratios of expression of genes in tumor
tissue samples to the paired non-tumor tissue samples. Values
above 1 represent that the gene’s expression in tumor tissue
samples is higher than that in the paired non-tumor tissue
samples, and the number indicates upregulation of each gene
in these 10 samples. The qPCR result indicates that ACTN4,
BCAR1, CAPN2, DIAPH1, PLCG1, and RASA1 are upregu-
lated in 6/10, 3/10, 4/10, 4/10, 6/10, and 4/10 pairs of gastric
tissue samples (Figure 1a).

In addition to tissue samples, gene expression was also
evaluated in GC cell lines. The cell lines used are as follows:
MKN7, which was established from a GC metastasizing to
lymph nodes; and MKN45 and NCI-N87, established from
GC metastasizing to liver. These sites are favored for
metastasis of GC. QPCR results show that ACTN4, DIAPH1,
PLCG1, and RASA1 are upregulated in 5/6, 2/6, 4/6, and 4/6
GC cell lines compared with commercial normal stomach
tissue (CR561840, Origene, MD, USA) (Figure 1b). As
ACTN4 is upregulated in 6 out of 10 pairs of tissue samples
and 5 out of 6 cancer cell lines, we focused on ACTN4 for
further investigation.

Actn4 is Upregulated in GC Tissue Samples and Cell
Lines
To validate upregulation of ACTN4 in GC, we evaluated the
expression of ACTN4 in 47 pairs of tissue samples. The

Figure 1 Expression of upregulated genes in human gastric cancer tissue samples and cell lines. Expression of selected genes was evaluated in 10 pairs
of stage III or stage IV gastric cancer tissue samples and six gastric cancer cell lines via qPCR. (a) QPCR indicates that ACTN4, BCAR1, CAPN2, DIAPH1,
PLCG1, and RASA1 are upregulated in 6/10, 3/10, 4/10, 4/10, 6/10, and 4/10 pairs of tissue samples. (b). ACTN4, DIAPH1, PLCG1, and RASA1 are
upregulated in 5/6, 2/6, 4/6, and 4/6 gastric cancer cell lines comparing with commercial normal stomach tissue.
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clinical characteristics of these patients are listed in Table 2.
QPCR results indicate that ACTN4 is upregulated in 22 out of
32 GC tissue samples in advanced stage III and IV with
metastasis (*P= 0.0069), whereas it is upregulated in 4 out of
15 samples in early stage I and II (P= 0.4212) (Figure 2a).
Overexpression of ACTN4 in GC cell lines was also validated
at protein level, except for in BGC823 cells (Figure 2b). This
may be attributed to the post-transcriptional regulation of
ACTN4 in this cell line. As MKN7, MKN45, and NCI-N87
are established from GC metastasizing to favorite sites lymph
node and liver, the result suggests that ACTN4 is significantly
overexpressed in metastatic GC.

The above data suggest that ACTN4 is overexpressed in
advanced stage of GC tissue samples. Immunohistochemical
analysis of ACTN4 expression in these samples was also
employed to verify that the high expression of ACTN4 is
intrinsic to cancer cells. ACTN4 expression in FFPE samples
was detected by immunohistochemistry, which shows that
ACTN4 is expressed in cancer cells (Figure 3, arrows

indicated). ACTN4 stain was also found in several adjacent
non-tumor tissue samples (Supplementary Figure 2). This
result is consistent with the qRT-PCR analysis (Figure 2).

Knockdown of Actn4 in GC Cells
As ACTN4 is overexpressed in GC, knockdown of ACTN4
was performed in GC cells with specific siRNAs (TriFECTa
RNAi Kit, IDT). The red fluorescent signal indicates that the
percentage of transfection of siRNAs in GC cells reaches over
90% in AGS, MKN7, and NCI-N87 (Figure 4a). At both the
mRNA and protein levels, expression of ACTN4 is signifi-
cantly decreased in these cell lines 72 h after knockdown
(Figures 4b and c). As qPCR is a very sensitive analytic
method, it appears that there is a difference between the
expression levels of mRNA and protein with knockdown of
ACTN4 in AGS and NCI-N87 cells. But both sets of data
indicate that ACTN4 is significantly downregulated by specific
siRNAs in these cells. The cells with knockdown of ACTN4
were analyzed in functional assays.

Downregulation of Actn4 Enhances GC Cell Adhesion
Cell adhesion assay results with AGS, MKN7, and NCI-N87
cells are shown in Figure 5a. Cells did not adhere to plates
treated with BSA (data not shown). Relative OD values are
indicated in Figure 5b. The result reveals that knockdown of
ACTN4 enhances GC cell-matrix adhesion by 40–100%
(*Po0.05, **Po0.01). From these data, we conclude that the
overexpression of ACTN4 inhibits cell adhesion and con-
tributes to cell migration.

Downregulation of Actn4 Suppresses Migration and
Invasion of GC Cells
To further validate that ACTN4 enhances GC metastasis, we
employed a transwell migration assay with AGS, MKN7, and
NCI-N87 cells that overexpress ACTN4. The cells that had
migrated were stained and were counted by microscopy.
Representative images of stained cells with scrambled control
or siRNAs for ACTN4 are shown in Figure 6a. Relative cell
numbers are indicated in Figure 6b. The migration assay
reveals that migrated GC cells are significantly decreased by
40–60% with reduction of ACTN4 (**Po0.01).

For invasion assay, the transwell chambers were coated
with Matrigel to mimic the basement membrane in the tumor
microenvironment. The invasion assay also reveals that the
invasiveness of GC cells are significantly decreased by
knockdown of ACTN4 in AGS and MKN7 cells by ~ 40–
50% (Figures 7a and b), **Po0.01. The above data indicate
that the upregulation of ACTN4 promotes GC cell migration
and invasion.

Nf-kb is Decreased in GC Cells and Tissue Samples with
Downregulation of Actn4
To explore the mechanism of ACTN4 promotion of
metastasis of GC, we evaluated the expression of its potential
targets in GC cells and tissue samples. We found that the

Table 2 Clinical characteristics of the subjects in this study

Characteristics GC patients (N=47)

Age (years)

Mean (range) 66 (36–89)

Median 67

Gender

Male 30

Female 17

Lauren classification

Intestinal 23

Diffuse 15

Intermediate 2

Not Specified 7

Differentiation

Well 0

Moderate 16

Poor 27

Not Specified 4

TNM stages

I 8

II 7

III 16

IV 16
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Figure 2 ACTN4 is overexpressed in human gastric cancer tissue samples and cell lines. (a) QPCR indicates that ACTN4 is upregulated in 22 out of 32
pairs of gastric cancer tissue samples in advanced stage III and IV with metastasis (**P= 0.0069), whereas it is upregulated in 4 out of 15 pairs of
samples in early stage I and II (P= 0.4212). (b) Overexpression of ACTN4 in gastric cancer cell lines is validated in protein level.

Figure 3 Immunohistochemical analysis of ACTN4 expression in tissue samples of gastric cancer patients. Representative images of the ACTN4 protein
immunoreactivity of gastric cancer tissue samples, under a light microscope (×400 magnification). Tissue samples were stained with ACTN4-specific
antibody as indicated. Cytoplasmic staining with ACTN4 antibody was detected (ACTN4-brown; nuclear DNA-hematoxylin & eosin). Arrows indicate high
expression of ACTN4.
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subunit NF-κB p50 is significantly downregulated in AGS and
NCI-N87 cells, and p65 is downregulated in AGS and MKN7
cells, with knockdown of ACTN4 (Figure 8a), *Po0.05,
**Po0.01. Further analyses of expression of ACTN4 and
NF-κB p50 in GC tissue samples indicate that the down-
regulation of ACTN4 is correlated with decrease of NF-κB
p50, especially in stage III and IV samples (Figure 8b).
Previous studies have demonstrated that NF-κB has a
significant role in development and progression of GC, and
is associated with prognosis. These data suggest that ACTN4
may regulate NF-κB to promote metastasis of GC.

DISCUSSION
Metastasis is the most malignant characteristic of cancer. It
accounts for cancer mortality and remains as a major

challenge in cancer management.28 For GC, the 5-year
survival rate is o25% for patients with advanced stage with
metastasis, compared with a 490% survival rate for patients
in early stages without metastasis. Hence, there is an urgent
need to elucidate the mechanism of metastasis in order to
overcome chemoresistance and to provide better prognosis
for patients with GC.

Cancer metastasis is a complicated, multi-step process.
Acquisition of metastatic characteristics by cancer cells
induces chemoresistance and further leads to the mortality
rate of this disease. To acquire metastatic capability, GC cells
interact with tumor microenvironment. The transformed cells
receive signals to invade the basement membrane, escape
from their original location, move and survive throughout
circulation, extravasate, and finally colonize at distant sites.29

Figure 4 Knockdown of ACTN4 in gastric cancer cells. Knockdown of ACTN4 was performed in gastric cancer cells with specific siRNAs. (a) Fluorescent
signal indicates that the percentage of transfection reached more than 90% in AGS, MKN7, and NCI-N87 cells. (b and c) Both mRNA and protein level
indicate that expression of ACTN4 is significantly decreased in three cell lines after knockdown of 72 h.
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Decreased cell–cell or cell–matrix adhesion and increased
migratory capability have critical roles in metastasis of GC.
We proposed that genes associated with cell adhesion and
motility played significant roles in the process of metastasis.

In this study, we found a number of genes differentially
expressed in tumor tissue samples compared with paired non-
tumor tissue samples in patients with GC. It is the first study
to demonstrate that ACTN4 has a significant role in
metastasis of GC. Upregulation of ACTN4 is also observed
in GC cell lines from favorite metastatic sites of lymph nodes
(MKN7) and liver (MKN45 and NCI-N87). Cancer metas-
tasis to these sites is associated with poor prognosis.30–32 In
addition, ACTN4 does not have significant effect on GC cell
proliferation in MTT assay (Supplementary Figure 1), which
may be attributed to ACTN4 is not upregulated in early stage
of GC. This finding suggests that overexpression of ACTN4 in
advanced stages of GC is crucial to metastasis. The data in this
study validate the hypothesis that ACTN4 suppresses cell
adhesion, promotes cell invasion and increases cell migration
of GC and contributes to metastasis of GC.

We also explored the potential mechanism of overexpres-
sion of ACTN4 and its functions in GC development.
Previous studies indicate that the copy number of ACTN4
increases in lung cancer, pancreatic cancer, and ovarian

cancer.26,33,34 Moreover, amplification of chromosome 19q13,
where the ACTN4 gene located, is also reported in GC.35,36

This finding suggests that overexpression of ACTN4 in GC
may also be attributed to chromosome amplification.

It has been reported that ACTN4 suppresses focal adhesion
maturation in colorectal cancer.37 Recruitment of ZYX in
focal adhesion is crucial in adhesion maturation and in
maintaining the stability of cell adhesion.38–40 QPCR indicates
that mRNA of ZYX is not regulated by knockdown of ACTN4
(data not shown). These results suggest that ACTN4 may
regulate ZYX post-transcriptionally. Whether ACTN4 sup-
presses focal adhesion through ZYX in GC should be further
investigated. Another study indicates that increase of
β-catenin and actinin-4 is observed in colorectal cancer cells
(CRC) with downregulation of E-cadherin. Inhibition of
E-cadherin induces β-catenin and actinin-4 proteins into the
membrane protrusions of CRC cells.41 It has also been shown
that reduction of E-cadherin is associated with high
expression of actinin-4 in ovarian cancer patients.42 These
results suggest that upregulation of actinin-4 may also be
attributed to downregulation of E-cadherin. As loss of
E-cadherin is seen in diffuse-type GC, overexpression of
ACTN4 in diffuse GC may be associated with downregulation
of E-cadherin. Other studies reveal that ACTN4 is a

Figure 5 Inhibition of ACTN4 enhances cell adhesion in gastric cancer cells. (a) Representative images of stained adhesive AGS, MKN7, and NCI-N87
cells to collagen I are shown. (b) Stained cells were extracted and measured by microplate photometer. Relative OD values are indicated. The results are
shown in mean± s.d. *Po0.05, **Po0.01.
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Figure 6 Inhibition of ACTN4 suppresses migration of gastric cancer cells. Transwell migration assay of AGS, MKN7 and NCI-N87 cells. (a) The
representative images of stained migrated cells with scrambled control or siRNAs of ACTN4 are shown. (b) The relative numbers of migrated cells are
indicated. The ratios are shown in mean± s.d. **Po0.01.

Figure 7 Inhibition of ACTN4 suppresses invasion of gastric cancer cells. Transwell invasion assay of AGS and MKN7 cells. (a) The representative images
of stained invasive cells with scrambled control or siRNAs of ACTN4 are shown. (b) The relative numbers of invasive cells are indicated. The ratios are
shown in mean± s.d. **Po0.01.
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downstream target of PI3K/Akt pathway, ACTN4 regulates
RhoA and promotes expression of NF-κB.43–46 It is known
that PI3K/Akt pathway is crucial in the development of drug
resistance.47–49 Drug resistance is a serious consequence of
cancer cell metastasis. As a result, targeting ACTN4 not only
inhibits metastasis, but also suppresses chemoresistance. In
addition, we find that p50 and p65, subunits of NF-κB, are
downregulated in GC cells with knockdown of ACTN4. This
finding suggests that ACTN4 may regulate NF-κB in GC.
Previous studies indicate that ACTN4 functions as a
transcriptional co-activator of subunits p50 and p65 of NF-
κB in HEK293 and A431 cells. ACTN4 has an important role
in nuclear translocation and the functions of NF-κB.46,50 Our
study suggests that downregulation of ACTN4 contributes to
a decrease in NF-κB p50 in metastatic GC cells and clinical
tissue samples, which suggests that downregulation of NF-κB
may partly be attributed to knockdown of ACTN4 in GC. As
NF-κB has critical roles in cancer development including
metastasis,51–53 decrease of NF-κB via inhibition of ACTN4
may abrogate metastasis of GC. It is believed that ACTN4
interacts with numerous genes and components to regulate
signaling pathways leading to metastasis of GC.

In conclusion, this is the first study to reveal that ACTN4
contributes to metastasis of GC by suppressing cell adhesion,
enhancing cell invasion, and migration. Elucidation of the
mechanism of metastasis may help prevent metastasis in
patients who are diagnosed with early cancer lesions, as well
as to lead to effective therapies for patients with established

metastases. ACTN4 may therefore be a novel therapeutic
target for metastatic GC.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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