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Background: FAT4, a cadherin-related protein, was shown to function as a tumour suppressor; however, its role in human gastric
cancer remains largely unknown. Here, we investigated the role of FAT4 in gastric cancer and examined the underlying molecular
mechanisms.

Methods: The expression of FAT4 was evaluated by immunohistochemistry, western blotting, and qRT–PCR in relation to the
clinicopathological characteristics of gastric cancer patients. The effects of FAT4 silencing on cell proliferation, migration, and
invasion were assessed by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) assay, and migration and invasion assays
in gastric cancer cell lines in vitro and in a mouse xenograft model in vivo.

Results: Downregulation of FAT4 expression in gastric cancer tissues compared with adjacent normal tissues was correlated with
lymph-node metastasis and poor survival. Knockdown of FAT4 promoted the growth and invasion of gastric cancer cells via the
activation of Wnt/b-catenin signalling, and induced epithelial-to-mesenchymal transition (EMT) in gastric cancer cells, as
demonstrated by the upregulation and downregulation of mesenchymal and epithelial markers. Silencing of FAT4 promoted
tumour growth and metastasis in a gastric cancer xenograft model in vivo.

Conclusions: FAT4 has a tumour suppressor role mediated by the modulation of Wnt/b-catenin signalling, providing potential
novel targets for the treatment of gastric cancer.

Fat, a candidate tumour suppressor in Drosophila, is a member of
the cadherin superfamily, which is a large group of Ca2þ -
dependent cell adhesion molecules that have critical roles in tissue
differentiation and are characterised by an ectodomain with at least
two consecutive calcium-binding cadherin repeats (Hulpiau and
van Roy, 2009; Matis and Axelrod, 2013). More than 110 cadherins
with different structural characteristics and functions form part of
the superfamily (van Roy, 2014). Epithelial cadherin (E-cadherin or
CDH1) suppresses tumorigenicity and invasion in part through the
inhibition of proto-oncogenic molecules such as b-catenin and
epidermal growth factor receptor. E-cadherin interacts with

b-catenin and inhibits its translocation to the nucleus and thus
the activation of Wnt signalling (Hulpiau and van Roy, 2009).
However, whether other members of the cadherin superfamily
have tumour-suppressing activity remains unclear (van Roy, 2014).
Fat is a component of the Salvador–Warts–Hippo signalling
pathway, which controls organ size by modulating cell growth,
proliferation, and apoptosis (Harvey and Tapon, 2007; Berx and
van Roy, 2009) and has a role in planar cell polarity (Qi et al,
2009). Four FAT proteins (FAT1–4) have been identified in
mammals, of which FAT1 is the best studied (Sadeqzadeh et al,
2014). FAT1 regulates cell growth and migration through specific
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protein–protein interactions via its cytoplasmic tail, and deregu-
lated FAT1 expression is associated with different human diseases
including cancer. It suppresses cancer cell growth by binding
b-catenin and antagonising its nuclear localisation, and silencing of
FAT1 upregulates Wnt/b-catenin target genes such as c-myc and
cyclin D1, promoting tumour growth. FAT4 was first proposed to
have a tumour suppressor role by Qi et al (2009), who showed that
biallelic FAT4 inactivation conferred tumorigenicity to a mouse
mammary epithelial cell line and its ectopic expression suppressed
the tumorigenicity of FAT4-deficient tumour cells. Mutations in
the FAT4 gene have been identified in 5% of gastric cancers in
association with well-differentiated and moderately differentiated
tumours and occur more frequently in intestinal-type gastric
cancers (Zang et al, 2012). Silencing of FAT4 promoted cell
proliferation, invasion, and migration in gastric cancer cells
expressing wild-type FAT4, providing further evidence of a
tumour suppressor role for FAT4.

The Wnt/b-catenin signalling pathway has critical roles in the
regulation of cell growth, development, and stem-cell differentia-
tion, and constitutive activation of Wnt/b-catenin signalling is a
hallmark of many cancers (Yao et al, 2011). In the canonical Wnt
pathway, the inactivation of a destruction complex that targets
b-catenin for proteasomal degradation results in the translocation
of b-catenin to the nucleus, where it displaces Groucho from T-cell
factor/lymphoid enhancer factor (TCF/LEF) to promote the
transcription of Wnt target genes (Clevers, 2006). Decreased
expression of E-cadherin and g-catenin, which promote cell–cell
contact, and upregulation of mesenchymal markers such as
vimentin and N-cadherin and the activation of certain matrix
metalloproteases (MMPs) are the characteristics of epithelial-to-
mesenchymal transition (EMT), a process by which molecular
reprogramming causes cells to switch from a polarised immobile
epithelial phenotype to a motile mesenchymal phenotype leading
to increased migration and invasion (Kalluri and Weinberg, 2009).

In the present study, we examined the role of FAT4 in gastric
cancer and explored the mechanisms underlying its tumour
suppressor role. We showed that FAT4 is downregulated in gastric
cancer tissues and correlated with lymph-node metastasis, and we
used silencing experiments in vitro and in vivo to show that FAT4
acts as a tumour suppressor via a mechanism involving the
activation of Wnt/b-catenin signalling.

MATERIALS AND METHODS

Human gastric cancer samples and cell lines. Formalin-fixed,
paraffin-embedded tissue samples were collected from 160 gastric
cancer patients (120 men and 40 women with a mean age of 60
years) who underwent surgery at the 150 Central Hospital of the
Chinese People’s Liberation Army (PLA) (Luoyang, China)
between 2007 and 2012. Primary gastric cancer tissues and paired
adjacent non-cancerous tissues (45–10 cm away from the primary
site) were obtained from 30 patients who were being treated at the
150 Central Hospital of PLA and stored in liquid nitrogen until
use. Informed consent was provided by all patients examined. The
study protocol was approved by the ethics committee of the 150
Central Hospital of PLA.

Human gastric cancer cell lines (BGC-823 and HGC-27) were
obtained from Shanghai Cell Biology, Chinese Academy of
Sciences (Shanghai, China). BGC-823 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Grand
Island, NY, USA) and HGC-27 cells were cultured in RPMI-1640
(Gibco) supplemented with 10% fetal bovine serum (FBS).

RNA isolation and quantitative RT–PCR. Total RNA from tissue
samples and cultured cells was extracted using the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). Quantitative RT–PCR was

performed using the PrimeScript RT reagent Kit (TaKaRa, Dalian,
China) and SYBR Premix Ex Taq (TaKaRa). PCR primers were as
follows: FAT4 forward 50-TTGAAGGAAGGAGAACCCAT-30 and
reverse 50-TCGTCCAATAGTAAAGAGGC-30; E-cadherin for-
ward 50-TCCAGTGAACAACGATGGCA-30 and reverse 50-CCTG
GGCAGTGTAGGATGTG-30; g-Catenin forward 50-TCTTCAAG
TCGGGTGGCATC-30 and reverse 50-TCAGCTTGCTCTCCTGG
TTG-30; N-cadherin forward 50-AGTCAACTGCAACCGTGTCT-30

and reverse 50-AGCGTTCCTGTTCCACTCAT-30; and vimentin
forward 50-GGACCAGCTAACCAACGACA-30 and reverse 50-AA
GGTCAAGACGTGCCAGAG-30.

Immunohistochemistry analysis. Formalin-fixed, paraffin-
embedded gastric tissue samples were cut into 4-mm thick sections
for immunohistochemical staining. Sections were incubated with
rabbit polyclonal anti-FAT4 antibody (1 : 150, Novus Biologicals,
Littleton, CO, USA) at 4 1C overnight, washed with PBS, and
incubated with a biotinylated secondary antibody (Abcam, Cam-
bridge, UK) for 30min. Peroxidase reactivity was visualised with
3,30-diaminobenzidine (DAB) (Boster, Wuhan, China) and coun-
terstaining with haematoxylin. Evaluation of immunohistochem-
istry (IHC) was performed using a previously described method
(Kusinska et al, 2009). The IHC intensity was scored as 0
(no staining), 1 (weak staining), 2 (moderate staining), or 3 (strong
staining). The percentage of positive cells was scored as 0
(negative), 1 (o10%), 2 (10–50%), or 3 (450%). The final score
was obtained by multiplying the scores for IHC intensity by the
percentage of positive cells. A final score of p1 was considered as
negative, and a final score of 2–9 was considered as positive.

Western blot analysis. Lysates were prepared from cultured cells
or tumour specimens using RIPA lysis buffer (Beyotime, Shanghai,
China), clarified by centrifugation and the supernatant was stored
until analysis. Nuclear extracts were prepared with the NE-PER
nuclear extraction kit from Pierce Biotechnology (Rockford, IL,
USA). Protein concentration was determined using the BCA
Protein Assay kit (Bio-Rad, Hercules, CA, USA), and 30 mg of
protein was separated by SDS–PAGE on 5% or 10% polyacryla-
mide gels and transferred electrophoretically onto polyvinylidene
difluoride membranes (Millipore, Bedford, MA, USA). After
blocking in 5% non-fat milk in Tris-buffered saline/Tween-20
buffer (TBST) for 2 h at room temperature or overnight at 4 1C,
membranes were incubated with one of the following primary
antibodies for 2 h at room temperature or overnight at 4 1C: FAT4
(1 : 500), c-Myc (1 : 200), cyclin D1 (1 : 1000) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), E-cadherin (1 : 1000), g-
catenin (1 : 1000) (all from Cell Signaling Technology, Danvers,
MA, USA), N-cadherin (1 : 500), vimentin (1 : 500), b-catenin
(1 : 4000), TCF4 (1 : 1000), MMP-14 (1 : 2000), and MMP-16
(1 : 1000) (all from Abcam). Antibodies against b-actin and
GAPDH were used as internal controls. After washing three times
in TBST, membranes were incubated with the corresponding
horseradish peroxidase-conjugated secondary antibodies for 1 h at
room temperature and visualised using the ECL Western Blotting
Detection Reagent (Pierce Biotechnology).

Lentivirus production and oligonucleotide transfection. Lenti-
virus containing FAT4 short-hairpin RNA (shRNA) or scrambled
oligonucleotides were obtained from GeneChem Inc. (Shanghai,
China). The target sequences for the FAT4 shRNA were as follows:
FAT4 shRNA1, 50-GAGCGCTTTGTCTTAATGATT-30 and FAT4
shRNA2, 50-GCTTTGTATAAAGTGGAGATT-30. BGC-823 and
HGC-27 cells were infected with lentivirus to generate stable FAT4
silencing cell lines.

Small interfering RNA (siRNA) against b-catenin was pur-
chased from GeneChem. Target cells were plated in six-well plates
at a density of 1� 105 cells per well and transfected with b-catenin
siRNA using Lipofectamine 2000 (Life Technologies, Inc.,
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Grand Island, NY, USA) according to the manufacturer’s instruc-
tions. TCF wild-type (Topflash) or mutated control (Fopflash)
luciferase reporter plasmids were purchased from Upstate Biotech-
nology (Lake Placid, NY, USA), and transfected into FAT4-
knockdown cells using Lipofectamine 2000. Luciferase activity was
measured with the dual-luciferase reporter assay system 48h after
transfection and normalised to Renilla luciferase activity.

MTT assay. Cell viability was measured using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay according to the manufacturer’s instructions. Briefly, cells
were seeded in 96-well plates at a density of 1� 104 cells per well
and after 36 h of growth in a humidified atmosphere at 37 1C and
5% CO2, 20 ml of MTT dye solution (5mgml� 1, Sigma, Grand
Island, NY, USA) was added to each well and incubated for 4 h at
37 1C. After the addition of dimethyl sulphoxide (150 ml), plates
were incubated for an additional 10min and absorbance was
measured using a microplate spectrophotometer (ELx800, Bio-
TEK, Winooski, VT, USA) at a wavelength of 570 nm.

Colony-formation assays. Cells were seeded at a density of 500
cells per 35-mm culture dish and incubated at 37 1C in a 5% CO2

incubator for 14 days. The medium was replaced every 3 days. At
the end of the incubation period, cells were fixed with 4%
paraformaldehyde, stained with Giemsa solution (Sigma-Aldrich,
St Louis, MO, USA), and colonies were counted. For soft agar
colony-formation assay, BGC-823 and HGC-27 cells treated as
indicated were resuspended in 0.3% soft agar in culture medium
containing 10% FBS and layered onto 0.6% solidified agar in six-
well plates at a density of 1� 104 cells per well. After incubation for
2 weeks, colonies were stained with 0.005% crystal violet and
photographed. Colony numbers were counted in five random fields
at � 40 magnification.

In vitro invasion and migration assays. The invasive and
migratory potential of cells was evaluated using Transwell
chambers (8 mm pore; BD Biosciences, San Jose, CA USA). For
invasion assays, 1� 105 cells in 100 ml of serum-free medium were
added to the upper chamber coated with Matrigel. Medium
supplemented with 10% FBS was added to the lower chamber.
After incubation for 24 h, non-invading cells on the upper surface
were removed with a cotton swab and cells invading to the lower
chamber were fixed with methanol, stained with 0.1% crystal violet,
dried, and photographed. For migration assays, 5� 104 cells in
100 ml serum-free medium were placed in the top chamber without
Matrigel, and 500 ml of 10% FBS containing medium was added to
the lower chamber. After 16 h, cells on the upper surface were
removed and cells migrated to the lower chamber were fixed and
stained as described above. The number of invading or migrating
cells was counted under the microscope in five representative fields
and expressed as the average per field.

In vivo tumorigenesis and metastasis. All animal experiments
were performed according to protocols approved by the Experi-
mental Animal Center of the 150 Central Hospital of PLA. BGC-
823 cells infected with scramble shRNA or FAT4 shRNA (1� 106

cells per mouse) were injected subcutaneously into the flanks of
female athymic BALB/c nude mice (Shanghai Slac Laboratory
Animal Co., Shanghai, China) aged 4–5 weeks. After 32 days, the
animals were killed and tumours were dissected. Tumour volumes
were calculated using the following formula: volume¼ (width)2�
length/2. Tumour tissues were fixed with 10% formalin and
embedded in paraffin. Tumour sections were obtained and stained
with specific antibodies against FAT4 (1 : 150) or Ki-67 (1 : 500,
Abcam). To investigate the effect of FAT4 on tumour metastasis,
BGC-823 cells (6� 106 per mouse) treated as indicated were
injected intravenously into the mouse tail vein. Four weeks post
injection, the mice were killed and the lungs and livers were
removed and paraffin embedded. Sections (4 mm) were prepared

and stained with H&E. Metastatic lesions were counted under a
dissecting microscope. All experiments involving animals were
performed in accordance with the National Institutes of Health
guidelines for the use of experimental animals.

Statistical analysis. Data represent the mean±s.d. from at least
three independent experiments performed in triplicate. Statistical
analysis of the differences in the expression levels of FAT4 mRNA
in paired tumour and normal tissues was analysed by the Mann–
Whitney U-test using Prism 5 (GraphPad Software Inc., La Jolla,
CA, USA). A Chi-square test was used to determine the association
between FAT4 expression and clinicopathological parameters.
Kaplan–Meier analysis and log-rank tests were used to assess the
survival rate, and to compare differences in survival curves. Data
were analysed using SPSS17.0 software (SPSS Inc., Cary, NC, USA).
Differences were considered as significant at Po0.05.

RESULTS

FAT4 is downregulated in gastric cancer tissues. Expression of
FAT4 was detected in 30 gastric cancer and paired adjacent normal
tissues by qRT–PCR. FAT4 was downregulated in 43.3% (13 out of
30) of gastric cancer tissues compared with paired adjacent normal
tissues (Figure 1A). Similar results were obtained by western blot
analysis of FAT4 protein expression in gastric cancer and adjacent
non-cancerous tissues. Representative blots and graph of the
average of four samples are shown in Figure 1B (Po0.05). Full-size
gels of FAT4 protein expression showed a cleaved product
(Supplementary Figure S1). Immunohistochemistry showed strong
FAT4 staining in normal gastric tissues and low or undetectable
staining in tumour tissues in both the intestinal and diffuse
pathological variants (Figure 1C). The Kaplan–Meier method and
the log-rank test were used to examine the correlation of FAT4
expression with survival, which showed that negative FAT4
expression was significantly correlated with poor overall survival
(Po0.05) (Figure 1D). To determine the relation between FAT4
expression and the clinicopathological characteristics of the 160
patients who provided formalin-fixed paraffin-embedded samples,
patients were divided into two groups according to negative or
positive FAT4 expression. The results showed that negative FAT4
expression was significantly associated with lymph-node invasion
(P¼ 0.0) and survival (P¼ 0.017) (Table 1).

FAT4 knockdown promotes the growth and invasion of gastric
cancer cells in vitro. Two shRNA constructs were used to
knockdown FAT4 expression in the gastric cancer cell lines
BGC-823 and HGC-27, and the efficiency of shRNA-mediated
knockdown of FAT4 expression was confirmed by western blotting
and quantified by densitometric scanning of the bands (Figure 2A).
The effect of FAT4 silencing on cell viability was assessed by the
MTT assay, which showed that both FAT4 shRNA1 and shRNA2
significantly promoted cell growth compared with scramble
shRNA-infected controls in both cell lines (Po0.05) (Figure 2B).
Colony-formation and soft agar assays showed that silencing of
FAT4 significantly increased the colony-forming ability of BGC-
823 and HGC-27 cells (Figure 2C and D). FAT4 shRNA1 and
shRNA2 significantly promoted the migration and invasion of
BGC-823 and HGC-27 cells compared with scramble-infected cells
(Figure 2E and F).

FAT4 knockdown activates Wnt/b-catenin signalling. Based on
previous studies showing an association of FAT1 with aberrant
Wnt activation in cancer (Hou et al, 2006; Morris et al, 2013), we
examined whether the effects of FAT4 on the growth and
migratory abilities of gastric cancer cells were mediated by the
Wnt/b-catenin pathway. Analysis of nuclear and cytosolic extracts
of BGC-823 and HGC-27 cells by western blotting showed that
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silencing of FAT4 increased b-catenin levels in the nuclei of gastric
cancer cells concomitant with a decrease in b-catenin levels in the
cytosolic fraction (Figure 3A). To further examine the effect of
FAT4 silencing on Wnt/b-catenin signalling, BGC-823 and HGC-
27 cells were transfected with TOPflash and FOPflash constructs,
which are commonly used to evaluate b-catenin-dependent activity
driving the expression of TCF, and the Renilla pRL-TK plasmid as
an internal control. TOPflash is a TCF reporter plasmid containing
TCF binding sites upstream of a luciferase reporter gene, and
FOPflash, which contains mutated TCF binding sites, is used as a
negative control for TOPflash activity. The results of luciferase
activity showed that silencing of FAT4 resulted in a 2.5- to 3-fold
increase in the ratio of TOPflash to FOPflash activity in both cell
lines, indicating a significant upregulation of b-catenin signalling
in response to FAT4 knockdown in these cells (Figure 3B). To
confirm the involvement of the Wnt/b-catenin pathway in the
tumorigenic effects of FAT4, the expression of several Wnt target
genes was examined by western blotting. The results showed that
silencing of FAT4 upregulated the expression of TCF4, c-Myc,
cyclin D1, MMP-14, and MMP-16 in BGC-823 and HGC-27 cells
(Figure 3C).

FAT4 promotes tumour cell growth and invasion via b-catenin
signalling. The involvement of the Wnt/b-catenin signalling
pathway in the FAT4-mediated modulation of cell growth,
migration, and invasion was further examined by assessing the
effect of FAT4 knockdown and b-catenin silencing in the BGC-823
and HGC-27 cell lines. Transfection of FAT4 shRNA1-treated cells

with siRNA against b-catenin did not affect b-catenin expression
in whole-cell extracts (Figure 4A). MTT assays showed that FAT4
knockdown significantly increased cell growth over a period of 6
days, whereas silencing of b-catenin decreased the rate of cell
growth compared with scramble-transfected cells (Po0.05, both)
(Figure 4B). The siRNA-mediated silencing of b-catenin in FAT4-
knockdown cells abrogated the effect of FAT4 on cell proliferation,
colony formation, invasion, and migration (Figure 4C–E),
confirming our previous results and indicating that the tumour
suppressor role of FAT4 may be mediated by the inhibition of
b-catenin signalling.

FAT4 knockdown promotes EMT in gastric cancer cells.
Because of the important role of EMT in tumorigenesis and
metastasis, the effect of FAT4 knockdown on EMT was evaluated
by measuring the changes in the mRNA and protein expression of
the EMT markers E-cadherin, g-catenin, N-cadherin, and vimen-
tin. qRT–PCR analysis showed that FAT4 knockdown significantly
downregulated the epithelial markers E-cadherin and g-catenin
and significantly upregulated the mesenchymal markers N-cad-
herin and vimentin (Figure 5A). Similar results were obtained at
the protein level by western blotting (Figure 5B), indicating that
FAT4 downregulation promotes EMT in gastric cancer cells
in vitro.

FAT4 knockdown promotes gastric cancer tumorigenesis and
metastasis in vivo. The effect of FAT4 on gastric cancer was
examined in vivo in a gastric cancer xenograft mouse model
established by injection of BGC-823 cells infected with shRNA
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against FAT4 or scramble-infected controls. Representative images
of tumours excised from xenograft tumour-bearing mice after 32
days, and tumour volumes and weights are shown in Figure 6A and B.
Tumours grew faster, and tumour volume and tumour weight were
significantly higher in FAT4 shRNA tumours than in scramble
control tumours. Figure 6C shows representative images of sections
from xenograft tumours after IHC staining for FAT4 and Ki-67.
The results showed markedly lower FAT4 staining and increased
Ki-67 staining in FAT4 shRNA tumours than in scramble control
tumours, indicating that FAT4 knockdown promoted cell pro-
liferation in vivo. Assessment of the effect of FAT4 on the
metastatic potential of gastric cancer cells showed the presence of
metastatic lesions in the lungs and livers of mice injected with

FAT4 shRNA bearing BGC-823 cells compared with scramble
control-injected mice (Figure 6D). The numbers of visible surface
metastatic lesions on the lungs and livers of individual mice (N¼ 5
per group) were counted, which showed a significantly higher
number of metastatic lesions in mice injected with FAT4-
knockdown cells than in those receiving scramble control cells
(Figure 6E). The presence of metastases was confirmed in H&E-
stained sections of the lung and liver (Figure 6F).

DISCUSSION

The FAT cadherin family, which is structurally conserved from
flies to vertebrates, consists of single pass transmembrane
receptors with 32–34 cadherin repeats. Although the function
of Fat in Drosophila has been studied extensively, the roles and
interacting proteins of the four FAT proteins in vertebrates are
only recently beginning to be understood. The members of the
FAT cadherin family show similar extracellular domain struc-
tures; however, the intracellular cytoplasmic domains differ,
which may reflect the specific functions of each FAT cadherin
member (Saburi et al, 2012). FAT1, which is the most studied, has
a role in the regulation of cell migration, polarity, cell–cell
adhesion, neuronal function, and Wnt and Hippo signalling
through interactions with different proteins including b-catenin,
Atrophin, enable (ENA)/Vasodilator-stimulated phosphoprotein
(VASP) and Homer, and scribble (Moeller et al, 2004; Hou et al,
2006; Schreiner et al, 2006; Hou and Sibinga, 2009; Skouloudaki
et al, 2009). Deregulated expression of FAT1 has been associated
with several diseases including cancer (Sadeqzadeh et al, 2014).
FAT4, which is the most similar to Drosophila Fat in sequence of
all the vertebrate FAT proteins, has been shown to interact with
Dachsous1 and have a role in Hippo signalling and planar cell
polarity (Ishiuchi et al, 2009; Mao et al, 2011); however, whether
FAT4 regulates cell proliferation upstream of the Hippo pathway
in vertebrates is controversial (Bossuyt et al, 2014). Although few
studies have examined the association of FAT4 with cancer, a
correlation between FAT4 expression and tumorigenesis was
suggested in breast and gastric cancers (Qi et al, 2009; Zang et al,
2012). In the present study, we investigated the expression of
FAT4 in gastric cancer and examined its potential tumour
suppressor role in vitro and in vivo.

Analysis of FAT4 expression in gastric cancer and adjacent
normal tissues showed that FAT4 was downregulated in gastric
tumours, and negative FAT4 expression was significantly
correlated with lymph-node metastasis and poor survival. Our
present IHC results showing that 475% of tumours had negative
FAT4 expression differs from the findings of Zang et al (2012),
who detected FAT4 mutations in B5% of gastric cancer patients
and no association between FAT4 expression and TNM status.
FAT4 mRNA expression is downregulated by promoter hyper-
methylation in breast cancer and lung cancer (Qi et al, 2009;
Rauch et al, 2012). Unlike FAT1, which has been shown to
function as an oncogene or a tumour suppressor, FAT4 has
only been shown to have a tumour suppressive role to date.
FAT1 is downregulated in oral cancer and invasive breast cancer
and loss of heterozygosity has been reported in a number of cases,
whereas FAT1 upregulation has been detected in colon, breast,
small intestine, and lung cancer, melanoma, and leukaemia
(Nakaya et al, 2007; de Bock et al, 2012; Lee et al, 2012;
Sadeqzadeh et al, 2014). FAT4 mutations have been detected in
gastric cancer (Zang et al, 2012); however, the expression
and function of FAT4 in gastric cancer and the underlying
mechanisms remain unclear.

In the present study, gastric cancer cell lines were subjected to
shRNA-mediated silencing of FAT4 to explore the role of FAT4 in

Table 1. Correlations between Fat4 expression and
clinicopathological characteristics in gastric cancer patients

FAT4 expression

Characteristics Number (%) Negative Positive P-value
Gender 0.054

Male 120 (75.0) 96 24

Female 40 (25.0) 26 14

Age (years) 0.213

o60 87 (54.4) 63 24

X60 73 (45.6) 59 14

Size (cm) 0.337

X5 74 (46.2) 59 15

o5 86 (53.8) 63 23

Differentiation 0.083

Well 4 (2.5) 4 0

Moderately 54 (33.7) 35 19

Poorly 62 (38.8) 50 12

Other 40 (25.0) 33 7

Lauren’s classification 0.05

Intestinal 60 (37.5) 40 20

Diffuse 94 (58.7) 76 18

Mixed 6 (3.8) 6 0

TNM stage 0.098

I 17 (10.6) 10 7

II 67 (41.9) 48 19

III 63 (39.4) 53 10

IV 13 (8.1) 11 2

Lymph-node metastasis 0.000a

Present 99 (61.9) 85 14

Absent 61 (38.1) 37 24

Liver metastasis 0.205

Present 5 (3.1) 5 0

Absent 155 (96.9) 117 38

T grade 0.229

T1 9 (5.6) 7 2

T2 10 (6.2) 5 5

T3 92 (57.5) 73 19

T4 49 (30.6) 37 12

Survival 0.017a

Alive 70 (43.8) 47 23

Dead 90 (56.2) 75 15
Abbreviation: TNM¼ tumour, lymph node and metastasis.
aPo0.05, Chi-square test.
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gastric cancer in vitro. We showed that FAT4 knockdown
promoted cell viability, increased colony formation, and induced
the migration and invasion of gastric cancer cells. Further
experiments showed that these effects were mediated by the
Wnt/b-catenin signalling pathway, as evidenced by the nuclear

translocation of b-catenin and the upregulation of Wnt target
genes. Furthermore, FAT4 upregulated the expression of TCF4,
which is the most prominently expressed TCF family member in
the intestinal epithelium and has been implicated in the
development of several cancers including colorectal and gastric
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cancers (Korinek et al, 1997; Ju et al, 2014). A luciferase-based
assay in which a plasmid with TCF/LEF binding sites in the
promoter region drives the expression of luciferase showed
that shRNA FAT4 increased luciferase activity, further confirming
that FAT4 inhibits b-catenin-mediated transcription and thus
functions as a tumour suppressor. Similar results were reported for
FAT1, which was shown to directly bind b-catenin and inhibit its
nuclear translocation (Morris et al, 2013). A recent study suggested
that the effect of FAT4 on the regulation of b-catenin signalling is
mediated by its modulation of the activity of two members
of the Hippo signalling pathway, YAP and TAZ (Das et al, 2013).
In colorectal cancer cells, YAP was shown to negatively regulate
Wnt target genes by directly binding to b-catenin and preventing
its nuclear translocation (Imajo et al, 2012). In hepatoblastoma
cells, knockdown of YAP inhibited its interaction with b-catenin
and cell proliferation, whereas overexpression of YAP
and b-catenin promoted tumorigenesis in the mouse liver,
indicating that the interaction between YAP and b-catenin has a

role in the pathogenesis of hepatoblastoma (Tao et al, 2014).
These studies support our present findings and confirm the
involvement of Hippo pathway components in carcinogenesis
via their negative regulation of Wnt/b-catenin signalling. However,
the mechanism by which FAT4 modulates Wnt signalling
remains unclear. Future experiments should be aimed at testing
whether FAT4 interacts directly with b-catenin and further
examine the involvement of other Hippo signalling components
such as YAP and TAZ. In addition, because the cytoplasmic
domain of FAT1 has been shown to bind b-catenin (Hou et al,
2006), and the results of cytoplasmic and partly nuclear
FAT4 staining in Figure 6C suggest the possibility that FAT4 is
cleaved and translocated to the nucleus similar to FAT1 (Magg
et al, 2005), the introduction of mutations in the cytoplasmic
domain of FAT4 and their effect on Wnt/b-catenin signalling
would be of interest.

The role of Wnt pathway activation in gastric carcinogenesis has
been demonstrated extensively. Mutations in b-catenin and Wnt

654321
0.0

0.2

0.4

0.6

O
D

 v
al

ue
 (

57
0 

nm
)

O
D

 v
al

ue
 (

57
0 

nm
)

0.8

1.0

1.0

0.5
460 kDa

92 kDa

43 kDa 0.0
1 2 3 4

Days
5 6

*
* *

*

1.5

Days

A B Scramble+Ctrl siRNA

Scramble+�-Catenin siRNA FAT4 shRNA+�-Catenin siRNA

FAT4 shRNA+Ctrl siRNA

BGC-823

Scramble+Ctrl siRNA
Scramble+�-Catenin siRNA

FAT4 shRNA+�-Catenin siRNA

200

C

150

100

50

C
ol

on
y 

nu
m

be
r

0

FAT4 shRNA+Ctrl siRNA

BGC-823 HGC-27

*
*

*
*

HGC-27

250

200

150 *

**

*

**

100

In
va

de
d 

ce
lls

 p
er

 fi
el

d

50

0

E Scramble+Ctrl siRNA
Scramble+�-Catenin siRNA

FAT4 shRNA+�-Catenin siRNA
FAT4 shRNA+Ctrl siRNA

BGC-823 HGC-27

M
ig

ra
te

d 
ce

lls
 p

er
 fi

el
d 300

Scramble+Ctrl siRNA
Scramble+�-Catenin siRNA

FAT4 shRNA+�-Catenin siRNA
FAT4 shRNA+Ctrl siRNA

D

200

100

0
BGC-823 HGC-27

*
*

**

**

�-Actin

�-Catenin

�-Catenin siRNA
Ctrl siRNA

FAT4 shRNA
Scramble + +

+
+ +

+ +
+ +

+ +

+
+

+
+

+

– –

–
–

–
–

–

– –

–
––

–
–

–

–

FAT4

Figure 4. FAT4 knockdown-induced gastric cancer cell growth, invasion, and migration are mediated by the Wnt/b-catenin signalling pathway.
BGC-823 and HGC-27 cells were transfected with or without shRNA (shRNA1) against FAT4 and siRNA targeting b-catenin, and analysed by western
blotting (A), MTT assay (B), colony-formation assay (C), and migration and invasion assays (D and E). *Po0.05, **Po0.01 by Student’s t-test.

Scramble
FAT4 shRNA1
FAT4 shRNA2

4

3

2

1

0
*

* * * *

* ****

**
**

****

********

E-cadherin �-Catenin N-cadherin Vimentin

H
G

C
-2

7
m

R
N

A
 fo

ld
 c

ha
ng

e 4

3

2

1

0
E-cadherin �-Catenin N-cadherin Vimentin

B
G

C
-8

23
m

R
N

A
 fo

ld
 c

ha
ng

e

E-cadherin

�-Catenin

N-cadherin

Vimentin

GAPDH

BGC-823

Scramble shRNA1 shRNA2

HGC-27

Scramble shRNA1 shRNA2

BA

Figure 5. FAT4 modulates the expression of EMT markers. BGC-823 and HGC-27 cells were infected with scramble control or shRNAs against
FAT4 and the mRNA (A) and protein (B) expression of EMT markers was determined by RT–PCR and western blotting, respectively. *Po0.05,
**Po0.01 by Student’s t-test.

BRITISH JOURNAL OF CANCER FAT4 is a tumour suppressor gene in gastric cancer

1726 www.bjcancer.com |DOI:10.1038/bjc.2015.367

http://www.bjcancer.com


pathway activation have been associated with gastric adenocarci-
nomas (Clements et al, 2002; Ebert et al, 2002; Tsukamoto et al,
2003). The expression of b-catenin is downregulated in 47% of
human gastric cancers, and activation of Wnt/b-catenin signalling
has been reported in B30% of gastric cancer patients (Takayama
et al, 1996; Mishra et al, 2005). Gastric cancer is characterised by
early invasiveness into surrounding tissues and the peritoneal
cavity and invasion and metastasis are the underlying causes of
poor survival from this disease (Catalano et al, 2009). Several
genes involved in tumour invasion and metastasis are Wnt
pathway targets, including several MMPs such as MMP-7,
MMP-26, MMP-16 (also known as MT3-MMP), and MMP-14
(also known as MT1-MMP) (Lowy et al, 2006). Wnt signalling-
mediated upregulation of MMP-16 regulates the invasiveness of
gastric cancer cells, and MMP-16 is overexpressed in
human gastric cancers with activating b-catenin mutations (Lowy
et al, 2006). MMP-14 is required for the regulation of cell polarity
during the directed migration of cells and is essential for the
degradation of extracellular matrix components (Coyle et al, 2008).

The ability of tumour cells to modify the extracellular matrix and
become motile is the basis of invasiveness, and upregulation
of MMPs is a hallmark of EMT (Fanelli et al, 2012). In the present
study, we showed that silencing of FAT4 upregulated the
expression of MMP-14 and MMP-16 and promoted EMT,
as shown by the downregulation of the epithelial markers
E-cadherin and g-catenin concomitant with the upregulation of
the mesenchymal markers N-cadherin and vimentin. In vivo
experiments confirmed the tumour suppressor role of FAT4: FAT4
silencing promoted tumour growth and metastasis in a gastric
cancer xenograft mouse model. On the other hand, alternative
splicing of FAT1 was shown to be associated with cell
migration, with the þ 12 isoform of FAT1 detected in cancer cells
undergoing EMT (Braun et al, 2007; Shapiro et al, 2011).
Taken together, our in vitro and in vivo results provide evidence
of an association between FAT4 expression and tumour growth
and metastasis via the Wnt/b-catenin signalling pathway,
which warrants further investigation into the role of FAT4 in
gastric cancer.
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