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Abstract

Interaction between FOXO1 and
human epidermal growth factor
receptor 2/neu regulates gastric
tumor growth and metastasis
Young San Ko
Medicine (Anatomy)
College of Medicine
Seoul National University

Background: The biological significance of FOXO1, a member of the
forkhead box O transcription factor family, in gastric cancer (GC) remains
unclear. The present study provides direct evidence of the role of FOXO1 in
tumor growth and metastasis of GC in relation to human epidermal growth
factor receptor 2 (HER2).

Methods: The expressions of FOXO1 and HER2 were modulated in GC
cell lines (SNU-638, MKN45, SNU-216 and

i

NCI-N87) by stable

transfections of their shRNAs or gene construct. The modulation effects of
FOXO1 and HER2 expression on GC phenotypes were evaluated in vitro
and in animal models. In addition, correlation between the expression of
FOXO1 and HER2 was analysed in GC clinical specimens, cell lines and
xenografts.

Results: FOXO1 silencing in GC cells increased colony formation and
mesenchymal transition in vitro as well as tumor growth and metastasis in
nude mice, whereas HER2 silencing induced the opposite results.
Furthermore, an inverse relationship between FOXO1 and HER2 was
found in clinical specimens of GC, GC cells and GC xenograft tumors.
Although a negative crosstalk between these two molecules was shown,
double knockdown of both FOXO1 and HER2 in GC cells revealed that
HER2 silencing reversed the FOXO1 shRNA-induced migration and
invasion even without the FOXO1 restoration.

Conclusions: My results indicate that loss of FOXO1 promotes GC growth
and metastasis through upregulating HER2 expression and that the HER2
expression is more critical to the induction of GC cell metastasis. The
present study provides evidence that the FOXO1/HER2 pathway may
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regulate GC progression in a subgroup of GC patients.

Keywords: gastric cancer; FOXO1; HER2; tumor growth; metastasis
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Introduction

Gastric cancer (GC) is one of the most common malignant cancers
showing multiorgan metastasis when diagnosed in an advanced stage.
Since advanced metastatic GC remains largely incurable, identifying key
regulators of the malignant phenotype of GC would help in developing a
therapeutic strategy for GC.

The FOXO (forkhead box, class O) is an evolutionally conserved
subfamily of forkhead transcription factor and consist of FOXO1, FOXO3
and FOXO4, which are ubiquitously expressed, and FOXO6, whose
expression is restricted to neural cells (Chiacchiera and Simone, 2010). In
cancer cells, FOXO proteins (FOXOs) have been shown to be involved in
multiple physiological processes. FOXOs inhibited cancer cell proliferation
(Shiota et al, 2010), survival (Gao et al, 2012), angiogenesis (Srivastava et
al, 2010), migration and invasion (Segura et al, 2009; Zhang et al, 2011).
However, contrary findings for the roles of FOXOs have also been reported
(Hui et al, 2008; Storz et al, 2009; Li et al, 2012). FOXO3 promoted survival
of leukemic cells (Hui et al, 2008; Li et al, 2012) and invasion of uterine
cervical cancer cells (Storz et al, 2009) (Table 1 and 2). Since these
findings suggest that the function of individual FOXOs in cancer cells may
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act as either tumor suppressors (Segura et al, 2009; Shiota et al, 2010;
Srivastava et al, 2010; Kim et al, 2011; Zhang et al, 2011; Gao et al, 2012)
or oncogenes (Hui et al, 2008; Storz et al, 2009; Li et al, 2012) according to
FOXO type and cancer cell type, the biological significance of individual
FOXOs needs to be elucidated in each cancer type.

Table 1. Role of FOXOs in cancer progression
Cancer

FOXOs

Role

FOXO1
Ovarian cancer

Reference
Fu and Peng., 2011

Tumor suppressor
Gao et al., 2011

FOXO3
FOXO1

Chen et al., 2010
Prostate cancer

FOXO3

Tumor suppressor
Zhang et al., 2010

FOXO4
Bladder cancer

FOXO3

Tumor suppressor

Shiota et al., 2010

Tumor suppressor

Roy et al., 2010

FOXO1
Pancreatic cancer

FOXO3
FOXO4

Leukemia

FOXO3

Oncogene

Hui et al., 2008

Colon cancer

FOXO3

Oncogene

Li et al., 2012
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Table 2. Role of FOXOs in cancer metastasis
Cancer

FOXOs

Role

Reference

Urothelial cancer

FOXO3

Tumor suppressor

Shiota et al., 2010

Prostate cancer

FOXO1

Tumor suppressor

Zhang et al., 2011

Melanoma

FOXO3

Tumor suppressor

Segura et al., 2009

Breast cancer

FOXO3

Oncogene

Storz et al., 2009

FOXO1 is one of the mammalian FOXOs, which is involved in a variety
of biological processes (Feng et al, 2011; Kim et al, 2015). The FOXO1
protein is tightly regulated by multiple posttranslational modifications,
including phosphorylation, acetylation, ubiquitination, and methylation, and
FOXO1 expression is highly variable in different tissues (van der Horst and
Burgering, 2007). In human cancers, FOXO1 decreased metastatic
potential through the inhibition of matrix metalloproteinase-7 (MMP7) in
larynx cancer cells (Ding et al, 2014) or MMP9 in lung cancer cells (Pei et
al, 2014) and glioblastoma cells (Chen et al, 2014). In contrast, FOXO1 led
to an increase in the expression of MMP1 followed by breast cancer cell
metastasis (Feng et al, 2011) (Table 3). Thus, the role of FOXO1 in tumor
metastasis and the underlying molecular mechanisms could be cancer celltype specific.
3

Table 3. Role of FOXO1 in cancer metastasis
Cancer

Role

Reference

Non-small cell lung cancer

Tumor suppressor

Pei et al., 2014

Larynx carcinoma

Tumor suppressor

Ding et al., 2014

Glioblastoma

Tumor suppressor

Chen et al., 2014

Osteosarcoma

Tumor suppressor

Pei et al., 2015

Breast cancer

Oncogene

Feng et al., 2011

Regarding of GC, the inactivation of FOXO1 was associated with a
good prognosis as well as specific clinicopathological factors (Kim et al,
2007). In addition, FOXO1 decreased GC cell proliferation (Fan et al, 2013;
Li et al, 2015), angiogenesis (Kim et al, 2011; Kim et al, 2015) and the
activation of NF-κB (Yu et al, 2014). In contrast, FOXO1 enhanced cisplatin
resistance in GC cells by activating phosphoinositide 3-kinase (PI3K)/AKT
pathway (Park et al, 2014). However, little is known about the effect of
FOXO1 on the GC cell metastasis. In the present study, I generated stable
GC cell lines expressing FOXO1 short-hairpin RNA (shRNA) and
established animal models (subcutaneous and orthotopic xenograft models)
to determine whether FOXO1 silencing contributes to tumor progression. In
4

addition, I determined the role of FOXO1 in cell migration and invasion in
vitro and metastasis in vivo of GC cells.

The human epidermal growth factor receptor (HER) family of receptors
plays a central role in the pathogenesis of several human cancers. They
regulate cell growth, survival, and differentiation via multiple signal
transduction pathways and participate in cellular proliferation and
differentiation. The family is made up of four main members: HER1, HER2,
HER3, and HER4 (Riese and Stern, 1998). The HER receptors exist as
monomers on the cell surface. Upon ligands binding to their extracellular
domains, HER proteins undergo dimerization and transphosphorylation of
their intracellular domains. HER2 has no known direct activating ligand and
may be in an activated state constitutively or become active upon
heterodimerization with other family members such as HER1 and HER3.
Homo or heterodimerization results in the autophosphorylation of tyrosine
residues within the cytoplasmic domain of the receptors and initiates a
variety of signaling pathways, principally the mitogen-activated protein
kinase, PI3K and protein kinase C resulting in cell proliferation, survival,
differentiation, angiogenesis, and invasion (Olayioye, 2001; Moasser, 2007).

Most of the studies on HER2 have been carried out in breast cancer,
after it was found to induce mammary carcinogenesis (Muller et al, 1988).
5

With increasing understanding of HER2 biology, it has now been
recognized that HER2 overexpression occurs in other forms of cancers also
such as stomach, ovary, uterine serous endometrial carcinoma, colon,
bladder, lung, uterine cervix, head and neck, and esophagus (Fukushige et
al, 1986; Reichelt et al, 2007; Iqbal and Iqbal, 2014). Apart from its role in
development of various cancers, it has also been intensely evaluated as a
therapeutic target.

Regarding GC, HER2 is expressed in 6-35% of GC cases (Lin et al,
2000) and in 15-59% of advanced GC cases (Bang, 2012). Although HER2
downregulation decreased cancer cell motility and the invasion of GC cells
in vitro (Bao et al, 2010), the underlying molecular mechanisms of HER2induced GC metastasis need to be elucidated. Earlier in vitro studies (Wu
et al, 2010; Lazrek et al, 2013) reported that HER2 expression was
inversely correlated with FOXO1 activation in breast cancer cells, but there
is no information on this relationship in GC. In the present study, I
generated stable GC cell lines expressing HER2 shRNA and established
animal model (orthotopic xenograft model) to confirm whether HER2
silencing decreased cell migration and invasion in vitro and metastasis in
vivo of GC cells. In addition, I investigated the relationship between FOXO1
and HER2 in GC cell lines, human GC tissue specimens and GC
xenografts.
6

Previous study reported that the expression of FOXO1 phosphorylated
at Ser256 (pFOXO1, inactive form) was frequently found in GC specimens
with a prognostic significance (Kim et al, 2007). However, the direct
evidence of the role of FOXO1 in the context of metastatic behaviors of GC
has not been published. In the present study, I investigated the role of
FOXO1 in the tumor growth and metastasis of GC in vitro and in vivo. In
addition, I determined the association between FOXO1 and HER2 in GC
using human tissue specimens, cell lines and xenografts.
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Materials and Methods

Cell culture
Five well-characterized human GC cell lines (SNU-216, SNU-484, SNU638, MKN45 and NCI-N87) were purchased from the Korean Cell Line
Bank (Seoul, Korea). Cells were maintained in RPMI 1640 medium (Life
Technologies, Grand Island, NY, USA) containing 10% fetal bovine serum
(FBS), and incubated in 5% CO2.

Reagents and antibodies
Antibodies against total FOXO1 (rabbit monoclonal), phospho-FOXO1Ser256
(pFOXO1, rabbit polyclonal), HER2 (rabbit monoclonal), phospho-AKTSer473
(pAKT, rabbit polyclonal) and phospho-GSK-3βSer9 (pGSK-3β, rabbit
polyclonal) were purchased from Cell Signaling Technology (Beverly, MA,
USA). Antibody against E-cadherin (mouse monoclonal) was purchased
from BD Biosciences (San Jose, CA, USA). Antibodies against Snail (rabbit
polyclonal) and β-actin (mouse monoclonal) and horseradish peroxidaseconjugated secondary antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Alexa Fluor-555-conjugated antirabbit IgG, Alexa Fluor-488-conjugated anti-mouse IgG, and 4’, 6-diamidino2-phenylindole (DAPI) were purchased from Life Technologies. Alexa Fluor
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633-conjugated phalloidin was purchased from Invitrogen (Carlsbad, CA,
USA). The PI3K inhibitor LY294002 was purchased from Cell Signaling
Technology, and AKT inhibitor IV was purchased from Calbiochem (La Jolla,
CA, USA).

Immunoblot analysis
Immunoblot analysis was performed as described previously (Nam et al,
2011). Briefly, cell lysates in sodium dodecyl sulfate (SDS) lysis buffer [125
mM Tris-HCl (pH 6.8), 4% SDS, 0.004% bromophenol blue, and 20%
glycerol]

were

separated

on

10%

SDS-polyacrylamide

gel

and

electrophoretically transferred to PVDF membranes (Millipore Corporation,
Billerica, MA, USA) blocked with 5% non-fat dry milk in PBS-Tween-20
(0.1%, vol/vol) for 1 h. The membranes were then incubated with a primary
antibody against FOXO1 (1:1000), E-cadherin (1:1000), Snail (1:1000),
HER2 (1:1000), pAKT (1:1000), pGSK-3β (1:000) or β-actin (1:1000).
Horseradish peroxidase-conjugated anti-rabbit IgG (1:2000) or anti-mouse
IgG

(1:2000)

was

used

as

a

secondary

antibody.

Enhanced

chemiluminescence (Amersham, Arlington Heights, IL, USA) was used to
detect the immunoreactive proteins. Equal protein loading was confirmed
by b-actin.

Transfection of forkhead responsive
9

element (FHRE)-luciferase

construct and luciferase reporter assay
To determine FOXO1 nuclear DNA-binding activity in GC cells, luciferase
reporter assay was performed as previously described (Park et al, 2014).
GC cells were seeded in 24-well plates at a density of 3 X 104 cells/well and
were transiently cotransfected with 0.4 μg FHRE-luciferase reporter
plasmid (reporter construct in which a small region of the Fas ligand
promoter containing the three FHREs, Addgene plasmid 1789) and 0.4 μg
pSV-β-galactosidase vector (Promega, Madison, WI, USA), an internal
control, using Lipofectamine Plus (Life Technologies). Twenty-four hours
after transfection, assays for luciferase and β-galactosidase were carried
out using a Dual-Luciferase Reporter Assay System (Promega). Luciferase
activity was measured on an AutoLumat LB 9505c luminometer (Berthold
Analytical Instruments, Nashua, Germany) and was normalized by βgalactosidase activity.

Lentivirus-mediated shRNA silencing of FOXO1 and HER2
Lentiviral particles containing non-targeting shRNA, FOXO1 shRNA or
HER2 shRNA were purchased (Sigma-Aldrich, St. Louis, MO, USA). The
sequence of FOXO1 shRNA was 5’-CCGGGCCTGTTATCAATCTGCTAAA
CTCGAGTTTAGCAGATTGATAACAGGCTTTTTG-3’, and that of HER2
shRNA was 5’-CCGGTGTCAGTATCCAGGCTTTGTACTCGAGTACAAAGC
CTGGATACTGACATTTTTG-3’. The control shRNA particles contain four
10

base pair mismatches within the short hairpin sequence to any known
human or mouse gene. Viral infection was performed by incubating GC
cells in the culture medium containing lentiviral particles for 12 h in the
presence of 5 μg/ml Polybrene (Santa Cruz Biotechnology). Pooled
puromycin (2 μg/ml)-resistant cells were used for further analysis.

Stable transfection in GC cell lines
Control plasmid pcDNA3 and expression plasmids containing either human
FOXO1A3 mutant gene (Addgene plasmid 13508) or HER2 wild type gene
(Addgene plasmid 16257) were purchased from Addgene Inco. (Cambridge,
MA, USA). The plasmid FOXO1A3 encodes a constitutively active FOXO1
containing a threonine-to-alanine substitution at residue 24 and serine-toalanine substitution at 256 and 319 (three AKT phosphorylation sites on
FOXO1). Expression plasmid (1 μg) or empty pcDNA3 vector (1 μg) was
transfected into 3 X 105 cells/well in 6-well plates using Lipofectamine Plus
(Life Technologies) according to the manufacturer’s instructions. Pooled
G418 (3 μg/ml)-resistant cells were used for further analyses, as described
previously (Park et al, 2014).

Colony formation assay
SNU-638 cells (2.5 X 103) expressing control shRNA or FOXO1 shRNA in
0.3% Bacto Agar (Sigma-Aldrich) in the RPMI1640 medium with 10% FBS
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were overlaid onto a previously prepared 0.6% Bacto Agar in 12-well
culture plates (Thermo Scientific, Rockford, IL, USA). The agar plates were
incubated with 1 ml medium, which was changed every 3 days. After 15
days of culture, surviving colonies were stained with 0.05% crystal violet
(Sigma-Aldrich) in 2% methanol. The number and size of colonies were
determined using NIH Image Analysis software (version 1.46r; National
Institutes of Health, Bethesda, MD, USA) as described previously
(Takamaru et al, 2012).

Mouse xenograft model
All animal procedures were performed in accordance with the procedures
described in the Seoul National University Laboratory Animal Maintenance
Manual (approval no. SNU-140702-1). Six-week-old male nude mice
(BALB/cSlc-n/n) were purchased from SLC Inc. (Hamamatsu, Shizuoka,
Japan) and maintained under specific pathogen-free conditions.

For subcutaneous implantation, tumors were established by injecting
SNU-638 GC cells expressing either control shRNA or FOXO1 shRNA at
the density of 5 X 106 cells in 100 μl of Matrigel (R&D Systems, Minneapolis,
MN, USA) subcutaneously into the left flank of each mouse. Mice were
divided into two groups by FOXO1 expression in GC cells: control shRNA
or FOXO1 shRNA. Tumor volumes were measured every two days using a
12

caliper, and were calculated by the equation V (mm3) = (length X width X
height) X (π/6). Animals were sacrificed 48 days after cell implantation, and
tumor xenografts were removed.

For orthotopic implantation, animals were anesthetized with a mask
using 1.5% isoflurane. Then, after making a small median abdominal
incision in the mice under anesthesia, 5 X 106 GC cells (SNU-638, MKN45
and NIC-N87) in 50 μl of Matrigel (R&D Systems) were inoculated into the
submucosa of the stomach at the middle wall of the greater curvature using
a 31-gauge needle. The stomach was then returned into the peritoneal
cavity, and the abdominal wall and skin were closed (Yanagihara et al,
2005). Sixty days after transplantation or when moribund, the animals were
sacrificed and an autopsy was performed. The perpendicular diameters of
the primary tumors were measured with calipers, and the volumes were
calculated using the following formula: volume = length X width X (depth/2)
(Hotz et al, 2012). Stomach and other metastasis-prone organs were
removed, and processed for histological examination.

Immunofluorescence staining
SNU-638 GC cells were cultured on 4-well chamber slide (Thermo
Scientific). After 24 h, cells were fixed with 4% paraformaldehyde for 10 min,
and blocked with 5% normal serum with 0.5% Triton X-100 for 5 min. Cells
13

were incubated with a primary antibody against FOXO1 (1:200), E-cadherin
(1:200), or Snail (1:200). Alexa Fluor-555-conjugated anti-rabbit IgG (1:200)
or -488-conjugated anti-mouse IgG (1:200) was used as a secondary
antibody. Then, cells were stained with DAPI (1 μg/ml) for nuclear
visualization.

To examine whether FOXO1 silencing reorganizes cytoskeleton,
filamentous actin (F-actin) was visualized. Cells were incubated with 165
nM Alexa Fluor 633-conjugated phalloidin for 10 min, followed by DAPI
staining. Immunofluorescence was observed under a fluorescence
microscope as described previously (Yoon et al, 2013).

Transwell migration assay
A 24-well Insert System with an 8 μm pore size polyethylene terephthalate
membrane was purchased from BD Biosciences. Ten percent FBScontaining medium was placed in the lower chambers to be used as a
chemoattractant. GC cells (1 X 104 cells/insert) in 300 μl volume of 1%
FBS-containing medium were seeded per Transwell and allowed to migrate
for 48 h at 37°C. Non-migrated cells were removed from the top of each
insert with a cotton swab. Migrated cells on the bottom surface of the insert
were stained with 0.2% crystal violet in 20% methanol for 30 min and were
photographed with an inverted microscope. Stained cells were lysed with
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10% SDS for 30 min, and absorbance was measured at 570 nm using an
ELISA reader (Bio-Rad, Hercules, CA, USA) as described previously (Yoon
et al, 2013).

Cell invasion assay
A 24-well Insert System (BD Biosciences) described above was used.
Transwell inserts were coated with Matrigel, followed by rehydration with
medium for 2 h. Ten percent FBS-containing medium was placed in the
lower chambers to be used as a chemoattractant. Medium in the upper
chambers was replaced by 1 X 105 GC cells in 300 μl volume of 1% FBScontaining medium. After incubation for 48 h at 37°C, non-invasive cells
were removed with a cotton swab. Invasive cells on the lower surface of the
insert were stained, photographed and lysed, followed by measuring
absorbance as described above.

Assessment of cell growth
SNU-216 and NCI-N87 cells (2.5 X 104 cells/well) were seeded into 24-well
plates and were allowed to grow for 0-72 h. Cell numbers were measured
indirectly using the method reported by Kim et al (1994). Briefly, cells were
stained with 0.2% crystal violet aqueous solution in 20% methanol for 10
min, dissolved in 10% SDS, transferred into 96-well plates, and the
absorbance was measured at 570 nm using an ELISA reader (Bio-Rad).
15

Patients and tissue array methods
Two hundred and forty-two surgically resected human GC specimens were
obtained from the Department of Pathology, Seoul National University
College of Medicine from 1 January to 30 June, 1995. Five paraffin tissue
array blocks were prepared as previously described (Lee et al, 2003). This
protocol was reviewed and approved by the Institutional Review Board of
the Seoul National University (approval no. C-1006-035-320).

Tumor histology and immunohistochemistry
Tissue specimens from clinical gastric carcinoma samples and xenograft
tumors derived from GC cells were fixed with 10% neutral-buffered formalin,
and 4 μm paraffin sections were then prepared. After rehydration, sections
were stained with hematoxylin and eosin for histologic assessment, or were
immunostained after antigen retrieval using a Bond-max automated
immunostainer (Leica Microsystems, Newcastle, UK). The primary
antibodies used were against HER2 (1:100), phospho-FOXO1Ser256
(pFOXO1) (1:60) and FOXO1 (1:40). Antibody binding was detected with
the Bond Polymer Refine Detection kit (Leica Microsystems). All
immunostained sections were then lightly counterstained with Mayer’s
hematoxylin. Throughout the above analysis, negative controls were
prepared by omitting the primary antibody.
16

For

tissue

array

analysis

of

human

GC

specimens,

HER2

immunostaining in cancer cells was scored in accordance with the HER2
scoring system for GC as described in a previous study (Kim et al, 2011).
Briefly, cases showing weak to strong staining of the entire or basolateral
membrane in ≥ 10% of the tumor cells were considered HER2 immunopositive. For the analysis of FOXO1 staining, cases showing cytoplasmic
expression of pFOXO1 (inactive form of FOXO1) in ≥ 10% of the tumor
cells were considered pFOXO1 immuno-positive (Kim et al, 2007).

Semi-quantitative reverse transcription-polymerase chain reaction
(SQ RT-PCR)
To quantify mRNA levels of HER2, I used a highly sensitive SQ RT-PCR
method, as previously described (Chun et al, 2001). Total RNAs were
isolated using TRIzol (Invitrogen) and 1 μg RNA was reverse-transcribed at
48°C for 30 min. Complementary DNAs were amplified over 20 PCR cycles
(denaturation at 94°C for 30 s, annealing at 52°C for 30 s, and extension at
70°C for 30 s) in a reaction mixture containing 5 μCi (α-32P) dCTP (NEN,
Boston,

MA,

USA).

The

resulting

PCR

fragments

(5

μl)

were

electrophoresed on a 2% agarose gel at 100 V in 1 X TAE, and the gels
were

dried

and

autoradiographed.

Primer

sequences

were

5’-

GGGAGAGAGTTCTGAGGATT-3’ and 5’-CGTCCGTAGAAAGGTAGTTG 17

3’

for

HER2

and

5’-ACACCTTCTACAATGAGCTG-3’

and

5’-

CATGATGGAGTTGAAGGTAG-3’ for β-actin.

Chromatin immunoprecipitation (ChIP)
Chromatins were cross-linked with 1% formaldehyde for 10 min, followed
by washing with ice-cold PBS. The cells were collected by scraping and
centrifugation, and the pellets were lysed in the ChIP lysis buffer (50 mM
HEPES, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
sodium deoxycholate, 0.1% SDS, and a protease inhibitor cocktail). The
lysates were sonicated to chop chromosomal DNAs into 400-700 bp pieces.
The lysates were spun down and diluted by 5 folds in a chromatin RIPA
buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, and a protease inhibitor cocktail). The
samples were precleaned with protein A/G beads, and 1% of each sample
was used as the input control. The samples were immunoprecipitated with
anti-FOXO1 or control IgG. The complex was washed with a buffer (20 mM
Tris, pH 8.0, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, and 150 mM NaCl)
and eluted with an elution buffer (1% SDS, 100 mM NaHCO3).
Immunoprecipitated DNAs were subjected to polymerase chain reaction
(PCR) amplification using specific primers. Quantitative real-time PCR was
performed in the EvaGreen qPCR Mastermix (Applied Biological Materials
Inc., Richmond, BC, Canada), and fluorescence emitting from dye-DNA
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complex was monitored in CFX Connect Real-Time Cycler (Bio-Rad). The
quantitative real-time PCR primer sequences for HER2 were 5’GATTCTCCGAGGAAAAGTGT-3’ and 5’-AACTGCATTCCAACAAGTCT-3’
for

PM1

and

5’-TTTAGCAGAGACAGGGTTTC-3’

and

5’-

TCCTAGGGAGTTGAGAAACA-3’ for PM2.

Statistical analysis
For cell culture and animal experiments, data were analyzed using
GraphPad Prism software for Windows 7 (version 4; GraphPad Software,
San Diego, CA, USA) and the two-tailed Student’s t-test was used to
determine the significances of the results. For tissue array analysis,
statistical analyses were conducted using SPSS version 19.0 statistical
software program (IBM SPSS, Chicago, IL, USA), and the chi-squared test
was used to determine the relationship between the expressions of
pFOXO1 and HER2. Results are expressed as mean value ± standard
deviation (s.d.). P < 0.05 was considered statistically significant.
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Results

FOXO1 expression is inversely associated with GC cell growth in vitro
and in vivo.
To investigate the role of FOXO1 in the tumor growth of GC, I modulated
FOXO1 expression in GC cells. Figure 1A shows the varying protein
contents of FOXO1 in 4 GC cell lines. SNU-216 and SNU-484 showed low
levels of FOXO1 expression and activity, whereas SNU-638 and MKN45
showed high levels. I selected SNU-638 and MKN45 cell lines and
produced stable cell lines infected with lentiviral particles containing nontargeting (control) or FOXO1-targeting shRNA. Immunoblot analysis
confirmed the downregulation of FOXO1 expression in both cell lines
expressing FOXO1 shRNA (Figure 1B).

In order to examine the role of FOXO1 in GC cell growth, soft-agar
colony formation assay was performed using cultured SNU-638 GC cells. I
found that FOXO1 silencing enhanced the colony formation (Figure 1C).
Then, growth inhibitory activity of FOXO1 in GC was further confirmed
using a subcutaneous xenograft mouse model (Figure 1D). I injected SNU638

cells

stably

expressing

control

shRNA

or

FOXO1

shRNA

subcutaneously into nude mice, and found that xenograft tumors were
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successfully formed in all mice (Figure 1D, left). Forty-eight days after
injection, the average volume of FOXO1 shRNA tumors was 342.7 mm3
(range from 239.5 to 461.6 mm3) compared with 103.8 mm3 (range from
59.8 to 157.9 mm3) of control shRNA tumors (Figure 1D, right). Thus, the
tumor volume was markedly increased in mice injected with FOXO1 shRNA
expressing cells compared to those injected with control shRNA expressing
cells (P = 0.025). However, as previously reported by Sekikawa et al (1988),
none of the mice showed tumor metastasis.

FOXO1

expression

negatively

regulates

epithelial-mesenchymal

transition (EMT), migration and invasion of GC cells.
In the initial steps of metastasis of carcinoma cells, epithelial cancer cells
change their phenotype to a mesenchymal phenotype by a process called
EMT (Nurwidya et al, 2012). Thus, I investigated the effect of FOXO1 on
EMT in SNU-638, MKN45 and SNU-216 GC cells. Immunoblot analysis
(Figures 2A and E) and immunofluorescence staining (Figure 2C) showed
that FOXO1 shRNA expression decreased E-cadherin (an epithelial
marker) expression, but increased Snail (a mesenchymal marker)
expression in SNU-638 and MKN45 cells, which suggested the inhibitory
role of FOXO1 in the context of mesenchymal transition. To further confirm
these results, I examined actin organization because actin-dependent
membrane protrusions act as critical determinants of EMT (Shankar et al,
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2010). Staining of filamentous actin with FITC-conjugated phalloidin
revealed the presence of many filopodia-like extensions containing actinrich bundles in the FOXO1 shRNA expressing cells. However, they were
absent or less obvious in the control shRNA expressing cells (Figure 2B).

I next examined the effect of FOXO1 knockdown on the migration and
invasion of these cell lines. My data showed that FOXO1 shRNA
expressing GC cells (SNU-638 and MKN45) showed significantly increased
migration (P = 0.001 and P = 0.005, respectively) and invasion (P < 0.001
in both cell lines) compared with their respective controls (Figures 2D and
F). Thus, it seems that FOXO1 is inversely associated with EMT and
metastatic potential.

In addition, I transfected a FOXO1A3 mutant gene into SNU-216 GC
cells with low levels of FOXO1 expression and activity. FOXO1 upregulation
increased E-cadherin expression, but decreased Snail expression (Figure
2G) as well as cell migration and invasion (Figure 2H). Thus, FOXO1
expression reverses EMT and suppresses metastatic potential in GC cells.

FOXO1 silencing enhances orthotopic GC growth and metastasis.
Since subcutaneous GC xenograft was not suitable for inducing GC
metastasis, I established an orthotopic GC xenograft model according to a
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previous report (Yanagihara et al, 2005). Figure 3 shows the summary of
the tumor incidence and site of metastasis (Figure 3A) and representative
macroscopic (Figures 3B-E) and microscopic (Figure 3F) pictures. Sixty
days after the implantation of SNU-638 cells expressing control shRNA or
FOXO1 shRNA, four out of five (80%) mice injected with FOXO1 shRNA
transfectants had primary tumors in the stomach and/or metastatic tumors
in the veins, lymph nodes, liver, pancreas and esophagus. However, none
of the mice implanted with control shRNA transfectants had primary or
metastatic tumors.

When MKN45 cells expressing control shRNA or FOXO1 shRNA were
injected, the same incidence of primary tumor formation (11 of 15) was
shown in both groups of mice (Figure 3A) although FOXO1 shRNA tumors
were larger than the control shRNA tumors (Figure 3C). The average
volume of FOXO1 shRNA tumors was 232.5 mm3 (range from 1.5 to 720.0
mm3) compared with 106.2 mm3 (range from 1.5 to 432.0 mm3) of control
shRNA tumors. Although macroscopic and histologic examinations showed
that both groups of tumors showed venous invasion and metastases to
various organs (Figures 3D-F), liver metastasis increased to 82% (9 out of
11) in FOXO1 shRNA expressing MKN45 tumors compared to 36% (4 out
of 11) in control shRNA expressing MKN45 tumors.
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HER2 downregulation inhibits tumor cell growth, EMT, cell migration
and invasion, tumorigenecity and metastasis of GC.
Previously, HER2 downregulation was shown to decrease GC cell
migration and invasion in vitro (Bao et al, 2010) and tumor growth in vivo
(Bao et al, 2011). I used RNA interference to downregulate HER2
expression to confirm the oncogenic effect of HER2 in GC cell lines used in
the present study. Since HER2 protein expression in GC cell lines varied
(Figure 4A), I selected SNU-216 and NCI-N87 GC cell lines showing a high
level of HER2 expression. Permanent transfection of HER2 shRNA into
these cell lines downregulated HER2 expression (Figure 4B) and
decreased cell growth (Figure 4C) compared to non-targeting shRNA
transfection. Furthermore, E-cadherin increased and Snail decreased in
HER2 shRNA expressing GC cells compared to the control shRNA
expressing GC cells (Figure 4D), indicating the stimulatory role of HER2 in
the EMT of GC cells. Consistently, HER2 silencing decreased the cell
migration and invasion of GC cells (Figure 4E). Although I tried to examine
the effect of HER2 silencing on GC cell metastasis in vivo, SNU-216 cells
did not show tumorigenesis after orthotopic implantation. Thus, I
established orthotopic GC xenografts by injecting NCI-N87 cells expressing
either control shRNA or HER2 shRNA. My results showed that, for the first
time, HER2 shRNA expression in GC cells decreased the incidence of
metastatic tumors in the lymph nodes, pancreas, liver, peritoneum and the
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lungs compared to the control shRNA (Figure 4F).

An inverse relationship between HER2 and FOXO1 exists in clinical
specimens of GC.
To investigate the association between HER2 and FOXO1 in human GC,
immunohistochemical tissue array analysis of 242 human GC specimens
was performed. Cancer cells with membranous HER2 expression were
considered to exhibit HER2 activation (Figure 5A, upper), and those with
cytoplasmic staining of pFOXO1, regardless of nuclear staining, were
considered to exhibit FOXO1 inactivation (Figure 5A, lower). Figure 5B
shows that membranous HER2 activation is positively correlated with
FOXO1 inactivation (P = 0.004), indicating an inverse association between
the activation of these two molecules.

Crosstalk between FOXO1 and HER2 exists in GC cells.
To confirm this relationship, cell culture and animal experiments were
performed. Immunoblot analysis of cultured cells (Figures 1A and 4A)
showed that SNU-638 and MKN45 cells with a high level of FOXO1
expression showed a low level of HER2 expression, whereas SNU-216 and
NCI-N87 cells with a low level of FOXO1 expression showed a high level of
HER2 expression. Furthermore, FOXO1 silencing in SNU-638 and MKN45
cells by RNA interference increased the expressions of HER2 protein and
25

mRNA (Figure 6A), whereas FOXO1 overexpression in SNU-216 cells by
transfection of FOXO1A3 induced the opposite results (Figure 6B). Thus,
these results indicate that FOXO1 is a negative regulator of HER2
expression at the transcriptional level in GC cells.

I subsequently investigated if FOXO1 regulates HER2 expression
directly through the binding of specific sites within the HER2 promoter.
Figure 6C shows the location of FOXO1-binding site within the HER2 gene.
ChIP analyses followed by quantitative real-time PCR using two primers
showed that FOXO1 shRNA transfection markedly reduced the binding of
FOXO1 to HER2 promoter to the negligible level (P < 0.001) (Figure 6D).
Consistently, immunohistochemical analysis of orthotopic xenografts
derived from MKN45 cells showed that FOXO1 shRNA expression
increased membranous HER2 expression in GC cells (Figure 6E).

To investigate the role of HER2 on FOXO1 activation in GC cells, I
used SNU-216 and NCI-N87 cells expressing control shRNA or HER2
shRNA. I found that HER2 knockdown increased FOXO1 expression and
activation in both cell lines (Figure 7A). Consistently, xenograft tumors
derived from NCI-N87 showed increased FOXO1 expression in the nuclei
of GC cells (Figure 7B).
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To verify the involvement of the PI3K/AKT pathway in HER2-induced
FOXO1 inhibition, SNU-638 and MKN45 cells were transfected with a
control plasmid (pcDNA3) or HER2 wild type plasmid (HER2-WT), and
were treated with a PI3K inhibitor LY294002 or an AKT inhibitor IV (Figure
7C). Immunoblot analysis showed that HER2 overexpression increased the
expressions of the active form of AKT (pAKT) and its substrate GSK-3β
(pGSK-3β), which was subsequently suppressed by treatment with
LY294002 or AKT inhibitor IV (Figures 7C and D, left). In the luciferase
reporter assay, HER2 overexpression inhibited the activity of FOXO1, but
subsequent AKT inhibition effectively restored the activity of FOXO1
(Figures 7C and D, right). These results indicate that HER2 inhibits the
activity of FOXO1 through the activation of the PI3K/AKT signalling.

Double knockdown of both FOXO1 and HER2 nearly cancels the effect
of FOXO1 silencing on cell migration and invasion.
The aforementioned results showed that the metastatic capacity of GC cells
was decreased by FOXO1 and increased by HER2. Thus, I wondered
which one of these molecules was more important to the metastatic
potential of GC cells. I found that single transfection of FOXO1 shRNA into
GC cells increased HER2 expression (Figure 8A) as well as cell migration
and invasion (Figures 8B and C), which were completely suppressed by
HER2 shRNA overexpression in spite of the lack of the restoration of
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FOXO1.
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Figure 1. Effect of FOXO1 expression on GC cell growth in vitro and in
vivo
(A) Protein expression and activation of FOXO1 in human GC cell lines
were determined by immunoblot analysis and luciferase reporter assay.
Bars represent mean ± s.d. (n = 4). * P < 0.05, compared with SNU-216
cells. (B) GC cell lines (SNU-638 and MKN45) with high levels of FOXO1
expression and activity were infected with a lentivirus containing a construct,
which encodes either control shRNA (denoted as shCtrl) or FOXO1 shRNA
(denoted as shFOXO1). FOXO1 protein expression was determined by
immunoblot analysis. (C) Soft-agar colony formation assay. Anchorageindependent growth of SNU-638 cells expressing shCtrl or shFOXO1 was
measured in soft agar. On day 15 after plating, quantification of colony
formation was performed by setting the number and size of colonies
derived from shCtrl expressing cells as 100%. Bars represent mean ± s.d.
(n = 3). * P < 0.05, compared with shCtrl. (D) SNU-638 cells expressing
shCtrl or shFOXO1 were injected subcutaneously into the left flanks of
BALB/c nude mice (n = 5 per group). Representative photos of mice taken
after killing at day 48 are displayed (left). The size of the tumor was
measured over time (right). * P < 0.05, compared with shCtrl.
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Figure 1.
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Figure 1. Continued.
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Figure 2. The in vitro effect of FOXO1 on EMT, cell migration and
invasion of SNU-638 cells (A-D), MKN45 cells (E and F) and SNU-216
cells (G and H)
(A and E) The expressions of E-cadherin and Snail in GC cells expressing
either control shRNA (shCtrl) or FOXO1 shRNA (shFOXO1) were
determined by immunoblot analysis. (B) Changes in the organization of the
actin cytoskeleton. Cells were stained with Alexa Fluor 633-conjugated
phalloidin to visualize F-actin (red), and the cell nuclei were visualized by
DAPI staining (blue). Arrows indicate the FITC-labelled filopodia-like
projections. Photographs were taken with a fluorescence microscope (X
400 magnification). (C) Immunofluorescence staining for FOXO1 (red), Ecadherin (green) and Snail (red) were performed. Cell nuclei were
visualized by DAPI staining (blue) (X 400 magnification). (D and F) The
effect of FOXO1 silencing on cell migration/invasion was evaluated by
Transwell migration assay and cell invasion assay followed by cell viability
assessment using the crystal violet assay. Representative images of
migrated/invasive cells taken 48 h after plating into a Transwell insert are
on the left, and the quantification of migrated/invasive cells is on the right.
The motility/invasiveness of cells expressing shCtrl corresponded to 1. Bars
represent mean ± s.d. (n = 4). * P < 0.05, compared with shCtrl. (G and H)
SNU-216 cells were transfected with either control plasmid pcDNA3 or
pFOXO1A3 (FOXO1A3). (G) The effect of FOXO1A3 transfection into GC
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cells on the expression of E-cadherin and Snail was determined by
immunoblot analysis. (H) The effect of FOXO1A3 expression in GC cells on
the cell migration and invasion was determined as described above. Bars
represent mean ± s.d. (n = 4). * P < 0.05, compared with vector control
(pcDNA3).
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Figure 2.
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Figure 2. Continued.
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Figure 3. Effects of FOXO1 silencing on orthotopic tumor formation
and metastasis in a mice model
GC cells (SNU-638 and MKN45) expressing control shRNA (shCtrl) or
FOXO1 shRNA (shFOXO1) were orthotopically xenografted into the
stomach (submucosa) and were grown for 60 days. (A) Numbers of mice
showing primary tumor formation as well as site and incidence of
metastasis are shown. (B-E) Representative photographs showing the
macroscopic appearances of the stomach (B and C), liver (D) and
peritoneum (E) from animals implanted with either shCtrl transfectants (left)
or shFOXO1 transfectants (right). (F) Histological appearance of organs
showing primary (stomach) or metastatic (vein, lymph node, esophagus,
liver and pancreas) tumors. Arrows indicate primary or metastatic foci (X
200 magnification).
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Figure 3.
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Figure 4. Effects of HER2 silencing on oncogenic behaviors of GC cell
lines in vitro and in vivo
(A) Expression of HER2 protein in parent GC cell lines was determined by
immunoblot analysis. (B) GC cell lines (SNU-216 and NCI-N87) expressing
a high level of HER2 were infected with a lentivirus containing either control
shRNA (shCtrl) or HER2 shRNA (shHER2). HER2 protein expression was
determined by immunoblot analysis. (C) Cells were cultured for 0-72 h and
cell growth was determined using the crystal violet assay at the indicated
times. The data are presented as mean ± s.d. (n = 6). * P < 0.05, compared
with shCtrl. (D) The effect of shHER2 transfection on the expressions of Ecadherin and Snail were determined by immunoblot analysis. (E) Effects of
shHER2 transfection on cell migration and invasion of GC cells were
analysed by Transwell migration assay and invasion assay, respectively.
Bars represent mean ± s.d. (n = 4). * P < 0.05, compared with shCtrl. (F)
NCI-N87 cells expressing shCtrl or shHER2 were orthotopically injected
into the stomach and were grown for 60 days (n = 15 per group). The
numbers of mice showing primary tumor formation as well as site and
incidence of metastasis are shown.
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Figure 4.
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Figure 4. Continued.
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Figure 5. Representative immunohistochemical features of HER2 and
pFOXO1 in human GC specimens
(A) Positive versus negative examples for HER2 and pFOXO1 (X 400
magnification). (B) Statistical analysis was performed using chi-squared
test. A positive relationship between the expressions of membranous HER2
and cytoplasmic pFOXO1 are shown (P = 0.004).

41

Figure 5.
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Figure 6. Effects of FOXO1 silencing on HER2 expression in GC cells
(A-C) and xenograft tumors (D)
(A) FOXO1 was downregulated by transfection of FOXO1 shRNA
(shFOXO1) into SNU-638 and MKN45 cells. Immunoblot analysis (WB) and
RT-PCR

showed

that

FOXO1

shRNA transfection

increased

the

expressions of HER2 protein and mRNA compared to control shRNA
(shCtrl) transfection. (B) FOXO1 expression in SNU-216 cells was
upregulated by transfection of FOXO1A3. WB and RT-PCR showed that
FOXO1A3 transfection decreased HER2 protein and mRNA expressions
compared to pcDNA3 transfection. (C) A schematic representation of HER2
promoter and FOXO1 binding site. (D) ChIP for the binding of FOXO1 to
the HER2 promoter in SNU-638 cells. Chromatin was cross-linked and
immunoprecipitated using anti-FOXO1. Precipitated DNAs were amplified
and quantified by real-time PCR using two primers (PM1 and PM2). The
results are expressed as percentages of the input level. Bars represent
mean ± s.d. (n = 3). * P < 0.05, compared with shCtrl. (E) Representative
features of immunohistochemical staining for FOXO1 (upper panels) and
HER2 (lower panels). Sections obtained from orthotopic xenograft tumors
showed that shFOXO1 expressing tumors had higher HER2 expression
than shCtrl expressing tumors (X 400 magnification).
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Figure 6.
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Figure 6. Continued.
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Figure 7. Effects of HER2 modulation on FOXO1 activation through
PI3K/AKT pathway in GC cells (A, C and D) and xenograft tumors (B)
(A) SNU-216 and NCI-N87 cells were incubated with lentiviral particles
containing a control shRNA (shCtrl) or HER2 shRNA (shHER2). The effects
of HER2 silencing on FOXO1 expression and activation were determined
by immunoblot analysis (left) and luciferase reporter assay (right),
respectively. Luciferase activity in shCtrl cells was arbitrarily set to 1. Bars
represent mean ± s.d. (n = 4). * P < 0.05, compared with shCtrl. (B)
Representative features of immunohistochemical staining for HER2 (upper
panels) and FOXO1 (lower panels). Sections obtained from orthotopic
xenograft tumors showed that shHER2 expressing tumors had higher
FOXO1 expression in the nuclei of cancer cells than shCtrl expressing
tumors (X 400 magnification). (C and D) SNU-638 and MKN45 cells were
transfected with either a control plasmid pcDNA3 (pcDNA3) or an
expression plasmid containing HER2 wild type gene (HER2-WT). Cells
were treated with a PI3K inhibitor LY294002 (30 μM) or an AKT inhibitor IV
(0.5 μM) for 24 h, and immunoblot analysis was performed using the
antibodies indicated in the figure (left). Luciferase reporter assay for
FOXO1 transcriptional activity was also performed (right). Bars represent
mean ± s.d. (n = 4). * P < 0.05, compared with vehicle control (DMSO). # P
< 0.05, compared with vector control (pcDNA3).
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Figure 7. Continued.
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Figure 8. Effects of cotransfection of FOXO1 shRNA and HER2 shRNA
on the cell migration and invasion of GC cell lines
(A) GC cell lines (SNU-638 and MKN45) were transfected with FOXO1
shRNA (shFOXO1), HER2 shRNA (shHER2) or both shRNAs. The protein
expressions of FOXO1, HER2 and β-actin were determined by immunoblot
analysis. (B and C) The effects of transfections of shFOXO1, shHER2 or
both shRNAs on the cell migration and invasion were analysed 48 h after
plating by Transwell migration assay and cell invasion assay. These data
were quantified as described above. Bars represent mean ± s.d. (n = 4). * P
< 0.05, compared with shFOXO1.
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Figure 8.
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Figure 9. Summary of the role of FOXO1/HER2 pathway in GC
metastasis
(A) Negative reciprocal regulatory loop between FOXO1 and HER2 exits in
GC. (B) FOXO1 inhibits GC cell metastasis through the regulation of EMT
as well as tumor growth. Various cell signaling molecules, including HER2,
are involved in this regulatory pathway.
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Figure 9.

Discussion

The biological significance of FOXO1 activation could be cancer cell-type
specific, but there is little information on the role and the underlying
molecular mechanisms of FOXO1 activation in GC. To the best of my
knowledge, the present study is the first to provide direct evidence on the
role of FOXO1 in GC growth and metastasis through the regulation of
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HER2 expression.

Although metastasis mainly determines the poor outcome of GC
patients, the molecular mechanisms underlying GC metastasis remain
unclear. Since tumor growth is critical to the metastasis of cancer cells, I
first investigated the effect of FOXO1 on GC cell growth in vitro and in vivo.
My results showed that FOXO1 silencing by RNA interference increased
colony formation, and tumor growth of subcutaneous and orthotopic
xenografts. Furthermore, analysis of the metastatic potential of FOXO1
showed that FOXO1 downregulation induced mesenchymal phenotype and
the increased migratory and invasive potential of GC cells. Thus, my data
provide direct evidence for the role of FOXO1 as a tumor suppressor in GC
cells via modulating oncogenic behaviors.

Tumor cell genotype and phenotype have generally been considered
as the only determinants of cancer growth and metastasis, but cancer cell
behavior are also influenced by their microenvironment (Chung et al, 2005).
Animal models of metastasis have identified metastasis suppressor and
promoter genes as novel cancer therapy targets (Rosol et al, 2003).
However, local invasive growth characteristics and metastatic potential can
differ markedly between tumors at different inoculation sites (Sekikawa et al,
1988). Previously, the limitations of the subcutaneous xenograft tumors,
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including rapid growth, encapsulation, and difficulty to metastasize, were
reported (Sekikawa et al, 1988). Indeed, my study showed that
subcutaneous GC xenografts were successfully derived from SNU-638
cells expressing either control shRNA or FOXO1 shRNA in 100% of the
injected nude mice. However, they did not show metastasis to any of the
organs of the mice. Thus, FOXO1 alteration in SNU-638 cells alone was not
enough to confer metastatic status in vivo without an appropriate tumor
microenvironment.

In the present study, I established orthotopic GC xenografts to observe
the effect of FOXO1 on GC cell metastasis. When SNU-638 cells
expressing control shRNA or FOXO1 shRNA were injected into nude mice,
primary tumors with or without metastatic foci were found in 80% (4 of 5) of
mice inoculated with FOXO1 shRNA transfectants. In contrast, control
shRNA transfectants did not induce any tumors. Thus, further experiments
were performed using MKN45 cells expressing control shRNA or FOXO1
shRNA. Although both groups of mice showed the same incidence of
primary tumor formation (11 of 15), tumors derived from the FOXO1 shRNA
transfected cells were larger and showed higher metastatic incidence in the
liver. Thus, these results indicate that FOXO1 expression is directly
associated with suppression of gastric tumor growth and metastasis.
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Earlier studies showed that HER2 knockdown decreased tumor growth
of subcutaneous xenografts derived from GC cells (Bao et al, 2011) as well
as GC cell migration and invasion in vitro (Bao et al, 2010). In the present
study, I confirmed the effect of HER2 silencing on cell migration and
invasion in vitro and GC growth in vivo. In addition, HER2 shRNA
expression in GC cells markedly decreased the incidence of metastatic
tumors in the lymph nodes, pancreas, liver, peritoneum and lungs
compared to control shRNA. Thus, my orthotopic xenograft model, for the
first time, clearly proved the direct effect of HER2 on GC metastasis. Taken
together, these results indicate that FOXO1 and HER2 induce opposite
effects on GC promotion.

Multiple signalling cascades converge at FOXO1 and the detailed
molecular mechanisms underlying FOXO1 activation could be cancer celltype specific (Feng et al, 2011). Since it remains unknown whether a
relationship between FOXO1 and HER2 exists in GC, I performed
immunohistochemical tissue array analysis of 242 clinical GC specimens
and found an inverse relationship between FOXO1 and HER2. Further in
vitro analysis showed that FOXO1 silencing in SNU-638 and MKN45 cells
increased HER2 expression at the transcriptional level, whereas FOXO1
overexpression in SNU-216 cells induced opposite results. Moreover, ChIP
analysis revealed that FOXO1 directly interacted with the HER2 promoter,
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which suggested the competition of FOXO1 with other transcription factors
for a binding site in the HER2 gene promoter.

In the present study, HER2 knockdown increased FOXO1 protein
expression and activation in GC cells and orthotopic xenograft tumors,
which indicates a negative reciprocal regulatory loop between FOXO1 and
HER2 in GC. Previously, it was shown that treatment of HER2-amplified
GC cell lines (SNU-216 and NCI-N87) with HER2 inhibitors decreased AKT
activation (Nam et al, 2011; Kim et al, 2014). In addition, I found an inverse
correlation between the activations of AKT and FOXO1 in human GC tissue
specimens (Kim et al, 2007). In the present study, I examined whether
PI3K/AKT signalling mediates HER2-induced FOXO1 inhibition and found
that PI3K/AKT inhibition restored the activity of FOXO1 which was
downregulated by HER2 overexpression. Thus, it seems that HER2
inhibited the activity of FOXO1 in GC cells through PI3K/AKT signalling.

The present study showed that FOXO1 and HER2 induced opposite
effects on the malignant phenotypes of GC cells in vitro and in vivo, and
that FOXO1 was negatively controlled by and controls HER2. Thus, I
compared the importance of these two molecules in the regulation of GC
metastasis using cotransfection of FOXO1 shRNA and HER2 shRNA into
SNU-638 and MKN45 cells. I found that HER2 expression and metastatic
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potential in GC cells were increased by FOXO1 shRNA transfection, but
these changes were reversed after the subsequent transfection of HER2
shRNA in spite of the lack of the restoration of FOXO1. Thus, it appears
that dysregulation of FOXO1 may increase GC growth and metastasis
through the altered expression of HER2 and that HER2 expression, rather
than FOXO1 expression, is more critical to the induction of GC cell
metastasis. This speculation is supported by the more evident changes in
the metastatic incidence induced by HER2 shRNA transfection than those
induced by FOXO1 shRNA transfection.

In conclusion, the loss of FOXO1 in GC cells increased tumor growth
and metastasis, whereas HER2 downregulation showed the opposite
results. In addition, there was an inverse relationship between FOXO1 and
HER2 in human GC specimens, GC cells and xenograft tumors in nude
mice. Although the tumor promoting function of HER2 may be through
diverse molecular mechanisms, the FOXO1/HER2 pathway may be useful
in regulating GC growth and metastasis in a subgroup of GC patients. The
present study provides important evidence that expands my current
knowledge of the metastasis of GC.
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국 문 초 록
목적: Forkhead box O 전사인자의 한 구성원인 FOXO1의 생물학적
중요성은 아직 명확하게 밝혀져 있지 않았다. 본 연구는 FOXO1과
human epidermal growth factor receptor 2 (HER2)의 상호작용이 위암
성장과 전이에 미치는 영향을 관찰하고자 하였다.

실험방법: 위암 세포주(SNU-638, MKN45, SNU-216 그리고 NCIN87)를 이용 유전자이입 방법을 통하여 FOXO1과 HER2의 발현을
변화시켰다. In vitro와 동물모델에서 유전자이입이 위암의 표현형에
미치는 영향을 평가하였다. 그리고 FOXO1과 HER2의 관련성은 위암
환자조직, 위암 세포주 그리고 이형 종양조직을 이용하여 분석하였다.

결과: FOXO1의 유전자 억제는 위암 세포에서 colony formation과
mesenchymal transition을 증가시켰고, nude mice 실험에서는 암
성장과 전이를 증가시켰지만, HER2의 유전자 억제는 반대의 결과들을
나타내었다.

그리고

종양조직들에서

위암

FOXO1과

환자의
HER2가

조직,
역

위암

상관관계가

세포주,

이형

존재하는

것을

발견하였다. 이 두 분자가 negative crosstalk 하는 것을 보여주었고,
위암

세포에서

FOXO1과

HER2의
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double

knockdown은

FOXO1

shRNA에 의해 증가된 세포 이동 및 침투 능력이 HER2의 유전자
억제에 의해 파기되고, 이는 FOXO1의 복원이 없이 이루어짐을 밝혔다.

결론: 본 연구의 결과로부터, FOXO1의 감소가 HER2발현의 증가를
통해 위암의 성장과 전이를 증가시키고, HER2의 발현이 위암 전이를
일으키는데 좀 더 중요한 요인임을 밝힘으로써, 진행된 병기의 위암
환자에서

FOXO1/HER2

pathway가

위암

사료된다.

주요어: 위암; FOXO1; HER2; 암 성장; 전이
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진행을

조절할

것으로

