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Abstract

Background Gastric cancer (GC) is highly influenced by
aberrant methylation, and accumulation of aberrant
methylation in gastric mucosae produces an epigenetic
field for cancerization. Nevertheless, the individual driver
genes involved in such field cancerization are still unclear.
Here, we aimed to demonstrate that FAT4, a novel tumor
suppressor identified by exome sequencing of GC, is
methylation-silenced and that such methylation is involved
in epigenetic field cancerization for GC.

Methods A transcription start site was determined by the
5" rapid amplification of complementary DNA ends
method. DNA methylation was analyzed by bisulfite
sequencing with use of a next-generation sequencer or
quantitative methylation-specific PCR. Gene expression
was analyzed by quantitative reverse transcription PCR.
Results A single transcription start site was identified for
FAT4 in gastric epithelial cells, and a CpG island was
located in the FAT4 promoter region. FAT4 was highly
methylated in two of 13 GC cell lines and was not
expressed in them. Removal of FAT4 methylation by a
DNA demethylating agent (5-aza-2'-deoxycytidine)
restored its expression in the two cell lines. In primary GC
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samples, FAT4 was methylated in 12 of 82 GCs (14.6 %).
FAT4 methylation was associated with the presence of the
CpG island methylator phenotype but not with prognosis,
tumor invasion, lymph node metastasis, or histological
types. In noncancerous gastric mucosae, high FAT4
methylation levels were associated with the presence of GC
and Helicobacter pylori infection.

Conclusions FAT4 was methylation-silenced in GCs. Its
methylation in gastric mucosae was associated with H. pylori
infection and likely contributed to epigenetic field cancerization.

Keywords FAT4 - DNA methylation - Gastric cancer -
CpG island methylator phenotype - Helicobacter pylori

Abbreviations
5-aza-dC 5-Aza-2'-deoxycytidine
CGI CpG island

CIMP CpG island methylator phenotype

DBTSS Database of Transcriptional Start Sites

GC Gastric cancer

M-MSP Primers specific to the methylated

primers sequence

PMR Percentage of methylated reference

gMSP Quantitative methylation-specific PCR

RACE Rapid amplification of complementary
DNA ends

TSS Transcription start site

Uni-MSP Primer common to methylated and

primer unmethylated DNA sequences

Introduction

Genetic and epigenetic alterations are deeply involved in
human cancers [1, 2]. Notably, in gastric cancers (GCs),
tumor suppressor genes, such as CDHI (which encodes
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E-cadherin), CDKN2A (which encodes p16), and MLH]
(which encodes DNA mismatch repair protein mutL
homologue 1), are inactivated more frequently by epi-
genetic alterations—namely, aberrant DNA methylation
of their promoter CpG islands (CGIs)—than by genetic
alterations [3]. Also, in our recent comprehensive study
on genetic and epigenetic alterations in GCs, activation
of the Wnt pathway, inactivation of cell cycle regulation,
and impairment of mismatch repair were more fre-
quently caused by aberrant DNA methylation than by
genetic alterations [4]. Aberrant DNA methylation is
considered to be deeply involved in GC because Heli-
cobacter pylori infection induces aberrant DNA methy-
lation, which accumulates in noncancerous gastric
tissues [5-9].

DNA methylation in gastric mucosae accumulates to
higher levels in patients with GC than in healthy indi-
viduals [5-7], and in patients with multiple GCs than in
those with a single GC [10, 11]. These facts show that
gastric tissue with an accumulation of aberrant DNA
methylation is predisposed to cancer development,
forming an epigenetic field for cancerization [12]. A
multicenter prospective clinical study demonstrated the
usefulness of measuring the severity of an epigenetic
field in cancer risk diagnosis [13]. Mechanistically, in an
epigenetic field, various but specific genes are methy-
lated, including both driver and passenger genes [14,
15]. In addition to well-established tumor-suppressor
genes, such as CDHI, CDKN2A, and MLH1, we recently
showed that components of the SWI/SNF chromatin
remodeler are also methylation-silenced as drivers in
gastric mucosae [16]. However, an overall picture of
driver genes involved in an epigenetic field is still
unclear.

As a candidate driver involved in an epigenetic field in
gastric mucosae, we focus here on FAT4 (which encodes
FAT atypical cadherin 4, also known as cadherin family
member 14, FAT-J, and cadherin-related family member
11), which was recently identified as a novel driver gene in
GCs by exome analysis [17]. FAT4 was mutated (5 %) or
deleted (4 %) in GCs, and small interfering RNA repres-
sion of FAT4 decreased cellular adhesion and increased
migration and invasion of GC cells. Moreover, methylation
of FAT4 was noted in breast and lung cancers [18, 19].
Biologically, FAT4 is one of the four human homologues
of Drosophila fat, which is a member of the cadherin
superfamily of genes and is involved in the planar cell
polarity pathway [20, 21]. FAT4 inactivation is associated
with inactivation of the Hippo signaling pathway, which
controls organ sizes [18, 22].

In this study, we aimed to demonstrate that FAT4 can be
methylation-silenced and that its methylation contributes to
epigenetic field cancerization in GCs.

Materials and methods
Cell lines

The AGS cell line was obtained from American Type
Culture Collection (Manassas, VA, USA), and six other GC
cell lines (Katolll, MKN7, MKIN28, MKN45, MKN74, and
NUGC3) were obtained from the Japanese Collection of
Research Bioresources (Tokyo, Japan). The GC2 cell line
was a gift from M. Tatematsu (Aichi Cancer Center
Research Institute, Nagoya, Japan). The 44As3, HSC39,
HSC44, and HSC57 cells lines were gifts from K.
Yanagihara (National Cancer Center Research Institute,
Tokyo, Japan). The TMKI1 cell line was a gift from W.
Yasui (Hiroshima University, Hiroshima, Japan). The
normal human gastric epithelial cell line HGEC6B was a
gift from T. Kiyono (National Cancer Center Research
Institute). Genomic DNA was extracted by the phenol-
chloroform method. RNA was extracted with ISOGEN
(Nippon Gene, Tokyo, Japan).

Tissue samples and clinicopathology information

A normal gastric mucosa, used as a control in the methy-
lation and expression analyses of GC cell lines, was
obtained from a nontumorous region of a gastrointestinal
stromal tumor surgical specimen from a 79-year-old man.
Normal gastric mucosae used for the analysis of methyla-
tion levels induced by H. pylori were obtained from 33
healthy volunteers (17 with H. pylori infection and 16
without) by endoscopic biopsy from 2004 to 2009. Non-
cancerous gastric mucosae were also obtained from 44 GC
patients (28 with H. pylori infection and 16 without) by
endoscopic biopsy from 2004 to 2010. H. pylori infection
status was determined by a serum anti-H. pylori IgG anti-
body test (SRL, Tokyo, Japan). The degree of gastric
atrophy was endoscopically diagnosed according to the
Kimura-Takemoto classification [23]. On the basis of this
classification, we defined classes C-1 and C-2 as a mild
atrophy group, classes C-3 and O-1 as a moderate atrophy
group, and classes O-2 and O-3 as a marked atrophy group.

GC tissues were obtained from surgical specimens of 82
GC patients (50 male and 32 female patients; average age
55.6 years, age range 29-69 years) who underwent gas-
trectomy because of GCs from 1995 to 2002. All GCs were
histologically diagnosed according to the Japanese classi-
fication of gastric carcinoma and classified according to the
Lauren classification system [24]; 69 diffuse-type and 13
intestinal-type GCs were included. All of the materials
were collected after written informed consent had been
obtained from the patients and approval had been obtained
from the institutional review board. Genomic DNA and
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Fig. 1 Genomic structure around the FAT4 transcription start site
(TSS). The TSS of human FAT4 in the National Center for
Biotechnology Information (NCBI) database is located on chromo-
some 4 (NC_000004.11, 126,237,567). In contrast, the TSS in the
Database of Transcriptional Start Sites (DBTSS) was located
approximately 1,500 bp upstream of the TSS registered in the NCBI
database. Therefore, we performed 5’ rapid amplification of comple-
mentary DNA ends (RACE) using RNA from a gastric epithelial cell

total RNA were isolated from these samples in the same
manner as from the cell lines.

5’ rapid amplification of complementary DNA ends

5" rapid amplification of complementary DNA ends
(RACE) was performed with a GeneRacer kit (Invitrogen,
Carlsbad, CA, USA) and RNA from a normal human
gastric epithelial cell line, HGEC6B. The PCR product was
cloned into a pGEM-T Easy vector (Promega, Madison,
WI, USA), and 39 clones were sequenced because a single
PCR product was obtained. Sequencing was performed
with a sequencing primer about 1,100 bp upstream of the 5’
RACE primer (Fig. 1, Table SI).

5-Aza-2'-deoxycytidine and/or trichostatin
A treatment

AGS and GC2 cells were seeded at a density of 3 x 10°
cells per 10-cm plate on day 0. For 5-aza-2'-deoxycytidine
(5-aza-dC; Sigma, St Louis, MO, USA) treatment, cells
were exposed to a medium containing 1 or 3 pM 5-aza-dC
(dissolved in phosphate-buffered saline) on days 1 and 3
and harvested on day 5. For a treatment with 5-aza-dC and
trichostatin A (Sigma), the cells were additionally exposed
to a medium containing 0.3 uM trichostatin A on day 4.
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line and identified a single TSS in cells from the stomach. Although
two transcript variants of FAT4 are registered in the NCBI database,
they were not detected in the 5 RACE experiment here. Arrow TSS,
arrowheads positions of primers for sequencing in 5 RACE,
methylation-specific PCR, and bisulfite sequencing, M-MSP primers
specific to methylated DNA, Uni-MSP primers common to methy-
lated and unmethylated DNA sequences, UTR untranslated region

Mock-treated cells exposed to a medium containing only
phosphate-buffered saline were used as a negative control.

Sodium bisulfite modification and bisulfite
sequencing

Bisulfite modification was performed with 1 pg of BamHI-
digested genomic DNA as previously described [25], and
the modified DNA was suspended in 40 pl of TE buffer. To
use next-generation sequencing technology, which allows
the sequencing of a large number of DNA molecules,
amplicons were obtained by PCR performed with primers
common to methylated and unmethylated DNA sequences
(Uni-MSP primers; Table S2) and 1 pL of the sodium
bisulfite treated DNA. From 100 ng of amplicons purified
by a Zymo-Spin I column (Zymo Research, Irvine, CA,
USA), a DNA library was prepared with an Ion fragment
library kit (Life Technologies, Carlsbad, CA, USA) and an
Ion Xpress barcode adaptors 1-96 kit (Life Technologies).
Multiple libraries were pooled after unique barcoding and
mixed with Ion Spheres, and emulsion PCR was conducted
with an Ion OneTouch 2 (Life Technologies) with an Ion
PGM template OT2 400 kit (Life Technologies). The
emulsion PCR product, a complex of Ion Spheres and
amplified DNA, was washed, concentrated with use of an
Ion OneTouch ES enrichment module (Life Technologies),
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and loaded onto an Ion 314 chip (Life Technologies).
Sequencing was conducted with an Ion PGM sequencer
(Life Technologies) with an Ion PGM sequencing 400 Kit
(Life Technologies). The sequences obtained were con-
verted to CpG methylation statuses by use of a plug-in for
ION Suite based on Bismark (Babraham Bioinformatics,
Babraham, UK). On the basis of the numbers of methylated
and unmethylatedmolecules, a methylation level was cal-
culated as the fraction of methylated molecules in the total
number of DNA molecules (methylated molecules plus
unmethylated molecules). To use conventional sequencing
technology, PCR was also conducted with Uni-MSP pri-
mers. After the PCR product had been cloned into the
pGEM-T Easy vector, 15 to 16 clones were sequenced.

Quantitative methylation-specific PCR

For quantitative methylation-specific PCR (qMSP),
methylated DNA was amplified with primers specific to the
methylated sequence (M-MSP primers), and both methy-
lated and unmethylated DNA were amplified with Uni-
MSP primers (Fig. 1). Real-time PCR was conducted with
SYBR Green I (BioWhittaker Molecular Applications,
Rockland, ME, USA), a CFX Connect™ real-time PCR
system (Bio-Rad Laboratories, Hercules, CA, USA), and 1
pL of the sodium bisulfite treated DNA. Temperatures that
allow specific annealing in the presence of SYBR Green I
were determined with fully methylated and unmethylated
DNA. The fully unmethylated DNA was prepared by
amplification of the genomic DNA of healthy male
peripheral blood cells twice with a GenomiPhi DNA
amplification kit (GE Healthcare Bio-sciences, Little
Chalfont, UK). The fully methylated DNA was prepared by
methylation of the fully unmethylated DNA with SssI
methylase (New England Biolabs, Beverly, MA, USA).
The primers and PCR conditions are given in Table S2.
Standard samples with known numbers of template DNA
molecules were prepared by serial dilution of a purified
PCR product. The methylation level was calculated as the
fraction of methylated molecules in the total DNA mole-
cules. The percentage of methylated reference (PMR) was
calculated as the fraction of the methylated reference
[(methylated molecules in a sample)/(total DNA molecules
in a sample)]/[(methylated molecules in Sssl-treated
DNA)/(total DNA molecules in SssI-treated DNA)].

Quantitative reverse transcription PCR

Complementary DNA was synthesized from 2 pg of total
RNA with use of Superscript III (Invitrogen). Real-time PCR
was performed with SYBR® Green I and an iCycler thermal
cycler (Bio-Rad Laboratories, Hercules, CA, USA). Stan-
dard samples with known numbers of template DNA

molecules were prepared by serial dilution of a purified PCR
product. The measured number of complementary DNA
molecules was normalized to that of GADPH. The primers
and PCR conditions are given in Table S3.

Survival curve and statistical analyses

The Kaplan—Meier survival curves were drawn with SPSS
13.0J (SPSS Japan, Tokyo, Japan) for overall survival. The
differences in the survival rates were evaluated by the
Mantel-Cox test. The association between FAT4 methy-
lation and clinicopathological characteristics was evaluated
by the chi-square test. The presence of the CGI methylator
phenotype (CIMP) was determined by the number of
methylated genes in a cancer [5 or more of 12 genes
(HANDI1, PAX2, GREMI, LOX, HRASLS, CLDN3, THBD,
ZNF177, FLNC, CTSL, F2R, and NT5E)], according to our
previous report [26]. The difference in methylation levels
in different groups was analyzed by the ¢ test. All of the
analyses were performed with PASW Statistics version
18.0 (SPSS Japan, Tokyo, Japan), and a result was con-
sidered significant when P < 0.05 was obtained by a two-
sided test.

Results

Determination of the FAT4 transcription start site
in gastric mucosae by 5 RACE

To evaluate the DNA methylation status of a promoter
region, accurate determination of a transcription start site
(TSS) is essential [27, 28]. The FAT4 TSS registered in the
Database of Transcriptional Start Sites (DBTSS) was
located approximately 1,500 bp upstream of the TSS reg-
istered in the National Center for Biotechnology Informa-
tion database (GRCh37.p10). Further, the TSS in the
DBTSS was based not on expression data from the human
stomach but on multiple other human adult tissues, such as
the colon, heart, and kidney. The TSS in these tissues was
consistent. Therefore, to determine a TSS of FAT4 in the
stomach, we performed 5' RACE, using RNA extracted
from a normal gastric epithelial cell line, HGEC6B. We
obtained a single RACE product of approximately 1,500
bp, and identified a single TSS (39/39 clones), which was
consistent with the TSS of other tissues in the DBTSS
(Fig. 1).

Association between promoter methylation and loss
of expression in GC cell lines

We examined the association between FAT4 promoter
methylation and its loss of expression in 13 human GC cell
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lines, the HGEC6B cell line, and normal gastric mucosae.
Bisulfite sequencing of the FAT4 promoter region showed
that it was highly methylated in two GC cell lines (AGS
and GC2), moderately methylated in the KatolII cell line,
and unmethylated in the remaining 10 GC cell lines, the
HGEC6B cell line, and normal gastric mucosae
(Figs. 2a, b, Sla). As shown by quantitative reverse tran-
scription PCR, FAT4 was not expressed in the three GC
cell lines with promoter methylation. In contrast, it was
expressed in two (MKN7 and MKN45) of the ten GC cell
lines with low or no methylation, in the HGEC6B cell line,
and in normal gastric mucosae (Fig. 2c).

To confirm the effect of FAT4 promoter methylation on
its expression, FAT4 methylation was removed with a
demethylating agent, 5-aza-dC, in the two GC cell lines
with the greatest methylation (AGS and GC2). FAT4
expression was induced in a dose-dependent manner with
demethylation of its promoter (Figs. 2d, S1b). Addition of
trichostatin A significantly enhanced FAT4 messenger
RNA induction by 5-aza-dC in both GC cell lines. These
data support the hypothesis that promoter methylation of
FAT4 induces its loss of expression.

Methylation and expression of FAT4 in primary GC
specimens

FAT4 promoter methylation in primary GC specimens was
analyzed by qMSP of 82 GCs. FAT4 was methylated in 12
of the 82 GCs (14.6 %), with a cutoff value of 6 % for the
PMR, as previously reported [26, 29-31] (Fig. 3a). The
presence of dense methylation of the promoter region was
confirmed by bisulfite sequencing (Fig. 3b), and the frac-
tion of densely methylated DNA molecules was consistent
with the PMR values obtained by qMSP.

The correlation between promoter methylation and
decreased expression was analyzed in 20 GC specimens for
which RNA was available. However, there was no signif-
icant difference between the mean FAT4 expression levels
of five GCs with methylation and those of 15 GCs without
methylation (P = 0.9328) (data not shown), most likely
because surgical cancer specimens were contaminated with
normal cells.

Association between FAT4 methylation
and clinicopathological characteristics of GCs

We next analyzed the association between FAT4 promoter
methylation and clinicopathological characteristics of GCs.
FAT4 methylation was associated with the presence of the
CIMP (Table 1). All of the 12 cancers with FAT4 methy-
lation were CIMP positive, and 60 of 70 cancers without
methylation (86 %) were CIMP negative (P < 107%). In
contrast, FAT4 methylation was not associated with tumor

@ Springer

Fig. 2 Silencing of FAT4 by methylation of its promoter CpG island»
in gastric cancer (GC) cell lines. a FAT4 methylation levels analyzed
by bisulfite sequencing of the 13 GC cell lines, the HGEC6B cell line,
and normal gastric mucosae. FAT4 was highly methylated in two GC
cell lines (AGS and GC2) and moderately methylated in one GC cell
line (KatoIIl). b Representative data of bisulfite sequencing (AGS,
GC2, MKN7, and HGEC6B cell lines). The genomic structure of the
analyzed region is also shown. Arrow transcription start site,
arrowheads positions of Uni-MSP primers, vertical lines individual
CpG sites. The numbers of methylated (M), unmethylated (U), and
intermediately methylated (/) clones are shown. A molecule was
considered methylated when more than 11 of the 13 CpG sites were
methylated and was considered unmethylated when fewer than two of
the 13 CpG sites were methylated. Black squares methylated CpG
sites, white squares unmethylated CpG sites. ¢ FAT4 expression
levels in the 13 GC cell lines, the HGEC6B cell line, and normal
gastric mucosae were analyzed by quantitative reverse transcription
PCR. FAT4 was expressed in the HGEC6B cell line and normal
gastric mucosae but was suppressed in most GC cell lines, except for
MKN7 and MKN45. The lack of FAT4 expression in three cell lines
(AGS, GC2, and KatollII) supported its methylation-silencing. d FAT4
methylation and expression levels in the AGS and GC2 cell lines after
5-aza-2'-deoxycytidine (Aza) treatment. FAT4 methylation was
removed by 5-aza-2'-deoxycytidine in both cell lines, and FAT4
expression was subsequently induced in a dose-dependent manner.
Addition of trichostatin A (7SA) enhanced FAT4 induction by 5-aza-
2'-deoxycytidine

invasion, lymph node metastasis, or histological type.
FAT4 methylation was also not associated with patient
survival (Fig. 4).

FAT4 methylation levels in noncancerous gastric
mucosae with and without H. pylori infection

FAT4 methylation in normal cells of the gastric mucosae
was analyzed in 77 individuals (Fig. 5a). Specifically, the
FAT4 methylation level was analyzed by qMSP in the
gastric mucosae of healthy individuals (16 with and 17
without H. pylori infection) and noncancerous mucosae of
GC patients (16 with and 28 without H. pylori infection).
Among the healthy individuals, the PMR was significantly
higher in the H. pylori-positive group than in the H. pylori-
negative group (11.0 and 0.1, respectively; P = 0.00003,
t test). Among the GC patients, the PMR tended to be
higher in the H. pylori-positive group than in the H. pylori-
negative group (4.1 and 1.9, respectively, P = 0.073, ¢ test).
Among the H. pylori-negative individuals, the PMR was
significantly higher in the GC patients than in the healthy
individuals (1.9 and 0.1 respectively; P = 0.006, ¢ test),
showing that the FAT4 methylation level in noncancerous
gastric mucosa, as with the methylation levels of many
other genes [5-7], was associated with GC risk in H. py-
lori-negative individuals.

GC risk is known to be associated also with the degree
of gastric atrophy, and the association between the FAT4
methylation and GC risk was analyzed after stratification
by the degree of gastric atrophy. The endoscopic degree of
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gastric atrophy was available for 60 of the 77 individuals.  Discussion

FAT4 methylation levels were higher in those with atrophy,
but the trend was unclear (Fig. S2a). Because the presence
of active H. pylori infection is known to induce temporary
methylation that would decrease after eradication of
H. pylori [5], the analysis was limited to the individuals
without H. pylori infection, and the trend became clearer
(Fig. S2b). Importantly, even among the individuals with
gastric atrophy (and without active H. pylori infection), the
FAT4 methylation level tended to be higher in GC patients
(Fig. 5b).

@ Springer

We showed that FAT4 was silenced by methylation of its
promoter CGI in human GC. Because methylation of a CGI
in a promoter region is known to be critical for gene
silencing [27, 28], we identified a TSS used in the stomach,
and confirmed the presence of a CGI in its directly
upstream region. Methylation of the region was consis-
tently associated with loss of expression in GC cell lines,
and removal of FAT4 methylation by 5-aza-dC induced its
expression. Furthermore, in primary GCs, FAT4 was
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Table 1 Association between FAT4 promoter methylation and clin-
icopathological characteristics of gastric cancer patients

Characteristics FAT4 methylation P?
Positive Negative
(n=12) (n ="170)
Tumor invasion
T1 0 3 0.79
T2 2 7
T3 3 21
T4 7 39
Lymph node metastasis
Positive 10 63 0.49
Negative 2 7
Histological type
Diffuse 11 58 0.44
Intestinal 1 12
CIMP
Positive 12 10 <107
Negative 0 60

Eighty-two gastric cancer patients (50 male and 32 female patients;
average age 55.6 years, age range 29-69 years) were analyzed.
Gastric cancers were classified according to the Lauren classification
system.

CIMP CpG island methylator phenotype

4 Chi-square test

100
S
o 80 - P=0.420
)
©
[ ..
g 609 - Methylation (+) N =12
S 4
g 40 -""q.
— e
E [ NPT,
§ 20 Methylation () N=70 !
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Fig. 4 Kaplan—Meier survival analysis of GC patients according to

the FAT4 methylation status. FAT4 methylation was not associated
with overall survival of GC patients

methylated in 12 of the 82 GCs (14.6 %). We then showed
that methylation of the FAT4 promoter CGI was present
not only in cancers but also in gastric mucosae, and the

Fig. 5 FAT4 methylation levels in noncancerous gastric mucosae.p
PMR values were analyzed by qMSP; a horizontal line represents the
mean methylation level in each group. a The FAT4 methylation level
in the gastric mucosae of healthy individuals and the noncancerous
mucosae of GC patients with and without Helicobacter pylori
infection. Among the healthy individuals, the PMR was significantly
higher in those with H. pylori infection than in those without it.
Among the GC patients, the PMR tended to be higher in the patients
with H. pylori infection than in those without it. Among the
individuals without H. pylori infection, the PMR was significantly
higher in GC patients than in healthy individuals. b The FAT4
methylation level in noncancerous gastric mucosae without active
H. pylori infection. The individuals were stratified by the existence of
gastric atrophy, and, even among the individuals with gastric atrophy,
the FAT4 methylation level was higher in GC patients

methylation level was associated with H. pylori infection
(epigenetic field for cancerization), and, among individuals
without H. pylori infection, with the presence of GC
(namely, GC risk). Even limited to the individuals with
gastric atrophy, the FAT4 methylation level tended to be
higher in GC patients (Fig. 5b). To our knowledge, this is
the first report on FAT4 methylation-silencing in GC and
also on the presence of FAT4 methylation in noncancerous
tissues of patients with any cancer. FAT4 can now be added
to the list of driver genes that contribute to an epigenetic
field, along with CDHI, CDKN2A, MLH]I, and SWI/SNF
chromatin remodeler genes [3, 16].

FAT4 methylation levels clearly increased in healthy
individuals with H. pylori infection but only mildly
increased among GC patients with H. pylori infection. The
mild increase was considered to be due to (1) the already
increased methylation levels in GC patients without
H. pylori infection and (2) relatively weak chronic
inflammation, a critical inducer of methylation [8, 9], in
GC patients with H. pylori infection compared with heal-
thy individuals with H. pylori infection. The association
between high FAT4 methylation levels and the presence of
a cancer was clear among the individuals without H. pylori
infection, as with many other genes [5-7]. On the other
hand, among the individuals with H. pylori infection, the
healthy individuals had higher methylation levels than the
GC patients. Again, a relatively weak inflammatory reac-
tion in GC patients, compared with that in healthy indi-
viduals, was considered to be the reason for this.

FAT4 methylation was not associated with any clinico-
pathological characteristics except for the CIMP. It has
been reported that even E-cadherin expression or inacti-
vation was not associated with tumor invasion or metas-
tasis. For example, Czyzewska et al. [32] observed no
association between the expression of E-cadherin and
invasion depth in GC. Chen et al. [33] found no association
between E-cadherin and cancer stage, vascular invasion,
lymph node involvement, or the presence of distant
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metastases. Mayer et al. [34] found no significant associ-
ation between E-cadherin expression and tumor diameter,
lymphatic vessel invasion, Borrmann classification, lymph
node status, or manifest metastases. It appears possible that
FAT4 methylation was not associated with these clinico-
pathological parameters. On the other hand, the CIMP in
GCs is known to be associated with MLHI methylation and
thus microsatellite instability [35-37] and with better
prognosis [36, 37]. In this study, the number of GC cases

@ Springer

with FAT4 methylation was relatively small (12 of 82 GC
cases), which might have weakened the statistical power of
survival analysis. With respect to histological types of GC,
we initially expected that methylation of FAT4, a member
of the cadherin superfamily, would be associated with the
diffuse type, but there was no significant association. This
could be explained if FAT4 silencing is involved in gastric
carcinogenesis by Wnt activation rather than loss of cel-
lular adhesion.

To distinguish GCs with FAT4 methylation, a PMR
cutoff value of 6 % was adopted, on the basis of previous
reports [26, 29-31]. The use of a low cutoff value enables
us to detect methylation in samples with low cancer cell
counts but raises the concern of detecting methylation only
in a fraction of cancer cells. The presence of heterogeneity
among cancer cells makes it difficult to associate methy-
lation status and gene expression levels. Indeed, in primary
GCs, FAT4 expression was not different between GCs with
and without FAT4 methylation. In addition to cancer cell
heterogeneity, contamination by normal cells in GC spec-
imens likely led to the ambiguous difference.

In conclusion, we showed that FAT4 was silenced by
methylation of its promoter CGI in human GCs and that its
methylation was associated with H. pylori infection and
contributed to the development of an epigenetic cancer-
ization field.
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