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Gene silencing by methylation of promoter CpG islands
is deeply involved in cancers, but its involvement in
polyclonal disorders is still unclear. Here, we analyzed
the presence of gene silencing in intestinal metaplasia
(IM) of the stomach, a polyclonal disorder, in which
multiple gastric glands aberrantly differentiate into
those with intestinal characteristics. By a genome-wide
screening, CpG islands in the putative promoter re-
gions of four genes (ZIK1, ZNF141,KALI1, and FGF14)
were found to be specifically methylated in glands with
IM, and their expression was markedly decreased.
When demethylation was induced in cell lines with
their methylation by 5-aza-2’'-deoxycytidine, expres-
sion of ZIK1, KAL1, and FGF14 was restored, sup-
porting causal roles of methylation in their silencing.
Analysis of ZIKI1 methylation in a single gland
showed that the vast majority of DNA molecules iso-
lated from a gland with IM were methylated and that
those from a gland without IM were not. ZIK1 meth-
ylation was present in glands isolated from physically
distant positions within a stomach, showing that
methylation occurred multifocally. These data indi-
cate that methylation of multiple genes occurs inde-
pendently in multiple glands, each of which has its
own stem cell, demonstrating that involvement of
aberrant gene silencing in noninherited polyclonal
human disorders needs more attention. (4mJ Pathol
2006, 169:1643-1651; DOI: 10.2353/ajpath.2006.060552)

Methylation of promoter CpG islands (CGls) causes si-
lencing of their downstream genes,’? and that of tumor-
suppressor genes is involved in development and pro-
gression of various cancers.?~* Methylation is induced by
aging and chronic inflammation and is present not only in
cancers, which are clonal disorders, but also in noncan-
cerous tissues.®>® However, it is still unclear whether
methylation is induced as a rare and random event, like a
mutation,’® or as an event that occurs in multiple cells
and targets nonrandom genes. If methylation of promoter
CGls occurs as relatively frequent and nonrandom
events, aberrant methylation could be involved not only in
cancers but also in polyclonal disorders, such as aber-
rant differentiation and degenerative disorders.

Gastric mucosae provide an informative model to ex-
amine the origin of aberrant methylation. It is known that
a single gastric gland is made of differentiated cells
produced from multiple progenitor cells that originate
from a single stem cell.'" If aberrant gene silencing oc-
curs in a stem cell, all of the cells in the entire gland
produced from it are expected to have silencing of the
same gene. A single gastric gland can be collected using
the gland isolation technique,'®'® and the methylation
status of a gene can be analyzed using DNA from the
single gland. By examining the presence of methylation
of a specific gene in multiple glands, we can explore
whether or not its silencing was induced independently in
multiple glands, possibly in multiple stem cells.

As a polyclonal disorder of the stomach, intestinal
metaplasia (IM) is highly prevalent and well defined.
When IM develops in an individual, glands with intestinal
characteristics, such as the presence of goblet cells and
expression of intestinal enzymes, initially appear multifo-
cally in the pyloric area and then gradually spread into
the fundic area. The polyclonal origin of IM has been
demonstrated by analysis of inactivation patterns of X
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chromosomes in females and by use of chimeric mice."
If we can find genes whose promoter CGls are consis-
tently methylated in IM, such genes could be involved in
development of IM by causing irreversible changes. Al-
though LOX, HAND1, FLNc, THBD, and HRASLS, whose
promoter CGls were found to be methylated in noncan-
cerous gastric mucosae, were candidates, the extent of
their methylation did not correlate with the degree of IM.2
In this study, we performed a genome-wide screening
for genes silenced in IM using methylation-sensitive-
representational difference analysis (MS-RDA)*'*'5 and
analyzed the presence of methylation of the identified
genes in multiple gastric glands with and without IM
isolated from distant positions within a stomach.'®'3

Materials and Methods

Gland Isolation, Assessment of IM, and
DNA/RNA Extraction

Fundic and pyloric glands in the anterior and posterior
walls were freshly obtained from the stomachs of patients
who underwent gastrectomy due to gastric cancers at
Aichi Cancer Center Hospital with written informed con-
sents. To isolate glands with and without IM, the submu-
cosal tissue was gently split off from the mucosa after
washing in 0.1 mol/L phosphate-buffered saline,'® and
the mucosa was incubated at 37°C in calcium- and mag-
nesium-free Hanks’ balanced salt solution with 30 mmol/L
ethylenediamine tetraacetic acid for 30 minutes with gen-
tle shaking, followed by vigorous agitation by vortex.
Gastric glands were fixed in 70% ethanol and stained
with Alcian blue. A gland with positive staining of goblet
cells was considered as one with IM, and a gland without
was considered as one without IM. Fourteen samples of
gastric glands without IM were prepared from 14 gastric
cancer cases. Sixteen samples with IM were prepared
from 16 cases, 11 of which were the same with those
used for samples without IM. For cases used for MS-RDA
(cases 156 and 163), large quantities of glands with and
without IM (>10,000 glands each) were collected. For the
other cases, 100 to 500 glands were collected. DNA and
RNA were extracted by the phenol and chloroform ex-
traction method and ISOGEN (Nippon Gene, Tokyo, Ja-
pan), respectively.

Cell Lines and Treatment with 5-Aza-2'-
Deoxycytidine (5-Aza-dC)

HSC39, HSC44, and HSC57 gastric cancer cell lines
were kind gifts from Dr. K. Yanagihara, National Cancer
Center Research Institute, Tokyo, Japan, and TMK1 was
from Dr. W. Yasui, Hiroshima University, Hiroshima, Ja-
pan. KATOIIl, MKN28, MKN74, and NUGC3 were ob-
tained from the Japanese Collection of Research Biore-
sources (Osaka, Japan), and MKN45 was from RIKEN
Bioresources Center (Tsukuba, Japan). A gastric cancer
cell line (AGS), a cell line from the normal small intestine
(FHs 74 Int), and a cell line from the normal colon (CCD

841 CoN) were purchased from the American Type Cul-
ture Collection (Manassas, VA). For treatment with 5-aza-
dC, cells were seeded on day 0, media containing
5-aza-dC were freshly added on days 1 and 3, and cells
were harvested on day 4.

MS-RDA

For MS-RDA, 5 an R adaptor was ligated to 1 ug of
genomic DNA digested with Hpall or Sacll (New England
Biolabs, Beverly, MA), and the ligation product was am-
plified by polymerase chain reaction (PCR) with R oligo-
nucleotide in the presence of 1 mol/L betaine (Sigma, St.
Louis, MO). By this procedure, DNA fragments derived
from unmethylated CGls were enriched in the PCR prod-
uct (amplicon), but those from methylated CGls were not.
A J adaptor was ligated only to the tester amplicon, and
200 ng of it was mixed with 40 g of the driver amplicon.
The DNA mixture underwent heat denaturation and rean-
nealing (competitive hybridization), and dsDNA with the J
adaptor on both ends was selectively amplified using J
oligonucleotide (selective amplification). After switching
the J adaptor of the product to a new N adaptor, 40 ng of
the product with the N adaptor was mixed with 40 ug of
the driver amplicon, and the second competitive hybrid-
ization and selective amplification were performed. The
product was cloned, and 96 clones were sequenced.
Chromosomal positions and relative locations to CGls'®
were analyzed at the GenBank web site.

Bisulfite Modlfication, Methylation-Specific PCR
(MSP), and Bisulfite Sequencing

For bisulfite modification, genomic DNA (500 ng) was re-
stricted with BamHI (New England Biolabs) and denatured
in 0.3 mol/L NaOH." In 3.1 mol/L NaHSO, (pH 5.0) and 0.6
mmol/L hydroquinone, DNA underwent 15 cycles of dena-
turation at 95°C for 30 seconds and incubation at 50°C for
15 minutes. The product was desalted with the Wizard DNA
cleanup system (Promega, Madison, WI) and desulfonated
in 0.6 N NaOH. The sample was ethanol-precipitated and
dissolved in 20 ul of Tris-EDTA buffer.

For MSP, 1 ul of the sodium-bisulfite-treated DNA was
amplified with primers specific to methylated or unmethyl-
ated sequences (Table 1). DNA methylated in vitro with Sssl
methylase and DNA amplified by a GenomiPhi DNA ampli-
fication kit (Amersham Biosciences, Little Chalfont, UK)
were used to determine annealing temperatures that spe-
cifically amplify methylated and unmethylated sequences
as well as minimum PCR cycles to obtain visible bands with
100% methylated or unmethylated samples. For test sam-
ples, four cycles were added for their analysis.

For bisulfite sequencing, 1 ul of the sodium-bisulfite-
treated DNA was amplified with primers common to
methylated and unmethylated DNA sequences. The PCR
product was cloned into a pGEM-T Easy Vector (Pro-
mega), and 8 to 12 clones were sequenced using an ABI
PRISM 310 sequencer (Applied Biosystems, Foster City,
CA). Primer sequences and PCR conditions are shown in
Table 1.
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Table 1. List of Primers for MSP, RT-PCR, and Bisulfite Sequencing
Number
Gene Tempera- of
symbol Analysis Forward Reverse ture (°C) cycles
ZIK1 MSP-M 5'-GTTTGAGGTGACGTTGGGC-3' 5'-GACCCTTTTCTCAACGCGA-3' 64 33
MSP-U 5'-TTTGAGGTGATGTTGCGTG-3' 5'-AACAACCCTTTTCTCAACACA-3' 60 33
RT-PCR 5'-AGAACTTTGCCCTTGTAGCC-3’ 5'-GTGGATGAACCTGCCTTTG-3' 64 n/a
Sequencing 5'-AGGGTTTAGGTTAGAGTAGGAG-3' 5'-AAACTAAAACCAAATCCACAC-3' 52 30
X)
Sequencing 5'-AGTTTTTTGAGTTTGAATTAATG-3' 5'-ACAAAACCTTCTAAATTCTATAATC-3’ 56 30
(Y)
LOC- MSP-M 5'-ATTTAAGCGGCGGTTCGT-3’ 5'-CACGCGAAAAAACCAACG-3’ 62 33
285300
MSP-U 5'-TTAAGTCGTCGTTTGTGGGTAT-3’ 5'-AAAAAACAAAACCACCCACAC-3' 65 33
RT-PCR 5'-CCGTTGCCGTGATAGTC-3’ 5'-ACAGGAATCCGTGGTCAG-3’ 60 n/a
CD8A MSP-M 5'-GTTTGGTTAGGTTGTTTCGACG-3’ 5'-ATCACCCGAAACCCCCG-3’ 64 32
MSP-U 5'-AGGTTGTTTTGATGGTTTTATTTATG-3" 5'-ATCACCCAAAACCCCCAC-3' 62 33
RT-PCR 5'-CCGAGAGAACGAGGGCTAC-3' 5'-TCGCTGGCAGGAAGACC-3’ 64 n/a
ZNF141  MSP-M 5'-CGGTTGTTATTTTCGTTATATTTC-3" 5'-ACTCCAATACGCTAATTAAATACG-3' 60 32
MSP-U 5'-TACAACTCCAATCTCCCCA-3' 5'-TAGGTTAAGTATGAAGAGAAAGTTTT-3’ 59 31
RT-PCR 5'-CCTTTAGACGGTCCACAGAT-3’ 5'-TATGTTGACTCAGGAGCGAA-3' 62 n/a
KAL1 MSP-M 5'-GTGCGAACGGGAGAGGC-3’ 5'-GTCAACTACGAACCCGAACG-3' 64 33
MSP-U 5'-AAAACCCATAAACCAATCTCA-3' 5'-TGAATGGGAGAGGTGTTTGT-3' 58 33
RT-PCR 5'-TTGACAATGAGTGCTCTGGG-3' 5'-AATCGTAACTCTTTTCTGGGCT-3’ 62 n/a
FGF14 MSP-M 5 -TTGTTTAGCGCGATTCGGATCGAC-3’ 5'-CGAAAAATAAAACCGACCGACG-3' 60 33
MSP-U 5'-TGTTTAGTGTGATTTGGATTGAT-3' 5'-ACAAAAAATAAAACCAACCAACA-3' 59 33
RT-PCR 5'-GGCAACCTGGTGGATATCTT-3’ 5'-CCTTGCCTGCAATATAACCT-3' 59 n/a
NKX2-8  MSP-M 5 -TTTTATTTTTTTCGGCGTTTTC-3’ 5'-GAACGATAACCACCACCCG-3' 59 32
MSP-U 5'-GTTTTTATTTTTTTTGGTGTTTTT-3" 5'-AAACAATAACCACCACCCA-3’ 59 32
RT-PCR 5'-AGCAGGACGCGCAACAC-3’ 5'-AGTCTGGCGGGCTGGTC-3’ 62 n/a
NID2 MSP-M 5'-GTTTTTAGAGTTAGGAGCGTTC-3’ 5'-CGAATACGACTACTAACCTACG-3’ 64 33
MSP-U 5'-AGGTTAGTAGTTCTATTTGTTGTTGT-3" 5'-TCATCCAAACTACCCCACA-3’ 58 33
RT-PCR 5'-CTTACGAGGAGGTCAAACGC-3’ 5'-CCGTTGGCAGGATAAAGAAA-3' 59 n/a
LOC- MSP-M 5'-TGCGTTTACCTTCGTATTTGTC-3’ 5'-GTAAAACCCGAAAAACCCG-3’ 62 32
284801
MSP-U 5'-GTTCTGTTTATGTTTGTATTTGTT-3" 5'-CACCCCTCATAAAACCCA-3’ 58 33
RT-PCR 5'-GGCAATAAGAATGAAGACCT-3’ 5'-ATCAACAGCCCTTAAACATC-3' 60 n/a
RAX MSP-M 5'-AGTTGGTTTTTCCTTTTTAGCGTC-3’ 5'-CTAAATCAAACTCCGCGAACG-3' 65 33
MSP-U 5'-TAGTTGGTTTTTTGTTTTTAGTGTT-3" 5'-CCTAAATCAAACTCCACAAACA-3' 58 32
RT-PCR 5'-TGCGTCTGAAAGCCAAGG-3’ 5'-AGAGGATGCGGGTACGGT-3’ 62 n/a
GAPDH  RT-PCR 5'-GCCAGTGGACTCCACGAC-3' 5'-CAACTACATGGTTTACATGTTC-3' 62 n/a

M, primers specific to methylated DNA; n/a, not available; U, primers specific to unmethylated DNA.

Quantitative Reverse Transcriptase (RT)-PCR

For quantitative RT-PCR, cDNA was synthesized from 1
g of total RNA with oligo (dT),_45 primer and Super-
script Il reverse transcriptase (Life Technologies, Gaith-
ersburg, MD). Real-time PCR analysis was performed
using an iCycler iQ detection system (Bio-Rad Laborato-
ries, Hercules, CA) with SYBR Green PCR Core Reagents
(Applied Biosystems) and 200 nmol/L of primers. The
primer sequences and PCR conditions are shown in Ta-
ble 1. Specific amplification of target sequences was
confirmed by electrophoresis of the PCR products and by
observation of their melting curves. To quantify the num-
ber of molecules of a specific gene, a standard curve
was generated using templates that contained 10 to 10°
copies of the gene. The number of cDNA molecules of a
gene of interest was normalized to that of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH).

Statistical Analysis

The differences of expression levels were analyzed by
using the t-test, Welch method (both-sided).

Results

Isolation of 10 Putative Promoter CGls
Aberrantly Methylated in IM

MS-RDA was performed using an equal mixture of two
samples without IM (cases 156 and 163) as the tester and
an equal mixture of two samples with IM from the same
cases as the driver. By this way of subtraction, DNA
fragments methylated in gastric glands with IM com-
monly in the two cases were expected to be isolated. Two
series of MS-RDA were performed using two methylation-
sensitive restriction enzymes, Hpall and Sacll.

We sequenced 192 DNA fragments obtained by the
two series of MS-RDA and found 65 nonredundant frag-
ments. Genomic origins of these 65 fragments were
searched for in the GenBank database, and 30 fragments
were found to be derived from CGls in the putative pro-
moter regions of known genes. Methylation statuses of
these 30 CGls were analyzed by MSP in the samples
used for MS-RDA, and 10 CGls (Table 2) were found to
be methylated in samples with IM (Figure 1).
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Table 2. List of 10 CGIs Differentially Methylated in the Initial Samples of IM
DNA fragments isolated by MS-RDA Genes in the downstream
Accession Gene
Length (bp) no. From To Chromosome symbol Full names or alternative names

MS-RDA with Hpall

227 AC003682 72722 72845 19913 ZIK1 Zinc finger protein-interacting with K protein 1

254 AC108724 85358 85612 3p14 LOC285300

204 AC064848 16801 17005 2p12 CDSA CD8 antigen, a polypeptide (p32)
MS-RDA with Sacll

405 AC079140 120795 121200 4p16 ZNF141 Zinc finger protein 141 (clone pHZ-44)

394 AC005184 22438 22832 Xp22 KAL1 Kallmann syndrome 1

374 AE014303 198013 198387 13034 FGF14 Fibroblast growth factor 14

382 ALO79303 21708 22090 14913 NKX2-8 NK2 transcription factor-related, locus 8

384 AL118557 77025 77409 14921 NID2 Nidogen 2 (osteonidogen)

346 AL121904 65293 65639 20p11 LOC284801

190 AC067859 139250 139440 2931 RAX Retina and anterior neural-fold homeobox

After analysis of 190 clones isolated by MS-RDA, 30 fragments were found to be derived from putative promoter CGls. MSP analysis showed that

these 10 CGls were methylated in the samples with IM used for MS-RDA.

Case 156 163

(+) ()

IM (+) ()

Figure 1. Specific methylation of the 10 putative promoter CGIs identified by
MS-RDA. These CGIs were identified by MS-RDA using pooled samples of
gastric glands with and without IM. Their methylation statuses were analyzed
by MSP of the samples used for MS-RDA.

Decreased Expression of the Four Genes in
Gastric Glands with IM

To examine the effect of methylation of the putative pro-
moter regions on MRNA expression, we analyzed the
expression levels of the 10 genes in 11 samples of gastric
glands without IM (including cases 156 and 163), 14
samples with IM (including cases 156 and 163), two
samples of the normal small intestine (including one cell
line, FHs 74 Int), and three samples of the normal colon
(including one cell line, CCD 841 CoN). mRNA expres-
sion of ZIK1, ZNF141, KAL1, and FGF14 was markedly
decreased in gastric gland samples with IM (Figure 2A).
The mRNA expressions of ZIK7, KAL1, and FGF14 espe-
cially were lost in most samples with IM. In the normal
small intestine and colon, ZNF141, KAL1, and FGF14
were not, or were barely, expressed, whereas ZIKT was
expressed at low levels. As for the remaining six genes,
five genes (LOC285300, NKX2-8, NID2, LOC284801, and
RAX) were not expressed even in gastric gland samples
without IM. CD8A did not show decreased expression in
samples with IM (data not shown), which was considered
to be due to erroneous positioning of the putative pro-
moter region.

Methylation statuses of these four genes were also
analyzed by MSP in the expanded panel of samples
(Figure 2B). ZIKT was methylated in all of the 16 samples
with IM, although slightly methylated only in one (case
156) of the 14 samples without IM. ZNF141 was methyl-
ated in 12 of the 16 samples with IM, although slightly
methylated only in one (case 156) of the 14 samples
without IM. KAL7T was methylated in 14 of the 16 samples
with IM while in none of the samples without IM. FGF74
was methylated in 15 of the 16 samples with IM, although
only in one (case 156) of the 14 samples without IM.
These data confirmed that all these four genes were
specifically and consistently methylated in gastric gland
samples with IM, and this led to their decreased expres-
sion in glands with IM. Contamination of glands with IM
into a sample that was supposed not to contain such
glands was suggested for case 156.
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Figure 2. mRNA expression and methylation of the four genes in additional primary samples. A: mRNA expression levels. The mRNA expression levels of the 10
genes listed in Table 2 were quantitatively analyzed in 11 samples of gastric glands without IM (N), 14 samples with IM (IM), two samples of the normal small
intestine (one primary sample and one cell line; S), and three samples of the normal colon (one primary sample and two cell lines; C). The expression levels of
the four genes were markedly decreased in gastric gland samples with IM and were also very low in the normal small intestine and colon. There is a possibility
that their silencing in gastric epithelial cells produced a cellular environment similar to that of the small intestine and colon. B: Methylation statuses of the four
genes in 16 samples of gastric glands with IM and 14 samples without (11 paired glands; N), one sample of the normal small intestine (S), and one sample of
the normal colon (C). All four genes were specifically methylated in the samples of gastric glands with IM although not methylated in the samples of gastric glands
without the normal small intestine and the normal colon.

ZIK1, ZNF141, KAL1, and FGF14 were methylated in
eight, four, eight, and all 10 of them, respectively, and
AGS and HSC44 cell lines had methylation of all of the
four genes (Figure 3A).

After treatment of AGS and HSC44 cells with 5-aza-dC,

Role of the Methylation of the Putative Promoter
Regions in the Decreased Expression

To analyze further the role of methylation of the putative
promoter CGls of the four genes in their decreased ex-

pression, we analyzed gene re-expression after treating
cell lines with a demethylating agent, 5-aza-dC. To find
cell lines suitable for this purpose, 10 gastric cancer cell
lines (AGS, KATOIIl, HSC39, HSC44, HSC57, MKN28,
MKN45, MKN74, NUGCS3, and TMK1) were screened.

abundant transcription in association with demethylation
of the putative promoter CGl was observed for ZIK7, and
weak transcription was observed for KALT and FGF14
(Figure 3B, note that the scales in the y axis were unified
to those in Figure 2A). Re-expression of ZNF141 was not
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Figure 3. Silencing of the four genes in gastric cancer cell lines. A: Methylation statuses of the four genes were analyzed in 10 gastric cancer cell lines. ZIK1,
ZNF141, KAL1, and FGF14 were found to be methylated in eight, four, eight, and all, respectively, of the 10 cell lines. B: AGS gastric cancer cells were treated
with 5-aza-dC, and demethylation and re-expression were analyzed. Re-expression in association with demethylation was clearly observed for ZIK1 and weakly
for KAL1 and FGF14 but not for ZNF141. The scales for the y axis were unified to those of Figure 2A for comparison. Similar results were obtained using HSC44

gastric cancer cell line.

observed. Similar results were obtained for both AGS and
HSC44 cell lines, and it was indicated that methylation of
the CGls in the putative promoter regions caused tran-
scriptional repression of ZIK1, KAL1, and FGF14. There
remains a possibility that transcription factors for ZNF141
had been lost in the two cell lines and that this was
responsible for the lack of its re-expression.

Occurrence of Methylation in Multiple Single
Glands

The above analyses were performed using samples pre-
pared by pooling 100 to 10,000 gastric glands. Some
samples with IM had both methylated and unmethylated
DNA molecules (for example, cases 141 and K02 for ZIK1
in Figure 2B), whereas the other samples with IM had only
methylated DNA molecules (cases 171, 201, and 207).
This could be due to coexistence of cells with and without
methylation in a single gland or coexistence of glands
with and without methylation.

Having the four genes that are specifically methylated
in gastric glands with IM, we proceeded to methylation
analysis in a single gastric gland. Due to the limitation of
DNA material obtained from a single gland, we selected
ZIK1, whose methylation clearly caused gene silencing,
for this analysis. The CGl in its putative promoter region
was analyzed by bisulfite sequencing of its two regions, X

and Y (Figure 4A). Single gastric glands with and without
IM were obtained from anterior and posterior walls of the
stomach in six cases to make sure that they were from
different origins (representative results in Figure 4B). For
each gland, eight to 12 DNA molecules were analyzed
(Figure 4C).

First, it was noted that almost all DNA molecules in a
single gland with IM were methylated, whereas most DNA
molecules in a single gland without IM were unmethyl-
ated. This finding experimentally confirmed that a gastric
gland is a unit of occurrence of methylation of ZIK7 and
possibly for the other three genes. It was also noted that
methylation patterns were common to DNA molecules in
a single gland [for example, region X of an IM(—) gland in
the posterior wall of case 151, and region X in an IM(+)
gland in the anterior wall of case 161] but were entirely
different among different glands. This supported that
methylation patterns in the cells in a gastric gland had a
clonal origin and that methylation of specific genes took
place in glands with IM multifocally.

Discussion

It was shown here that ZIK7, KAL1, and FGF14, and
potentially ZNF141, were silenced by methylation of their
promoter CGls in gastric glands with IM. Analysis of
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Figure 4. Methylation analysis in single glands with and without IM. A:

in six cases. Gastric glands were isolated from the anterior and posterior walls
of the six cases, and the presence or absence of IM was determined by Alcian
blue staining. DNA was extracted from a single gland, and bisulfite sequenc-
ing was performed. The vast majority of DNA molecules obtained from a
single gland with IM were methylated, whereas those from a single gland
without IM were unmethylated. Closed circle, methylated CpG site; open
circle, unmethylated CpG site.

single glands showed that a gastric gland, known to be
produced from a single stem cell, was a unit of methyl-
ation induction and that methylation of the same genes
could occur in multiple glands within a stomach in asso-
ciation with development of IM. This study showed that
silencing of specific genes could occur in a sizable pop-
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ulation of cells in a tissue and suggested that such con-
sistent gene silencing could potentially impair cellular
functions in multiple cells within the tissue. This empha-
sizes that epigenetic abnormalities could be involved in
polyclonal (nontumorous) acquired disorders and marks
the necessity of more intense analysis of epigenetic ab-
normalities in these disorders.

All four genes were expressed in gastric glands with-
out IM but were barely expressed in the normal small
intestine and colon, without methylation of their promoter
CGls. This suggested that, in the small intestine and
colon, physiological lack of their expression is associated
with intestinal phenotypes and that, in the gastric epithe-
lium, their aberrant silencing could lead to intestinal phe-
notypes. It is still unclear what proportion of various cel-
lular phenotypes in IM can be explained by silencing of
these four genes. However, the clear and consistent as-
sociation between the presence of their silencing and
development of IM indicates that their silencing is at least
partly involved in the irreversible changes of cellular
phenotypes.

ZIK1(19913.43), previously known as LOC284307 and
cDNA clone IMAGE:4442601, was recently identified as a
“zinc finger protein-interacting with K protein 1.”'® Except
that it is a zinc finger protein and a potential transcription
factor, little is known about its function. ZNF141 (4p16.3)
was originally identified as a candidate gene responsible
for Wolf-Hirschhorn syndrome,'® which is characterized
by multiple developmental defects associated with chro-
mosomal aneusomy. ZNF141 is also a zinc finger protein
and is almost ubiquitously expressed at low levels. KAL-1
(Xp22.32) is a gene responsible for Kallmann syndrome,
which consists of idiopathic hypogonadotropic hypogo-
nadism and anosmia.?® Its product, anosmin-1, plays a
key role in axonal branching and guidance®' but, at the
same time, is considered to be important in the genesis of
various organs.?? FGF14 (13q34), also known as FHF4,
belongs to a subclass of fibroblast growth factors®® and
is a gene responsible for cerebellar ataxia.>* Interest-
ingly, all four genes are deeply involved in normal devel-
opment and tissue differentiation. Because critical roles
of aberrant expression of intestine-specific homeobox
genes, CDX1 and CDX2, in the development of IM have
been reported,?> 27 the effect of the silencing of the four
or three genes on the CDX7 and CDX2 expression or vice
versa is of interest.

Itis necessary to clarify how silencing of the four genes
was induced. We recently found that Helicobacter pylori
infection potently induced methylation of CGls and that
some CGls were methylated at higher levels than others.®
Methylation of the four genes identified here was almost
absent in gastric mucosae without IM even in the pres-
ence of H. pylori infection (data not shown). There is a
possibility that methylation of the four genes is also in-
duced by H. pylori but that the methylation cannot be
detected in samples without IM because it is closely
associated with IM. As a mechanism for induction of
methylation in preferential genes, decreased transcrip-
tion is recognized as a trigger of promoter methyl-
ation.®2%:2° Decreased transcription of specific genes in
response to H. pylori infection could underlie the induc-
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tion of aberrant methylation of preferential genes in mul-
tiple cells.

IM is well known as a lesion often associated with
intestinal-type gastric cancers.’’ Some researchers be-
lieve that IM is a precancerous lesion.?”%° In this case,
intestinal-type gastric cancers originated from IM must
always have epigenetic alterations present in IM. Other
researchers believe that common factors, such as H.
pylori infection, induce both IM and intestinal-type gastric
cancers.®" In this case, even if intestinal-type gastric
cancers are closely associated with IM, some of them are
expected to lack epigenetic alterations consistently
present in IM. We analyzed methylation of the four genes
in 15 intestinal-type gastric cancers, 35 diffuse-type gas-
tric cancers, and seven gastrointestinal stromal tumors.
ZIK1 was methylated in 11 of 15 intestinal-type gastric
cancers, 28 of 35 diffuse-type gastric cancers, and none
of the gastrointestinal stromal tumors. ZNF741 was meth-
ylated in 2/15, 14/35, and 0/7; KAL1 was in 4/15, 18/35
and 0/7; and FGF14 was in 15/15, 31/35, and 0/7, respec-
tively. Although an essential role of any of these four
genes in IM has not been established, it was more likely
that IM and intestinal-type gastric cancers simply shared
common causes.

In the colon, the presence of aberrant methylation of
SFRP1 in very early neoplastic lesions, aberrant crypt
foci, has been reported.®222 The presence of methylation
of ESR and other genes in the non-neoplastic colonic
mucosae is also reported.” Taken together with our find-
ings in a polyclonal disorder, IM, aberrant methylation
seems to be present in very early stages of some neo-
plastic diseases and polyclonal disorders.

In summary, we identified three, and possibly one
additional, genes that were silenced in a polyclonal dis-
order, IM, of the stomach. The presence of aberrant gene
silencing in a sizable population of cells in a tissue em-
phasized the potential role of epigenetic abnormalities in
polyclonal disorders.
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