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The Presence of Aberrant DNA
Methylation in Noncancerous
Esophageal Mucosae in Association
With Smoking History

A Target for Risk Diagnosis and Prevention of Esophageal Cancers

Daiji Oka, MD"% Satoshi Yamashita, PhD'; Tadashi Tomioka, BTech’; Yukihiro Nakanishi, MD, PhD3;
Hoichi Kato, MD, PhD%; Michio Kaminishi, MD, PhD?% and Toshikazu Ushijima, MD, PhD!

BACKGROUND: Esophageal squamous cell carcinomas (ESCCs) tend to have multiple primary lesions, and
it is believed that they arise from background mucosae with accumuiation of genetic/epigenetic alterations.
In this study, the objective was to elucidate the effects of smoking and drinking on the accumulation of epi-
genetic alterationsin- background:mucosae. METHODS: Genes that are silenced in human ESCCs: were
searched for by treating 3 ESCC cell:lines with the demethylating: agent, 5-aza-2/-deoxycytidine and: per-
forming oligonuclectide microarrays. Methylation levels were analyzed by quantitative methylation-specific
polymerase ‘chain reaction analysis of 60 ESCCs and their corresponding background mucosae. RESULTS:
Forty-seven genes were identified as methylation-silenced in at least 1 of the 3 ESCC cell lines, and 14 of
those genes (claudin 6 [CLDN6]; G protein-coupled receptor 158 [GPRI58]; homeobox A9 [HOXA9]: metal-
lothionein 1M [MTIM]; neurofilament, heavy polypeptide 200 kDa [NEFH]I: plakophilin 1 [PKPI]: protein
phosphatase 1, regulatory [inhibitor] subunit 14A [PPPIRI4A]; pyrin domain and caspase recruitment do-
main containing [PYCARD]; R-spondin family, member 4 [RSPO4]; testis-specific protein; Y-encoded-like 5
ETSPYL5Y; ubiquitin: carboxyl-terminal esterase L1 [UCHLI}; zinc-finger protein 42 homolog [ZFP42]; zinc-
finger protein interacting with K protein 1. homolog [Z/KT}; and zinc-finger:and SCAN domain containing 18
[ZSCANI8]) were used as markers. In the background mucosae, methylation: levels of 5 genes (HOXA9,
MTIM, NEFH, RSPO4, and UCHLT) had significant correlations with smoking duration (p = .268; P = .044;
p=.405; P =.002; p = .285, P .= .032; p = .300; P.=.024; and p = .437; P.= .00], respectively). In contrast,
an inverse correlation between PYCARD methylation levels and alcohol intake was observed (p = —.334,
P = .025) among individuals with the inactive @aldehyde dehydrogenase 2 (ALDH2) genotype.
CONCLUSIONS: The current results suggested that ESCCs developed from: an epigenetic field for. cancer-
ization, which was induced by exposure to carcinogenic factors, such as tobacco smoking. The epigenetic
field defect will be a novel target for risk diagnosis and prevention of ESCCs. Cancer 2009;115:3412-26.
© 2009 American Cancer Society.
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Esophageal cancer is 1 of the most lethal cancers
and imposes reduced quality of life even in patients who
receive curative treatment.! Squamous cell carcinoma
(SCC) and adenocarcinoma are 2 major histologic types
of esophageal cancer, and SCC is the predominant histo-
logic type in Asian countries.” Most patients with esopha-
geal SCC (ESCC) have a history of chronic smoking and/
or heavy drinking, and these are established risk factors for
ESCC.! With regard to the interactions between smoking
and drinking, controversial reports are available; however,
to our knowledge, to date, the combined risk for ESCC
has not been clarified.>”

Patients with ESCC often have muldple primary
lesions,® and the frequency of multiple occurrence reaches
up to 30%.”® In addition, dysplastic lesions frequently
are observed in the background mucosae surrounding
ESCCs.” The incidence of multiple occurrences of ESCC
and/or dysplastic lesions reportedly is high in heavy smok-
ers and heavy drinkers.”1%!! Tt is believed that both
tobacco smoking and alcohol drinking can induce
genetic/epigenetic alterations in esophageal mucosal cells
and that genetic/epigenetic alterations already have accu-
mulated in the normal-appearing esophageal mucosae of
individuals who have a long history of smoking and drink-
ing, forming a “field for cancerization.”!?

DNA methylation of a CpG island (CGI) in a pro-
moter region causes silencing of its downstream gene and
is known as a major epigenetic mechanism for inactiva-
tion of tumor-suppressor genes,13 In ESCCs, various tu-
mor-suppressor genes, such as adenomatous polyposis
coli (APC); cadherin 1 (CDHI), cyclin-dependent kinase
inhibitor. 2A. - (CDKN2A), - retinoic: acid receptor B
(RARP); Ras association domain family: member 1-iso-
formA (RASSF1A), and ubiquitin carboxyl-terminal es-
terase L1 (UCHLI), reportedly are methylated.'*" In
contrast to the deep involvement of aberrant DNA meth-
ylation in ESCCs, its inducers in the esophagus have been
poorly clarified; except for induction methylation of the
fragile histidine triad gene FHIT by nicotine, a tobacco
component, in human esophageal epithelial cell lines.'®
Tobacco smoking reportedly induced methylation of sev-
eral genes in bronchial and oral epitheliurn,w_20 but no
information was available in esophageal epithelial cells.

In the current study, our objective was to clarify the
effects of tobacco smoking and alcohol drinking on the
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induction of DNA methylation in esophageal mucosae.
The mucosae are not clonal, and the degree of methyla-
tion is correlated with the power of methylation induc-
tion. Because different genes have different susceptibility
to methylation induction,?" first, we screened genes that
were silenced in ESCCs by treating ESCC cell lines with a
demethylating agent and analyzing the genes that were
up-regulated. Then, we quantified the methylation levels
of the “marker” genes and 4 tumor-suppressor genes in
ESCCs and in noncancerous esophageal mucosae by using
quantitative methylation-specific polymerase chain reac-
tion (PCR) (MSP) analysis.

MATERIALS AND METHODS

Cell Lines and 5-Aza-2'-deoxycitidine
Treatment

The ESCC cell lines KYSE30, KYSE220, and KYSE270,
which were derived from well differentiated, moderately
differentiated, and well differentiated ESCCs, respec-
tively,”> were purchased from Health Science Research
Resources Bank (Osaka, Japan). For 5-aza-2'-deoxyciti-
dine (5-Aza-dC) treatment, 2 x 10° KYSE30 cells per 10-
cm dish, 5 x 10° KYSE220 cells per 10-cm dish, and 4 x
10° KYSE270 cells per 10-cm dish were seeded on Day 0
and exposed to freshly prepared 5-Aza-dC (Sigma, St.
Louis, MO) for 24 hours on Days 1 and 3. The concentra-
tion of 5-Aza-dC was 1 UM for KYSE30 and KYSE220
cells and 0.3 pM for KYSE270. After each treatment, the
cells were placed in fresh medium and harvested on Day
4. Total RNA was extracted using Isogen (Nippon Gene,
Tokyo, Japan) and purified using an RNeasy Mini kit
(Qiagen;  Valencia, Calif). DNA methyltransferase 1
depletion was confirmed by Western blot analysis of the
whole cell extract.??

Oligonucleotide Microarray Analysis and
Database Search

Oligonucleotide microarray analysis was performed using
the GeneChip Human Genome U133 Plus 2.0 Array
(Affymetrix, Santa Clara, Calif) with 47,400 probe sets
from 38,500 genes and GeneChip Operating Software.
The signal intensities were normalized so that the average
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of all genes on a GeneChip was 500. Database searches
were performed at a GenBank website, and we searched
for CGIs by using a modified criteria of Takai and
]OHCSZ4: 1) CpG score >0.60, 2) guanine (G) and cyto-
sine (C) content >50%, and 3) length >500 base pairs.

Patients and Tissue Samples

Sixty primary ESCC specimens and their paired noncancer-
ous background mucosae were collected from patients who
underwent esophagectomy and who were diagnosed histo-
logically with invasive SCC at the National Cancer Center
Hospital, Tokyo, Japan (51 men and 9 women; average age,
63.3 years [range, 41-83 years]). Informed consent was
obtained from all patients. Background mucosae were
resected from areas stained by iodine that were considered
histologically normal.”> All samples were stored in RNA-
later (Applied Biosystems, Foster City, Calif) at —80°C
until the extraction of genomic DNA. Genomic DNA was
extracted by using the phenol-chloroform method.

History of tobacco smoking and alcohol drinking was
obtained from 57 patients and 55 patients, respectively, in
interviews with the patients by medical staff. Mean daily alco-
hol intake was calculated, converting a cup of sake (180 mL),
a cup of shochu (180 mL), a single finger of whisky (30 mL),
a bottle of wine (750 mL), and a bottle of beer (633 mL) into
27 g,45g, 12 g, 105 g, and 25 g of alcohol, respectively.

Aldehyde Dehydrogenase Genotyping

Aldehyde dehydrogenase 2 (ALDH2) genotyping of each
patient was performed on genomic DNA- extracted from
background mucosae by PCR-restriction fragment length
polymorphism.26 Exon 12 of the ALDH2 gene was amplified
with forward primer (5'-CAAATTACAGGGTCAACTG
CT-3') and reverse primer (5'-CCACACTCACAGTTTTC
TCTT-3). The PCR products were digested with
Fam11041 (K5p6321) (Fermentas International Inc., Burling-
ton, Ontario, Canada) and electrophoresed on ethidium bro-
mide-stained 2% NuSieve agarose gels.

Bisulfite Modification and Semiquantitative
Methylation-specific PCR

DNA was digested by BamHI, and 1 pg of the digested
DNA was denatured in 0.3 N NaOH at 37°C for 15
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minutes. The samples underwent 15 cycles of 30-sec-
ond denaturation at 95°C and a 15-minute incubation
at 50°C in 3.1 N sodium bisulfite (pH 5.0) and 0.5
mM hydroquinone. The samples were desalted with
Zymo-Spin IC Columns (Zymo Research, Orange,
Calif), desulfonated in 0.3 N NaOH, and dissolved in
40 pL to 160 uL of Tris-ethylene diamine tetraacetic
acid buffer.

MSP was performed with a primer set specific to
the methylated (M) or unmethylated (U) sequence using
12.5 ng of the sodium bisulfite-treated DNA and an iCy-
cler Thermal Cycler (Bio-Rad Laboratories, Hercules,
Calif). The primers used are listed in Table 1. DNA
methylated with SssI methylase (New England Biolabs,
Beverly, Mass) and DNA amplified twice by a Genomi-
Phi DNA amplification kit (GE Healthcare Bio-Scien-
ces, Buckinghamshire, England) were used as fully
methylated dand unmethylated control DNA, respec-
tively. For semiquantitative MSP, “10%-methylated
DNA” was prepared by mixing 10% of methylated
DNA and 90% of fully unmethylated control DNA after
bisulfite modification.

Quantitative Methylation-specific PCR and
Calculation of Methylation Levels

Real-time MSP was performed using 50 ng of the so-
dium bisulfite-treated DNA, SYBR Green I (BioWhit-
taker Molecular. Applications, Rockland, Md), and an
iCycler Thermal Cycler (Bio-Rad Laboratories). Meth-
ylated and unmethylated standard DNA was prepared
by cloning PCR products from fully methylated and
unmethylated . control . DNA,  respectively, into - the
pGEM-T Easy vector (Promega, Madison, Wis) or by
purifying PCR products using the Wizard SV Gel and
PCR clean-up system (Promega). The numbers of meth-
ylated and unmethylated molecules in a sample were
determined by comparing its amplification with that of
methylated and unmethylated standard DNA, respec-
tively, that contained known numbers of molecules (10
to 10® molecules).

On the basis of the numbers of methylated and
unmethylated molecules for a genomic region in a sample,
methylation levels were calculated as the fraction of meth-
ylated molecules in the total number of DNA molecules
(the number of methylated molecules + the number of
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Table 1. Primers for Qualitative or Quantitative Methylation-specific Polymerase Chain Reaction

Primer Sequence

Annealing
Temperature, °C

Gene Status  Forward Reverse Qualitative  Quantitative  No. of
Symbol Cycles*
CLDNG M ATAAGTTTGGGATTCGTAC ATCTTAAAAAAACGATAACG 52 54 35
U TTGATAAGTTTGGGATTTGTAT CAAAAATCTTAAAAAAACAATAACA 52 54 35
GPR158 M GTAATTTTTAGTCGGTTTTTC GAATAACTAAACTACCGTCG 56 52 35
U TGTAATTTTTAGTTGGTTTTITGT CCAAATAACTAAACTACCATCA 56 58 35
HOXA9 M TCGGATTATTAATAGCGTGC ATCACCTAATAAATTACCGACG 60 58 33
U TAATAGTGTGTGGAGTGATTTATGT CAATCACCTAATAAATTACCAACA 80 60 33
MTIM M GTATAGTTTTTTTCGCGTAAATTC AACCCAACATAAATACCGAACG 59 55 32
u TIATTTGGTGTATAGTTTTTTITGT TAAACCCAACATAAATACCAAACA 56 52 38
NEFH M TTAAGGGGTTGGATTCGGTC CGAAACGAAACGAAAAACACTACG 61 58 35
U GTTAAGGGGTTGGATTTGGTT CCAAAACAAAACAAAAAACACTACA 61 61 35
PKP1 M TTTTGTTTTTAAGAGCGTTGGTTTIC  ACCCACTCCACCGAACCG 58 62 35
U TITTGTTTTTAAGAGTGTTGGTTTT CACTCCACCAAACCACACA 58 61 34
PPPIR14A M ATTTCGGTTCGGGAGTTTTC TCGACTTAAAACACGCAATCG 58 60 35
u GGAGTTTTTGATGTAGGGATTT TCAACTTAAAACACACAATCATACA 58 57 35
PYCARD M CGGGGAATCGCGGAGGTTTC AATAAAACCCGAAAAAAAACCG 55 57 35
u GGTTTGGGGAATTGTGGAGGTTTT  ATCACACCCTCCAACTAACCTACA 55 60 33
RSPO4 v CGTTAGGGTAGTGTTTCGGTTTC TACTATAAACGCGCCGAACG 57 60 35
u TTTTTTTITGTTAGGGTAGTGTTTT ATAAACACACCAAACACATCCA 57 58 35
TSPYL5 M GGGTCGTTTTTTGCGTAGTC GTCACGAACGTACAACTATACCG 62 60 35
U GGTTGTTTITTGTGTAGTTGTAGT CATCACAAACATACAACTATACCA 62 62 35
UCHL1 M TCGTATTTATTTGGTCGCGATC CTATAAAACGCCGACCAAACG 62 64 35
U GGTTTGTATTTATTTGGTTGTGATT CAACTATAAAACACCAACCAAACA 60 61 33
ZFP42 M GCGTCGTTTAGGTGTTAGGC AAAACGTAACCGACCCCG 62 57 35
U GTGTTTTAGGGTGGGGTTGGTTAT AAACCCACCCTCCAAACTAACACA 62 63 35
ZIK1 v GTTTGAGGTGACGTTGGGC GACCCTTTTCTCAACGCGA 64 62 35
u TTTGAGGTGATGTTGGGTG AACAACCCTTTTCTCAACACA 60 59 35
ZSCAN18 M TTTTITGTTCGTTTCGGTGC GATAACGACCGACAAACTACG 59 62 35
u TGTTATGGTTTITITGTITGTTIT CTACACACTAAACCTCACCACA 59 60 35
CDH1 M TAGGTTTTAGTGAGTTATCGGC AAACGAAACTAACGACCCG 59
U ATTTTAGGTTAGAGGGTTATTGTG ATAAACCCCAAAAACACCA 59
CDKN2A M TTGGTAGTTAGGAAGGTTGTATCGC  TCCCTACTCCCAACCGCG 62
u GGTAGTTAGGAAGGTTGTATTGT TCCCTACTCCCAACCACA 61
MLH1 M CGTTAAGTATTTTTITCGTTTTGC TCCGCTCTTCCTATTAATTCG 59
u AGTGTTAAGTATTTTTTTITGTTITGT  CTATCCACTCTTCCTATTAATTCA 56
RASSF1A M GTCGTCGTTGTGGTCGTTC AACCCGAAAACGAAACTAAACG 62
u TGTTGTTGTTGTGGTTGTTT AAAACAAAACTAAACACACTCTCA 62

CLDNS indicates claudin 6; M, specific to methylated DNA; A, adenine; T, thymine; G, guanine; C, cytosine; U, specific to unmethylated DNA; GPR158, G pro-
tein-coupled receptor 158; HOXA9, homeobox A9; MTTM, metallothionein 1M; NEFH, neurofilament, heavy polypeptide 200 kDa; PKP1, plakophilin 1;
PPP1R14A, protein phosphatase 1, regulatory {inhibitor) subunit 14A; PYCARD, pyrin domain and caspase recruitment domain containing; RSPO4, R-spondin
family, member 4; TSPYLS5, testis-specific protein, Y-encoded-like 5; UCHL 1, ubiquitin carboxyl-terminal esterase 11; ZFP42, zinc-finger protein 42 homolog;
ZIK1, zinc-finger protein interacting with K protein 1 homolog; ZSCAN18, zinc-finger and SCAN domain containing 18; CDH1, cadherin 1; CDKN2A, cyclin-de-
pendent kinase inhibitor 2A; MLHT, Mutl. homolog 1; RASSF1A, Ras association domain family member 1, isoform A,
*The number of polymerase chain reaction (PCR) cycles for qualitative methylation-specific PCR.

unmethylated molecules). For each gene, the deviation
value of a methylation level in the background mucosa of
a case was calculated.

Statistical Analysis

Correlations between methylation levels in background
mucosae and risk factors of patients were analyzed by
Spearman rank-order correlation coefficients (p). Methyl-

Cancer  August 1, 2009

ation levels in groups with different clinicopathologic
characters were compared using the Kruskal-Wallis test
and the Mann-Whitney U test. Correlations between
methylation frequencies in ESCCs and methylation levels
in background mucosae (mean deviation values) were ana-
lyzed using Pearson correlation coefficients. The statistical
calculations were conducted with SPSS software (13.0];
SPSS Inc., Chicago, Ilf).
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RESULTS

Genes Up-regulated by 5-Aza-deoxycitidine
Treatment and Their Methylation Analysis

Three ESCC cell lines (KYSE30, KYSE220, and
KYSE270) were treated with 5-Aza-dC, and changes in
gene expression were analyzed by oligonucleotide microar-
rays. We searched for genes that 1) were up-regulated above
a threshold (8-fold, 16-fold, or 32-fold), 2) had signal inten-
sities of <100 before the treatment and >100 after the
treatment, 3) were not located on chromosome X, and 4)
had CGls 5’ upstream of their putative transcription start
sites. The higher threshold we adopted, the fewer genes
were up-regulated. Because the objective of the screening
was to isolate marker genes for exposure to tobacco smoking
and alcohol drinking, we adopted a cutoff value of 16-fold
so that a manageable number of candidate genes (72 candi-
date genes in total) would be obtained.

The methylation status of the CGIs at the putative
transcription start sites of the 72 genes was analyzed by
MSP in the KYSE30, KYSE220, and KYSE270 cell lines.
Forty-seven genes were confirmed as completely methylated
at least in 1 of the 3 cell lines and were considered to be
methylation silenced. Then, their methylation status was an-
alyzed in 6 primary ESCCs and their background mucosae
by using semiquantitative MSP. Thirty-nine of those genes
were methylated in at least 1 primary ESCC, but 15 genes
were methylated too heavily in the background mucosae
(>10% in all 6 samples). Therefore, the remaining 24 genes
were considered the most informative.

Methylation Quantification in ESCCs and
Background Mucosae

Among the 24 genes, primers for quantitative MSP were
designed successfully for 14 genes: claudin 6 (CLDNG); G
protein-coupled receptor 158 (GPRI58); homeobox A9
(HOXA9); metallothionein 1M (MT1M); neurofilament,
heavy polypeptide 200 kDa (NEFH); plakophilin 1
(PKPI); protein phosphatase 1, regulatory (inhibitor)
subunit 14A (PPPIRI4A); pyrin domain and caspase
recruitment domain containing (PYCARD); R-spondin
family, member 4 (RSPO4); testis-specific protein, Y-
encoded-like 5 (7SPYL5); UCHLI; zinc-finger protein
42 homolog (ZFP42); zinc-finger protein interacting with
K protein 1 homolog (ZIK1); and zinc-finger and SCAN
domain containing 18 (ZSCAN18). Methylation levels of
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these 14 genes and of 4 tumor-suppressor genes (CDHI,
CDKNZ2A, mutL homolog 1 [MLHI], and RASSFIA), 3

27-29
72 WeEre ana-

of which reportedly are silenced in ESCCs,
lyzed in 60 ESCCs and their paired noncancerous back-
ground mucosae. Similar to results from an examination
of gastric cancers and their background mucosae,>° distri-
butions of methylation levels revealed different patterns
between ESCCs and their background mucosae (Fig. 1).

In the background mucosae, different genes had dif-
ferent methylation distribution from the viewpoints of the
fraction of methylation-positive samples and their absolute
methylation levels. The first group of genes (CLDNG,
CDKN2A, MLHI, and RASSFIA) had no methylation.
The second group of genes (PYCARD, RSPO4, TSPYLS5,
ZIK1, and ZSCANI8) was methylated in a small number of
samples, and the levels were low (<3%). The third group of
genes (UCHLI only) was methylated also in only a small
number of samples, but the methylation level was high in
some samples, reaching up to 20%. The fourth group of
genes (GPRI58, HOXA9, MTIM, NEFH, PKPI,
PPPIRI4A, ZFP42, and CDH1) was methylated in a large
number of samples, and the methylation levels revealed
unimodal distribution with various highest values ranging
from 6.8% (MT1M) to 25.9% (ZFP42).

In the 60 ESCCs, 12 marker genes (CLDNG,
GPRI58, HOXA9, MTIM, NEFH, PPPIR14A, RSPO4,
TSPYL5, UCHLI, ZIKI, ZFP42, and ZSCANI8) and 2
tumor-suppressor genes (CDHI and RASSFIA) were
methylated in 11 to 49 ESCCs and in 3 to 4 ESCCs,
respectively, with a cutoff threshold of 6%.**?' Two
marker genes (PKPI and PYCARD) and 2 tumor-suppres-
sor genes (CDKN2A and MLHI) were not methylated.
The distribution of methylation levels in methylation-
positive ESCCs was much broader than the levels in back-
ground mucosae. Also, 11 of 12 marker genes (CLDNG,
GPRI158, HOXA9, MTIM, NEFH, PPPIR14A; RSPO4,
TSPYLS, UCHLI, ZIK1, and ZSCANI18) and 2 tumor-
suppressor genes (CDHI and RASSFIA) had large num-

bers of methylation-negative samples at the same time.

Correlations Between Methylation Levels in
the Background Mucosae and Exposure
Levels to ESCC Risk Factors

Next, we examined correlations between methylation lev-
els in the background mucosae and risk factors for ESCCs;
age, smoking duration, and mean daily alcohol intake

(Table 2). From the initial 14 genes, CLDNG, which did
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FIGURE 1. Methylation levels of the 14 selected genes and 4 tumor suppressor genes in esophageal squamous cell carcinomas
(ESCCs) and their background mucosae are shown. Distinct distributions of methylation levels were observed in the background
mucosae and in ESCCs. Mean methylation levels of individual groups are indicated by horizontal lines. CLDNG6 indicates claudin 6;
GPRI58, G protein-coupled receptor 158; HOXA9, homeobox A9; MTIM, metallothionein 1M; NEFH, neurofilament, heavy polypep-
tide 200 kDa; PKPI, plakophilin 1; PPPIRI4A, protein phosphatase 1, regulatory (inhibitor) subunit 14A; PYCARD, pyrin domain
(PYD) and caspase recruitment domain (CARD) containing; RSPO4, R-spondin family,’ member 4; TSPYLS5, testis-specific protein,
Y-encoded-like 5; UCHLI, ubiquitin carboxyl-terminal esterase L1; ZFP42, zinc-finger protein 42 homolog; ZIK], zinc-finger protein
interacting with K protein 1 homolog; ZSCANI8, zinc-finger and SCAN domain containing 18; CDH1, cadherin 1; CDKNZ2A, cyclin-
dependent kinase inhibitor 2A; MLHI, Mutl. homolog 1, RASSFTA, Ras association domain family member 1, isoform A.

not have methylation in the background ‘mucosae, was
excluded. With age, a significant correlation was observed
only for TSPYL5 (p = .273; P = .035). It is interesting to
note that, with smoking duration (n = 57), significant
correlations were observed for 5 genes; HOXA9 (p =
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.268; P = .044), MTIM (p = .405; P = .002), NEFH
(p = .285; P =.032), RSPO4 (p = .300; P = .024), and
UCHLI (p = .437; P=.001). Scatter diagrams are shown
in Figure 2, and the mean methylation levels in 3 tertile
groups are shown in Figure 3.
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FIGURE 2. Correlations between smoking duration and methylation levels of the 13 selected genes in the background mucosae
are illustrated. A positive correlation was observed for homeobox A9 (HOXA9) (P = .044), metallothionein 1M (MTIM) (P = .002),
neurofilament, heavy polypeptide 200 kDa (NEFH) (P = .032), R-spondin family, member 4 (RSPO4) (P = .024), and ubiquitin
carboxyl-terminal esterase L1 (UCHLT) (P = .001) methylation levels. GPRI58 indicates G protein-coupled receptor 158; PKFPI, pla-
kophilin 1; PPPIRI4A, protein phosphatase 1, regulatory (inhibitor) subunit 14A; PYCARD, pyrin domain (PYD) and caspase recruit-
ment domain (CARD) containing; TSPYLS5, testis-specific protein, Y-encoded-like 5; ZFP42, zinc-finger protein 42 homolog; ZIK],
zinc-finger protein interacting with K protein 1 homolog; ZSCANIS8, zinc-finger and SCAN domain containing 18.
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With alcohol intake (n = 55), in contrast, no corre-
lation was observed in the patients overall. When 55
patients were classified into those who had the active
ALDH2 type (ALDH2'/ALDH2" homozygote; 10
patients) and those who had the inactive ALDH2 type
(ALDH2'IALDHZ’ heterozygote; 45 patients), a signifi-
cant inverse correlation was present for PYCARD (p =
—0.334; P = .025) among patients who had the inactive
ALDH2 type. No positive correlation was observed with
any genes in either group.

We also examined associations between methylation
levels in the background mucosae and clinicopathologic
characters, including tumor differentiation, depth of tu-
mor, positive lymph node metastasis, and multiplicity of
tumors (Table 3). Associations were observed only in 3
analyses, ZIK1 methylation and tumor differentiation,
HOXA9 methylation and depth of tumor, and PYCARD
methylation and depth of tumor, and the other 49 analy-

ses were negative.

Relation Between Methylation in the
Background Mucosae and in ESCCs

Methylation in the background mucosae reflects methyla-
tion events in numerous stem/progenitor cells, and its
degree can be assessed by methylation levels. To incorpo-
rate methylation levels of multiple genes analyzed for a
sample into 1 value, we calculated deviation values for the
genes, and their average was used. In contrast, methyla-
tion in cancer tissue, if it occurred in cancer precursor
cells, theoretically is present in all cancer cells in a sample.
To assess the degree of methylation in such cancer precur-
sor cells, we obtained the number of methylated genes in
an ESCC. Eleven genes were used for the analysis, because
CLDNG was not methylated at all in the background
mucosae, and PKPI and PYCARD were not methylated in
any of the ESCCs (methylation levels, <6%). No signifi-
cant correlation between the methylation levels in the
background mucosae and the methylation frequencies in
the ESCCs (n = 60) was observed (r = .212; P = .104)
(Fig. 4).

DISCUSSION

In this study, we demonstrated that duration of tobacco
smoking is correlated significantly with DNA methylation

3422

levels of promoter CGls of HOXA9, MTIM, NEFH,
RSPO4, and UCHLI in esophageal mucosae. This
strongly indicates that chronic tobacco smoking induces
aberrant DNA methylation of multiple genes in esopha-
geal mucosae and that a predisposed field for ESCCs is
formed (epigenetic field defect or epigenetic field for can-
cetization). Ishii et al demonstrated in a qualitative analy-
sis'of 14 genes that methylation was more frequent in the
background mucosae from patients with ESCC than in
mucosae from healthy volunteers,®® indicating that the
preserice of aberrant methylation in esophageal mucosae
is associated “with ESCC -development. The degree of
aberrant methylation in gastric mucosae is correlated with

gastric cancer risk; 2123

and the presence of aberrant meth-
ylation in noncancerous tissues also is associated with the
risk of liver cancer,>® colon cancer,> breast cancer,?® and
renal cancer.’” Therefore, it is highly possible that the
degree of aberrant methylation is correlated with the risk
of ESCC.

The. current study clearly indicated a correlation
between the quantity of abetrant DNA methylation and
smoking duration; although an association between meth-
ylation incidence and smoking (or alcohol intake) was not
observed in a previous study.>? This “discrepancy” most
likely occurred because our quantitative analysis was able
to detect differences- even among methylation-positive
individuals ‘and ‘also: becatise 'we screened and selected
genes with methylation levels that were correlated with
tobacco smoking: Different genes have different suscepti-
bility to methylation induction by specific methylation-

2138 sartly because genes with low tran-

inducing agents,
scription have high susceptibility to methylation induc-
tion.* In bronchial epithelia, an association between
tobacco smoking and the methylation of some genes has
been reported by qualitative studies.'” "> A more exten-
sive search for. genes that are methylated in association
with smoking duration may lead to the isolation of more
marker genes.

The mechanism(s) with- which tobacco smoking
induces aberrant DNA methylation is important. Gener-
ally, as an inducer of aberrant DNA methylation, chronic
inflammation is considered important.*® In gastric muco-
sae, Helicobacter pylori infection induces aberrant methyl-
ation, possibly through the induction of chronic
inflammation.”’ In colonic mucosae from patients with
ulcerative colitis, it is known that aberrant methylation is

Cancer  August 1, 2009
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obtained by the average of the deviation values in A. No difference in the number of methylated genes was observed.

present.®® There is litdle information whether or not inflammation in esophageal mucosae. It was reported
tobacco smoking induces chronic inflammation in esoph- recently that bladder cancers in smokers tended to have
ageal mucosae. In bronchial epithelia, it is known that methylation of the runt-related transcription factor 3 gene
tobacco smoking induces chronic inflammation,*' and RUNX3,%% and systemic effects of tobacco ingredients also
tobacco ingredients that were swallowed induced similar may be possible.
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Alcohol drinking, in contrast with smoking, did
not induce methylation. Rather, PYCARD methylation
levels in the background esophageal mucosac decreased
significantly with alcohol consumption in patients with
who had the inactive ALDH2 genotype. It has been
reported that chronic alcohol consumption induces

4344 4nd it has been

global hypomethylation in rats,
suggested that alcohol has an epigenetic action different
from tobacco smoking, although both are risk factors
for ESCC. In addition, it is suggested that the methyla-
tion profile associated with tobacco smoking is differ-
ent from that associated with alcohol drinking. Once a
methylation profile specific to tobacco smoking or
alcohol drinking is established, it can be used as a meth-
ylation fingerprint to assess past exposure to these fac-
tors for clinicopathologic analysis and epidemiology.
The use of DNA methylation profiles as fingerprints of
exposure to carcinogenic factors is expected to become
an important field.*>4¢

To assess the extent of tobacco smoking and alcohol
drinking, we used duration (not the amount of intake)
and mean intake (not duration), respectively. This was
because previous reports suggested that ESCC risk
depends mainly on smoking duration rather than mean
tobacco intake and on mean alcohol intake rather than
drinking duration.>

Methylation levels in cancers were useful for esti-
mating the roles of genes in ESCC development. PKPI
and PYCARD methylation levels in ESCCs were <6%,
and it was unlikely that their mechylation took place
before monoclonal growth of cancer cells. Similarly,
CDHI methylation levels in ESCC were <7.1% in all
ESCCs, suggesting thac CDHI methylation was unlikely
to be involved in early stages of ESCC development. This
finding was in accordance with a previous report that
CDHI methylation was involved in metastatic progres-
sion.”” The CDKN2A and MLHI tumor-suppressor
genes were not methylated in ESCCs or in their back-
ground mucosae. In contrast, the RASSFIA tumor-sup-
pressor gene had methylation levels >30% in 2 ESCCs
and zero in most ESCCs. This suggested that RASSFIA
silencing may be involved in the early stages of ESCC de-
velopment, but the incidence was low. Aberrant methyla-
tion of CDHI, CDKN2A, and RASSFIA in ESCCs was
reported in 14 of 20 ESCCs, 17 of 34 ESCCs, and 25 of
48 ESCCs, respectively, by qualitative MSP.7° It is

3424

known that qualitative MSP tends to overestimate meth-
ylation frequencies,”® and the incidences reported here
were considered reasonable. Some genes, such as NEFH
and ZFP42 had methylation levels of almost 100% in
some ESCCs. Because cancer tissues contained not only
cancer cells but also stromal cells, these genes should have
been methylated in both cancer cells and stromal cells,
Recent studies demonstrated that cancer stromal cells
have distinct epigenetic changes,” and some of these
genes may be involved in such changes.

There was no cotrelation between methylation
levels in the background mucosae and methylation fre-
quencies in ESCCs, as in our previous study on gastric
cancers and their background mucosae.’’ This suggests
that methylation levels in the background mucosae do
not necessarily reflect methylation levels in cancer pre-
cursor cells. In conclusion, we have demonstrated that
chronic tobacco smoking is associated with the accu-
mulation of aberrant methylation of multiple genes in
esophageal mucosae.
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Alterations of DNA methylation, which result in chromosomal
instability and silencing of tumor-related genes, are among the
most consistent epigenetic changes observed in human cancers.
Analysis of tissue specimens has revealed that DNA methylation
alterations participate in multistage carcinogenesis, even from
the early and precancerous stages, especially in association with
chronic inflammation and/or persistent viral infection, such as
chronic hepatitis or liver cirrhosis resulting from infection with
hepatitis B or C virus. DNA methylation alterations can account for
the histological heterogeneity and clinicopathological diversity of
human cancers. Overexpression of DNA methyltransferase 1 is not
a secondary result of increased cell proliferative activity, but is
significantly correlated with accumulation of DNA hypermethyla-
tion in CpG islands of tumor-related genes. Alteration of DNA
methyltransferase 3b splicing may result in chromosomal instabil-
ity through DNA hypomethylation in pericentromeric satellite
regions. Genome-wide analysis of DNA methylation status has
revealed that the DNA methylation profile at the precancerous
stage is basically inherited by the corresponding cancers develop-
ing in individual patients. DNA methylation status is not simply
altered at the precancerous stage; rather, DNA methylation altera-
tions at the precancerous stage may confer vulnerability to further
genetic and epigenetic alterations, generate more malignant can-
cers, and thus determine patient outcome. Therefore, genome-
wide DNA methylation profiling may provide optimal indicators
for carcinogenetic risk estimation and prognostication, and thus
provide an avenue for cancer prevention and therapy on an indi-
vidual basis. (Cancer Sci 2010; 101: 36-45)

D NA methylation, a covalent chemical modification result-
ing in addition of a methyl group at the carbon five posi-
tion of the cytosine ring in CpG dinucleotides, is one of the
most consistent epigenetic changes observed in human can-
cers."” DNMTs transfer methyl groups from S-adenosylmethio-
nine to cytosines.””’ The preference of DNMTI, a major and
well-known DNMT, for hemimethylated over unmethylated
substrates in vitro,'® and its targeting of replication foci by bind-
ing to PCNA,“ are believed to allow copying of the DNA
methylation pattern on the parental strand to the newly synthe-
sized daughter DNA strand. Thus, DNMT1 has been recognized
as a “‘maintenance’’ DNMT,® whereas DNMT3a and DNMT3b
show de novo DNA methylation activity.”” DNA methylation
normally promotes a highly condensed heterochromatin struc-
ture associated with deacetylation of histones H3 and H4, loss
of histone H3, lysine 4 (H3K4) methylation, and gain of H3K9
and H3K27 methylation.®> When methyl-CpG-binding proteins,
such as MeCP2%'? and MBD2,"" bind to methylated CpG
dinucleotide, their transcriptional repression domain recruits a
co-repressor complex containing histone deacetylases. However,
histone methyltransferases, such as G9A"? and SUV39H1,"¥
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are required to recruit DNMTs. DNA methylation is a stable
modification inherited throughout consecutive cell divisions,
being essential for the normal development and function of adult
organs, particularly for X-chromosome inactivation, genome
imprinting, silencing of transposons and other parasitic ele-
ments, and proper expression of genes."

Reduction of DNMT1 activity in genetically engineered ani-
mals alters the number of tumors or the timing of tumor devel-
opment, suggesting a causal relationshi? between DNA
methylation alterations and tumorigenesis.">'® In 1995, when
the RB and VHL genes were the only tumor suppressor genes
known to be silenced by DNA methylation, we showed that the
E-cadherin tumor suppressor gene is silenced by DNA methyla-
tion around the promoter region.!” The list of tumor-related
genes whose expression levels are altered due to DNA hypo- or
hypermethylation is increasing.'®2? Transcriptionally repres-
sive chromatin modifications within the promoters of tumor-
related genes silenced by DNA methylation are known to
resemble the chromatin modifications of these genes in normal
embryonic stem cells, for example, polycomb complex binding
and H3K27 methylation.®® These genes also have an active
marker, H3K4 methylation, in normal stem cells, and this
bivalent state is converted to a primary active or repressive
chromatin conformation after differentiation cues have been
received.®® During carcinogenesis, such modifications may ren-
der the genes vulnerable to errors, resulting in aberrant DNA
methylation.m) DNA hypomethylation induces chromosomal
instability through decondensation of heterochromatin and
enhancement of chromosomal recombination during carcino-

e (25) : : : (26.27)
genesis.”” Translational epigenetics have come of age,
and empirical analysis of DNA methylation status in clinical
tissue samples in connection with the clinicopathological diver-
sity of human cancers is assuming increasing importance for the
diagnosis, prevention, and therapy of cancers. %89

Alterations of DNA methylation during multistage
carcinogenesis

Alterations of DNA methylation at the precancerous stage.
DNA methylation alterations play a key role in the early steps
of human carcinogenesis. In the 1990s, although LOH on chro-
mosome 16 was frequently detected by classical Southern blot-
ting in HCCs that were poorla{ differentiated, large in size, and
associated with metastasis,®” only a few of the molecular
events occurring in the earlier stage of hepatocarcinogenesis
were known. Since DNA methylation alterations may be corre-
lated with chromosomal instability, we examined the DNA
methylation status on chromosome 16 using Southern blotting
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with a DNA methylation-sensitive restriction enzyme. DNA
methylation alterations at multiple loci on chromosome 16,
compared to normal liver tissue samples, were frequently
revealed even in samples of non-cancerous liver tissue
showing chronic hepatitis or liver cirrhosis,®!*? which are
widely considered to be precancerous condinons,m) indicating
that DNA methylation alterations are a very early event during
multistage hepatocarcinogenesis. This was one of the earliest
reports of DNA methylation alterations at the precancerous
stage.®V

DNA hypermethylation around the promoter region of the
E-cadherm tumor suppressor gene (16q22.1), which encodes
a Ca’ -dependent cell-cell adhesion molecule,®” has been
detected even in samples of non-cancerous liver tissue showing
chronic hepatitis or cirrhosis,®> Heterogeneous E-cadherin
expression in such non-cancerous liver tissue, which is associ-
ated with small focal areas of hepatocytes showing only slight
E-cadherin immunoreactivity, might be due, at least partly, to
DNA hypermethylation.®® Reduction of E-cadherin expression
due to DNA methylation around the promoter region may partic-
ipate even in the very early stage of hepatocarcinogenesis
through loss of intercellular adhesiveness and destruction of
tissue morphology.

Studies of LOH by PCR using microsatellite markers have
been reported, using specimens microdissected from precan-
cerous lesions in several organ types. Whether aberrant
DNA methylation precedes chromosomal instability = during
hepatocarcinogenesis was re-examined using microdissected
specimens obtained from lobules, pseudo lobules or regener-
ative nodules in non-cancerous liver. tissue from patients
with HCCs by bisulfite. modification. Although no degree
of DNA. methylation of any of the examined C-type CpG
islands, which are. generally methylated in a cancer-specific
but not age-dependent manner, was ever detected in normal
liver . tissue from . patients without HCCs, DNA . hyper-
methylation of such islands was frequently found, even in
microdissected specimens . of non-cancerous liver : tissue
showing no. remarkable histological changes obtained from
patients. with HCCs in which LOH was never. detected.©®
Thus it was confirmed that aberrant DNA methylation is
an earlier. event: preceding chromosomal instability  during
hepatocarcinogenesis.

As another example of inflammation-associated carcinogene-
sis, ductal carcinomas of the pancreas frequently develop after
chronic damage due to pancreatitis. At least: a proportion. of
peripheral.. pancreatic ductal epithelia with. an. inflammatory
background may be: at the precancerous stage. When the DNA
methylation: status. of the pl4, pl5, pl6, p73, APC, hMLHI,
MGMT, BRCAI, GSTPI, TIMP-3, E-cadherin, and. DAPK-1
genes was examined, the average number of methylated tumor-
related genes and the incidence of DNA methylation of at least
one gene were increased in peripheral pancreatic ductal epithelia
with an inflammatory background and in another precancerous
lesion, PanIN, in comparison with normal peripheral pancreatic
duct epithelia,®’

UCs of the urinary bladder, renal pelvis, and ureter are clini-
cally remarkable because of their multicentricity and tendency
to recur: (Fig. 12).°® A possible: mechanism for such. multi-
plicity is the ‘‘field effect.”” Even non-cancerous urothelia show-
ing no remarkable histological changes obtained from patients
with UCs can be considered precancerous, because they may
have been exposed to carcinogens in the urine. When the DNA
methylation status of multiple C-type CpG islands was exam-
ined, the average number of methylated C-type CpG islands was
increased in non-cancerous urothelia showing no remarkable
histological changes obtained from patients with UCs, in com-
panson with normal urothelia obtained from patients without
UCs.¢
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Cigarette smoking is another background factor associated
with alterations of DNA methylation during multistage carcino-
genesis. DNA hypermethylation at the D17S5 locus, where the
HIC (hypermethylated-in-cancer)-1 tamor suppressor gene was
identified, is observed even in non-cancerous lung tissue, which
may contain progenitor cells for cancers, obtained from patients
with non-small-cell lung cancers. The incidence of DNA hyper-
methylation in non-cancerous lung tissue obtained from patients
with non-small-cell lung cancers is significantly correlated with
both smoking history and the extent of pulmonary anthracosis,
as an index of the cumulative effects of smoking.“®” Thus, DNA
methylation alterations are frequently found even at the precan-
cerous stage in various o §ans, especially in association with
chronic inflammation®'*?" and/or persistent infection with
viruses“* ™ or other pathogenic microorganisms, and with cig-
arette smoking.

DNA methyltransferase 1 overexpression and regional DNA
hypermethylation. With respect to the molecular backgrounds of
DNA methylation alterations,*® it has been reported that levels
of DNMT1 mRNA expression are significantly higher in sam-
ples of non-cancerous liver tissue showing chronic hepatitis or
cu“rhosxs than in normal liver tissue, and are even hlgher in
HCCs.“™*® The incidence of DNMT1 overexpression in HCCs
is 51gn1ﬁcantly correlated with poorer tumor differentiation and
portal vein involvement."””’ Moreover, the recurrence-free and
overall survival rates of patients with HCCs showing DNMT1
overexpression, are swmﬁcantly lower than those of patients
with HCCs that do not.*”

As mentioned:above, at least a proportion of peripheral pan-
creatic ductal epithelia with an inflammatory background may
be at the precancerous stage. The incidence of DNMT1 protein
expression increases with progression from peripheral pancreatic
ductal epithelia with an inflammatory background, to PanIN, to
well-differentiated ductal carcinoma, and ﬁnally to poorly dif-
ferentiated ductal carcinoma of the pancreas m comparison with
normal perlpheral pancreatlc duct epithelia.®® DNMT! overex-
pression. in. ductal carcinomas of the pancreas is significantly
correlated with the extent of invasion to the surrounding tissue,
an advanced stage, and poorer patient outcome.®? The average
number of methylated tumor-related genes in microdissected
specimens. of: peripheral pancreatic_ductal epithelia. with an
inflammatory: background,. PanIN, and ductal carcinoma was
significantly correlated with the level of DNMT! protein expres-
sion examined immunohistochemically in precisely microdis-
sected areas.

Expression levels of DNMT1 mRNA and protein are signifi-
cantly correlated with poorer differentiation and the CIMP, a
cancer phenotype characterized by accumulation of DNA meth-
ylation of C-type CpG islands,®">? in stomach cancers,®® but
no such association has-been observed for: the expressmn of
DNMT?2, DNMT3a, or DNMT3b.®* Epstein-Barr virus infec-
tion in stomach cancers is significantly associated with marked
accumulation of DNA methylation of C-type CpG islands and
overexpression . of DNMTL. protein.®® “Helicobacter pylori
infection, another etiologic. factor for stomach carcinogenesis,
has also been reported to strongly promote regional DNA hyper-
methylatlon but is.not correlated. with DNMT1. expression
levels.©

It is' debatable whether increased DNMT1 expression is due
to an increase in the proportion of dividing cells or to an acute
increase. of DNMT1 expression per. individual cancer cell.
Immunohistochemical examinations have clearly revealed that
the incidence of nuclear DNMT1 immunoreactivity is already
higher in non-cancerous urothelia showing no remarkable histo-
logical changes obtained from patients with UCs, which may
already be exposed to carcinegens in the urine but in which the
PCNA labeling index-had not yet increased, compared to that in
normal urothelia from - patients without UCs, indicating that

Cancer Sci | January 2010 | vol. 101 | no. 1 | 37
® 2009 lapanese Cancer Association



Right
ureter

Dysplasia
Carcinoma in situ

Invasion to subepithelial
connective lissue

Invasion to muscle layer

I Invasionto perivesical
rl}a.‘.\Fj tissue or prostate

- Prostatic urethra

Immunohistochemistry

Fig. 1. Overexpression of DNA methyltransferase
(DNMT) 1 protein during multistage urothelial
carcinogenesis. (a) Specimen obtained by radical
cystectomy for multiple urothelial carcinomas (UCs)
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DNMTI1 overexpression preceded increased cell proliferative
activity (Fig. 1b).®® The incidence of nuclear DNMT1 immu-
noreactivity showed a further and progressive increase in d?zs—
plastic urothelia, and during transition to UCs (Fig. 1b). 36)
Among all examined microdissected specimens of non-cancer-
ous urothelia showing no remarkable histological changes from
patients with UCs, or dysplastic urothelia and UCs, accumula-
tion of DNA methylation of C-type CpG islands was signifi-
cantly correlated with the level of DNMTI1 protein
expression.

Thus DNMT 1 overexpression participates not only in the pre-
cancerous stage but also in the malignant progression of various
cancers, and has a prognostic impact on patients. DNMT1 over-
expression is frequently associated with CIMP of cancers.
Although the maintenance activities of DNMT! are related to its
in vitro preference for hemimethylated substrates, excessive
amounts of DNMT1 in comparison to PCNA may participate in
de novo methylation of CpG islands. The molecular mechanisms
that target DNMT1 to unmethylated substrates in cancers need
to be clarified.

Splicing alteration of DNMT3b and DNA hypomethylation in
pericentromeric satellite regions. DNA hypomethylation in peri-
centromeric satellite regions is known to result in centromeric
decondensation and _enhanced chromosome recombination. In
HCCs®? and UCs,®® DNA hypomethylation of these regions
is correlated with copy number alterations on chromosomes 1

38

“. Cont

because of their multicentricity and tendency to
recur: synchronously or metachronously multifocal
UCs often develop in individual patients.®® A
4 possible mechanism for such multiplicity is the
“field effect.”” Even non-cancerous urothelia
showing no remarkable histological changes
obtained from patients with UCs can be considered
precancerous, because they may be exposed to
carcinogens in the urine. (b) Immunohistochemical
examination for DNMT1 and proliferating cell
nuclear antigen (PCNA) in tissue specimens. The
incidence of nuclear DNMT1 immunoreactivity had
already increased in non-cancerous urothelia
showing no remarkable histological changes
obtained from patients with UCs (NC), where the
PCNA labeling index had not yet increased,
compared to that in normal urothelia obtained
from patients without UCs (Cont), indicating that
DNMT1 overexpression preceded any increase of
cell proliferative activity.®® The intensity of nuclear
DNIV(IST1 immunoreactivity was further increased in
UGs.

PCNA

NC

and 9, respectively, where satellite regions are rich. DNMT3b
is required for DNA methylation of pericentromeric satellite
regions in early mouse embryos, and germline mutations of
the DNMT3b gene have been reported in patients with immu-
nodeficiency, centromeric instability, and facial anomalies
(ICF) syndrome, a rare recessive autosomal disorder character-
ized by DNA hypomethylation of pericentromeric satellite
regions.®® The major splice variant of DNMT3b in normal
liver tissue samples is DNMT3b3, which possesses the
conserved catalytic domains.®” DNMT activity of human
DNMT3b3 has been confirmed in vitro. In contrast,
DNMT3b4 lacks the conserved catalytic domains, although it
retains the N-terminal domain required for targeting to hetero-
chromatin sites. Samples of normal liver tissue show only a
trace level of DNMT3b4 expression.®” The levels of
DNMT3b4 mRNA expression and the ratio of DNMT3b4
mRNA to DNMT3b3 in samples of non-cancerous liver tissue
obtained from patients with HCCs, and in HCCs themselves,
are significantly correlated with the degree of DNA hypo-
methylation in pericentromeric satellite regions.®® DNA
demethylation on satellite 2 has been observed in DNMT3b4-
transfected human epithelial 293 cells.®” As DNMT3b4 lack-
ing DNMT activity competes with DNMT3b3 for targeting to
pericentromeric satellite regions, DNMT3b4 overexpression
may lead to chromosomal instability through induction of
DNA hypomethylation in such regions.

doi: 10.1111/j.1349-7006.2009.01383.x
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Furthermore, the growth rate of DNMT3b4 transfectants is
approximately double that of mock-transfectants soon after the
introduction of DNMT3b4é when chromosomal instability may
not yet have accumulated.®® Genes implicated in interferon s1g—
naling including signal transducer and activator of transcription
(STAT) 1, Wthh acts as an effector of interferon signaling, are
upregulated in DNMT3b4 transfectants,®® suggesting that
DNMT3b may act to maintain the DNA methylation status of
not only pericentromeric satellite regions but also specific genes,
probably in cooperation with DNMT1, in cancer cells.

Genome-wide DNA methylation profiling

DNA methylation profiles in precancerous conditions are
inherited by cancers. The above findings that DNA methylation
alterations are associated with multistage carcinogenesis have
prompted us to carry out genome-wide DNA methylation analy-
sis of tissue specimens. Recently, analysis on a genomic-wide
scale has become possible using DNA methylation-sensitive
restriction enzyme-based or anti-methyl-cytosine antibody affin-
ity techniques that emlch methylated and unmethylated fractions
of genomic DNA.®*%" These fractions can then be hybridized
to DNA microarrays or sequenced. Ultra-high-throughput DNA
sequencing technologies are being introduced for the direct
sequencing of enriched, methylated fragments or for bisulfite-
converted genomic sequencmé

We have used BAMCA,©®*6? Many researchers in this field
use the promoter arrays to identify genes that are methylated in
cancer cells. However, the promoter regions of specific genes
are not the only target of DNA methylation alterations in human
cancers. DNA methylation status in genomic regions not directly
participating in gene silencing, such as the edges of CpG islands,
may be altered at the precancerous stage before the alterations
of the promoter regions themselves occur.”® Genomic regions
in which DNA hypomethylation affects chromosomal instability
may not be contained in promoter arrays. Moreover, aberrant
DNA methylation of large chromosome regions, which are regu-
lated in a coordinated manner in human cancers due to a process
of lonig) range epigenetic silencing, has recently attracted atten-
tion.”" Therefore, we used a BAC array that may be suitable,
not for focusing on specific promoter regions, but for overview-
ing the DNA methylation status of individual large regions
among all chromosomes.

When BAMCA methods were applied to samples of non-can-
cerous renal tissue obtained from patients with clear cell RCCs,
many BAC clones showed DNA hypo- or hypermethylation:in
companson to normal renal tlssue samples from patients without
any primary renal tumors.”"® RCCs are usually well demarcated
and- covered by a fibrous capsule,: and: hardly ‘ever  contain
fibrous stroma between cancer cells (Fig. 2a). We were therefore
able to obtain cancer cells of high purity from surgical speci-
mens, avoiding contamination with either non-cancerous epithe-
lial - cells- or stromal cells: (Fig. 2a).  Therefore, the. DNA
methylation alterations observed. in- samples of non-cancerous
renal tissue from- patients: with RCCs. cannot be attributable to
contamination: during sampling. Moreover, DNA methylation
alterations in non-cancerous renal tissue did not depend on-the
distance from the RCC itself to the site from which the non-can-
cerous renal tissue samples were taken. Because of the lack of
any. remarkable histological - changes or: any association: with
chronic inflammation and persistent infection with viruses or
other pathogenic microorganisms, precancerous conditions in
the kidney have rarely been described. However, from the view-
point of DNA methylation, we can consider that non-cancerous
renal tissue from patients with RCCs is already at the precancer-
ous stage, showing genome-wide DNA methylation alterations.

We then carried out two-dimensional unsupervised hierarchi-
cal clustering analysis based on BAMCA data for non-cancerous
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renal tissue samples. The patients with RCCs were clustered into
two subclasses, clusters Ay and By (Fig. 2a). The corresponding
RCCs of patients in Cluster By showed more frequent macro-
scopically: evident renal vein tumor thrombi, microscopically
evident vascular involvement, and higher pathological TNM
stages than those in Cluster Ax."® The overall survival rate of
patients: in  Cluster- By was 51gn1ﬁcantly lower. than that of
patients in Cluster Ay (Fig. 22).7% Tumor aggressiveness and
even patient outcome might thus be determined by DNA meth-
ylation profiles at the precancerous stage.

In RCCs themselves, more BAC clones showed DNA hypo-
or hypermethylation, and its degree was increased in comparison
with samples of non-cancerous renal tissue obtained from
patients with RCCs. Two-dimensional unsupervised hierarchical
clustering analysis based on BAMCA data for RCCs was able to
group patients into two subclasses, Clusters At and By (Fig. 2a).
RCCs in Cluster By more frequently showed renal vein tumor
thrombi, vascular’ involvement, and higher pathological TNM
stages than those in Cluster A1.7? The overall survival rate of
patients in Cluster By was sl%nlﬁctmtly lower than that of
patients in Cluster Ay (Fig. 2a).¢

Patients who were grouped in Cluster By on the basis of
BAMCA data for non-cancerous renal tissue were also grouped
in Cluster Bt on the basis of BAMCA data for RCC themselves.
That is, Cluster By was: completely included in Cluster By
(Fig. 2b)( The majority of the BAC clones significantly dis-
criminating Cluster By from Cluster An- also discriminated
Cluster By from Cluster Ap.7® Among BAC clones characteriz-
ing both clusters By and B, where the average signal ratio of
Cluster By was higher than that of Cluster Ay, the average sig-
nal ratio of Cluster Bt was also higher than that of Cluster Ay
without exception (Fig. 2b). Among BAC clones characterizing
both clusters By and B, where the average signal ratio of Clus-
ter By was lower than that of Cluster Ay, the average signal
ratio of Cluster Bt was also lower than that of Cluster At with-
out exception (Fig. 2b). Comparison between the signal ratios of
each BAC clone characterizing both clusters By and By in non-
cancerous renal tissue and those in the corresponding RCCs for
all patients revealed that the DNA methylation status of the non-
cancerous renal tissue was basically inherited bg/ the correspond-
ing RCC in each individual patlent (Fig. 2b).t

In non-cancerous renal tissue showing no remarkable histo-
logical changes and consisting mainly of renal tubules with spe-
cialized functions, no progenitor cell is able to gain a growth
advantage, and clonal expansion is unable to occur. Therefore,
the distinct DNA methylation. profile of Cluster By, which is
clinicopathologically valid,: cannot be established through the
selection of one of a number of random DNA methylation pro-
files in non-cancerous renal tissue in patients with clear cell
RCCs, and instead may be established: through distinct target
mechanisms. As the DNA methylation profiles in Cluster By are
shared by phenotypically similar patients, who all suffer from
clinicopathologically aggressive tumors and show a poor out-
come, DNA methylation: alterations in at least a proportion of
the BAC regions characterizing Cluster By cannot be passenger
changes. -It is clear that cancer itself can induce alterations in
DNA methylation. However,. DNA methylation alterations of
BAC regions characterizing Cluster By may significantly partici-
pate in carcinogenesis, as the DNA methylation profile in Clus-
ter By was established at a very early and precancerous stage of
carcinogenesis and inherited during progression of the cancers
themselves as Cluster Br. At least a proportion of DNA methyl-
ation alterations at the precancerous stage may be ‘‘epigenetic
gatekeepers”’®? and which allow time for further epigenetic
and: genetic alterations including genetic gatekeeper mutations
(Fig. 3).

In fact, when the DNA methylation status of C-type CpG
islands was examined,” the average number of methylated
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