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Alterations of DNA methylation are one of the most consistent
epigenetic changes in human cancers. Human cancers generally
show - global . DNA " hypomethylation accompanied by region-
specific hypermethylation: Altérations of DNA methylation may
result in chromosomal instability as a result of changes in chro-
matin structure; DNA hypermethylation of CpG islands silences
various tumor-related genes. Alterations of DNA methylation are
frequently observed in cancers associated with chronic inflamma-
tion and/or: persistent infection with viruses or other pathogenic
microorganisms; such as hepatitis B or C viruses, Epstein-Barr
virus, human papillomavirus and Helicobacter pylori, or with cig-
arette smoking. Accumulating evidence suggests that alterations
of DNA methylation are involved even in the early and precan-
cerous stages. On the other hand, in patients with cancers, aber-
rant. DNA methylation is significantly associated: with poorer
tumor differentiation; tumor aggressiveness and poor prognosis.
Precancerous conditions showing alterations of DNA methylation
“may progress rapidly and generate more malignant cancers. DNA
“methyltransferase (DNMT) 1 over-expression is not a secondary
result of increased cell proliferative activity but is significantly
correlated with the CpG island methylator phenotype, which is
- defined: as frequent DNA hypermethylation of C-type CpG
islands that are usually methylated in a cancer-specific (not age-
dependent) manner. Splicing alteration of DNMT3b may result in
chromosomal instability through DNA hypomethylation of peri-
centromeric satellite regions. Alteration of DNA methylation may
become an indicator for carcinogenetic risk estimation and early
diagnosis of cancers and a biological predictor of poor prognosis
in patients with cancers. Correction of DNA methylation status
may offer a new strategy for prevention and therapy of cancers.

Introduction

In the earlier days of cancer research; stepwise and ordetly progres-
sion: of genetic alterations: causing: activation of oncogenes and in-
activation of tumor: suppressor gernies: was considered to - be ‘the
- molecular framework responsible for multistage carcinogenesis. in
humans. However, genetic events alone ‘may not explain the entire
process of carcinogenesis: only a few genetic alterations are known to
be responsible; especially in the eatlier; precancerous stages. More-
“over; microscopic observation of cancers frequently reveals histolog-
ical heterogeneity (e.g. well; moderately or poorly differentiated
carcinoma components are simultancously observed even in- tissue
sections from any single patient), reflecting complexity of the biolog-
ical characteristics of tumors. In addition to genetic events, epigenetic
events: such as alterations: of DNA '‘methylation, which ‘can: be

Abbreviations: CIMP; CpG island methylator phenotype; DNMT, DNA meth-
yltransferase; HCC, hepatocellular carcinoma; LOH, loss of heterozygosity;
MBD; methyl-CpG-binding protein; mRNA, messenger RNA; PanIN; pancre-
atic intra-epithelial neoplasia; PCR, polymerase chain reaction: PCNA, pro-
liferating  cell’ nuclear “antigen; RCC; - renal: cell carcinoma; ' STAT,  signal
teansducer and activator of transcription; TCC; transitional cell carcinoma:

reversible and underlie the histological heterogeneity of cancers, are
another leading player in multistage carcinogenesis.

DNA methylation, a:covalent chemical modification: resulting in
addition of ‘a: methyl (CH3): group at the carbon 5. position: of the
cytosine ring in CpG dinucleotides, plays important roles in chroma-
tin structure modulation, transcriptional regulation and: genomic sta:
bility, and is essential for' the development of mammals (1). The
C-terminal: catalytic' domain of DNA-methyltransferases. (DNMTs),
the majorand best known of which is DNMT 1, transfers methyl groups
from S-adenosylmethionine (o cytosines (2). DNMT I’s preference for
hemimethylated over unmethylated substrates in vifro and its targeting
of replication foci are believed to: allow: copying of the methylation
pattern of the parental strand to the newly synthesized daughter DNA
strand: (3). Thus,;:DNMT1 has been recognized as the ‘maintenance’
DNMT. DNMTL can interact with the DNMT I-associated protein 1,
histone deacetylase 1 and 2 and Rb-and can répress gene transcription
(4-6). Since DNMT | —/= embryonic stem cells are able to methylate
viral DNA de novo (7), independently encoded DNMTs have: been
sought..Among the subsequently identified DNMTs 2 (8), 3a and 3b
(9); DNMT activity. of DNMT?2 has never been demonstrated: (10);
whereas DNMT3a and DNMT3b do.show de novo DNA methylation
activity: in vitro (L'1).

In comparison with normal cells, human cancer cells show a drastic
change in DNA methylation status, generally exhibiting global DNA
hypomethylation as well as accompanying region-specific. hyperme-
thylation (12,13). As 5-methylcytosine is: deaminated to: thymine,
DNA hypermethylation facilitates gene mutation in human cancers.
DNA methylation normally promotes a highly condensed chromatin
structure through recruitment of DNA-organizing proteins; and. DNA
hypomethylation: in - cancer cells: causes chromatin® decondensation
and chromosomal rearrangements that may result in chromosomal
instability. Moreover, DNA: hypermethylation. of CpG islands near
gene-regulatory regions silences specific genes, in cooperation’ with
histone modification, including tumor suppressor genes (14):

Assaciation:: of - DNA: methylation: - alterations - with- both  the
precancerots stage and: malignant progression

In general, candidate tumor suppressor genes, which are'located in the
commonly deleted chromosomal regions revealed by: sgenomic struc:
tural analysis in human cancers; are frequently silenced by alternative
two-hit mechanisms consisting of loss of heterozygosity (LOH) and
DNA hypermethylation,: rather: than gene mutation. Thus; DNA hy-
permethylation of some chromosomal loci:is frequently associated
with LOH at the same chromosomal loci in human cancers; LOH
on chromosome: 16 has been frequently detected by classical restric-
tion fragment length: polymorphism analysis using Southern blotting
in hepatocellular carcinomas (HCCs) which are poorly differentiated,
large in size and associated with metastasis (13). Thevefore, LOH on
chromosome' 16 seems to be a late event during multistage hepato-
carcinogenesis: At the time of these discoveries; only a few molecular
events in the earlier stage of hepatocarcinogenesis: were: known.
Therefore, we first exaniiied DNA methylation status'on chromosome
16 in surgically resected tissue specimens:

Classical Southern blotting showed that the digestion patterns ob=
tained using Hpall, a DNA methylation-sensitive restriction enzyme,
were similar:to those obtained using Mspl, a DNA methylation non-
sensitive restriction enzyme, at the D16S32 (16 pter to pl3); TAT
(16422.2) and D16S7 (16q24:3) loci in'normal liver tissue obtained
from patients with liver metastases from primary colon cancer, in-
dicating that genomic DNA is normally unmethylated in these re-
gions. Surprisingly, DNA hypermethylation at the D16S32; TAT and
D16S7: loci; compared with normal liver tissues, was: frequently
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detected even in non-cancerous liver tissues showing chronic hepatitis
or liver cirthosis, which are widely considered to be precancerous
conditions, indicating that alterations of DNA methylation are a very
early event during multistage hepatocarcinogenesis (16). This was
one of the earliest reports of alterations of DNA methylation in the
precancerous stage.

Since the molecular weight of Hpall-digested DNA fragments in
HCCs was higher than that in' precancerous conditions and: the in-
tensity of larger sized bands was increased in HCCs in'comparison
with precancerous conditions, the numbérs of methylated CpG dinu-
cleotides: and - cells showing DNA  hypermethylation” may: increase
progressively as precancerous: couditions develop: into HCCs.- The
incidence of DNA: hypermethylation at any of the D16S32, TAT or
D16S7 loci in progressed HCCs was significantly higher than that in
early HCCs and significantly correlated with higher histological grade
(16):'DNA hypermethylation at ‘any of the D16S32, TAT or D16S7
loci was detected more frequently in-HCCs showing associated in-
volvement of the portal vein and intrahepatic metastasis than in HCCs
without these features (16). The presence of DNA hypermethylation
in both precancerous conditions and progressed HCCs suggests that
precancerous conditions with aberrant DNA methylation might gen-
erate’ HCCs rapidly and that the HCCs thus generated might already
be at'a'progressed stage when diagnosed.

Silencing of tumor suppressor - genes by DNA hypermethylation

The E-cadherin- gene is located on: 16q22.1 near to the above-
mentioned’ hot spots of both DNA hypermethylation and LOH: in
HCCs. E-cadherin acts as a Ca>t-dependent cell-cell adhesion mol-
ecule in-the adherens junctions of epithelial cells: (17). Interactions
between E-cadherin and cytoskeletal ‘actin proteins: through o- and
B-catenins confer stability on the adherens junctions. Cell-cell adhe-
sion determines cell polarity and participates in histogenesis. The

mutual adhesiveness of cancer cells is significantly weaker than that

of normal cells, and this allows cancer cells to disobey the social order,
resulting in destruction of histological architecture, which is a'morpho-
logical hallmark of malignant tumors: (18). In signet-ring cell carci-
noma of the stomach (19) and lobular carcinoma of the breast (20), in
which cancer cells completely lose their mutual adhesiveness even in
the in'sifu carcinoma stage, the E-cadherin gene is silenced by a two--
hit mechanism comprising LOH and gene mutation. A large Kindred
study of early-onset; diffuse-type stomach cancers in New Zealand
revealed a germ line mutation (21), indicating that the E-cadherin
gene actually satisfies the criteria for a tumor suppressor gene.

On the other hand, suppression of E-cadherin activity is believed to
trigger the release of cancer cells from primary cancer nests, resulting
in cancer invasion and metastasis. In fact, non-invasive epithelial cells
acquired the ability to invade into collagen gels upon addition of
antibodies against E-cadherin (22) or plasmids encoding E-cadhetin-
specific: anti-sense RNA' (23). Generally, E-cadherin €xpression is
reduced in poorly differentiated cancers that have lost their cell=cell
adhesion and show a strong invasive tendency (18). Significant corre-
lations: between reduced E-cadherin expression and poor prognosis
have been reported in patients with cancers (18). In order to clarify the
mechanism: responsible ‘for regulation of E-cadherin expression in
cancers, we cloned the promoter region of the human E-cadherin gene
and demonstrated: that it showed DNA methylation in human cancer
cell lines lacking E-cadherin expression (24). We- also observed: in-
duction of E-cadherin expression after treatment with the DNMT in-
hibitor 5-azacytidine in such cell lines (24). Thus; following the RB
and VHL genes, the E-cadherin: gene became the third example of
a tumor: suppressor gene. that is silenced by DNA hypermethylation.

When assessed by Southern blotting analysis, DNA hypermethyla-
tion around the promoter region of the E-cadherin gene was detected
in 46% of examined non-cancerous liver tissues showing chronic
hepatitis ot cirrhosis and in 67% of examined HCCs (25). Immuno-
histochemical examination revealed: that hepatocytes in normal liver
tissues showed strong E-cadherin immunoreactivity. at their cell—cell
borders. We found a significant correlation between DNA: hyperme-
thylation:around -the promoter . region and reduced: E-cadherin

Alterations of DNA methylation in human cancers

expression in. primary HCCs. (25): This: was: the: first demonstration
of a significant correlation between DNA' hypermethylation and re-
duced expression in clinical tissue samples. Heterogeneous E-cadher-
in expression in non-cancerous liver tissues showing chronic hepatitis
ot cirrhosis, which is associated with small focal areas of hepatocytes
showing only slight E-cadherin immunoreactivity and is not observed
in normal liver tissues, might be due, at least partly, to DNA hyper-
methylation (25). DNA hypermethylation around the promoter region;
which increases during progression from precancerous conditions to
HCCs, may participate in hepatocarcinogenesis through reduction of
E-cadherin expression, resulting in loss of intercellular adhesiveness
and destruction of tissue morphology.

DNA hypermethylation of NotI sites at the D17S5 locus has been
detected in various human' cancers (26). The hypermethylated-in-
cancer-1:gene at this locus (17q13.3) was the first tumor: suppressor
gene to be identified in commonly. methylated: chromosomal loci in
human cancers (27); human cancer cells: transfected: with the hiyper-
methylated-in-cancer-[ gene grew slowly (27) and mice with germ line
disruption of -one allele of: Hic /- developed different spontaneous ma-
lignant tumors (28). DNA methylation at the D17S5 locus was never
detected in normal-liver tissues but was detected in 44%. of examined
non=cancerous liver tissues showing chronic hepatitis ot cirrhosis and in
90% of examined HCCs (29): In almost all the paired samples showing
DNA:hypermethylation, the molecular weight of Notl-digested DNA
fragments in HCCs was higher than that in precancerous conditions and
the intensity of the. larger sized bands: was higher:in HCCs' than in
precancerous conditions; indicating that the degree: of DNA methyla-
tion seems to further increase during progression from a precancerous
condition to an HCC (29). The level of hypermethylated-in-cancer-1
messenger RNA: (mRNA) expression in non-cancerous. liver tissues
showing chronic hepatitis or cirrhosis was significantly lower:than:that
in normal liver tissues and was further decreased in HCCs (29).

It is now recognized that numerous tumor-related genes; such as
pl6, hMLHI, BRCAl, MGMT, GSTPI, TIMP-3 and DAPK-I, are
silenced by regional DNA hypermethylation around their promoter
regions in human cancers (14). Several techniques, such as restriction
landmark genomic scanning (30), 'methylation-sensitive representa-
tional difference analysis (31) and methylated CpG: islands: amplifi-
cation (32), have been developed for: cloning genes  that are
ditferentially: methylated between cancer: cells: and normal cells
(33), and the list of tumor-related genes silenced by DNA hyperme-
thylation is being expanded (14).

Alterations: of DNA: methylation precede. chromosomal  instability
during multistage carcinogenesis

The Hot: spot. for: DNA hypermethylation’ in: HCCs: corresponds to
a previously reported hot spot of LOH on chromosome 16. It remains
to be examined whether alterations of DNA methylation might pre-
dispose the locus to allelic loss or.whether common or different causes
facilitate both alterations of DNA: methylation and LOH at certain
loci: However, it is at least clear that DNA hypermethylation precedes
LOH at the same chromosomal loci during hepatocarcinogenesis: even
classical Southein blotting has detected DNA hypermiethylation in bulk
non-=cancerous liver tissues showing chronic hepatitis or cirrhosis; in
which LOH has never been detected using the same method (16).

Recently, microdissection techniques and polymerase chain reac-
tion (PCR) using microsatellite markers have-been developed: for
detecting LOH in small numbers of cells from paraffin-embedded
tissues. LOH: has been reported even in microdissected specimens
from non-cancerous: lesions; ‘e.g. hyperplastic or dysplastic lesions
accompanying non-small cell lung cancers (34) and proliferative le-
sions adjacent to breast cancers (35). In order to re-examine whether
aberrant DNA- methylation precedes chromosomal instability during
hepatocarcinogenesis, we obtained 308 microdissected specimens and
examined LOH and microsatellite instability by PCR using 39 micro-
satellite markers and DNA methylation status of eight C-type CpG
islands that are known to be methylated in a cancer=specific; but not
age-dependent; manuer; as shown in Table I, by methylation-specific
PCR and combined bisulfite restriction enzyme analysis.
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Table I.. DNA methylation status on C-type CpG islands in tissue samples of various organs

Tissue samples The incidence of DNA methylation® (%) References
CpG islands
plé hMLH1 THBS-1 MINT1 MINT2 MINT12 MINT25 MINT31
Normal liver tissues 0 0 0 0 0 0 0 0 (36)
Non-cancerous liver tissues obtained 15 0 : 0 10 73 23 0 0
from patients with HCCs V ' L
HCCs 70 0 0 45 85 45 8 65
Non-c¢ancerous stomach mucosae obtained 17 14 2 22 4 e 6 _ND 0 (€¥))
from patients with stomach cancers - :
Stomach cancers 22 17 24 37 25 17 ND - 10
Colorectal cancers : 23 27 9 23 20 23 20 10 38)
Normal renal tissues i1 0 0 0 0 11 22 0 (39)
Non-tumorous renal tissues obtained 62 12 29 2 5 10 24 0
from patients with renal tumors . - .
Renal tumors 73 12 43 17 8 17 35 5
Normal urothelia 0  ND ND ND 56 0 25 45 (40)
Urinary bladder cancers 21 ND ND ND 76 30 35 79
MINT, methylated in tumor; ND, not done . : : , .
Analyzed by methylation-specific PCR or combined brsulﬁte restnctlon enzyme analysis. .. 7

In non-cancerous liver tissues showmg chromc hepatms, LOH for

at least one marker was found in 20% of informative microdissected

specimens, and LOH in at least one mlcrodrssected specxmen was

found in 45% of informative cases (36) Inno cancerous iver tissues

showing cirthosis, LOH for at least one marker was found in 15% of
*informative microdissected specrmens, and LOH in at least one mi-

crodissected specimen was found in 40% of informative cases (36).
LOH was never detected in normal liver tissues obtained from patients
with liver metastases from primary colon cancer and in non-cancerous

~ Tiver tissue showing no remarkable histological findings from patients

with HCCs: Although no degree of DNA methylation of any of the

examined CpG islands was ever detected in normal liver tissues ob-
tained from patients with liver metastases from primary colon cancer,
DNA hypermethylation was found on at least one €pG rsIand even in

58% of examined microdissected specimens of non-cancerous liver
tissue showing no remarkable histological features obtained from
in which LOH ‘was never detected (36). Thus,
aberrant DNA methylation is an earlier event preceding chromosomal
instability during hepatocarcmogenesxs even when ‘eXammed using

- microdissection techmques (41). The Jow incidence {
instability in Japanese patients (42) was compatible with absence
of silencing of the hMLHI gene by DNA hypermethylatlon dunng ‘

patlents with HCCs,

Ettologtc backgmunds of carcmogeneszs and regtonal DNA -

. bypermethylation r

Alterations of DNA methy]atlon re frequently assocxated with car-

n and/or persistent infec-
tion with viruses or other pathogenic 1 mxcroorgamsms such as chronic |

* hepatitis associated with hepatitis B virus or hepatitis € virus infec-
tion. As mentioned above, alterations of DNA methylation occur even

cmogenesrs related to chronic inflamm

in non-cancerous liver tissues showing no remarkable histological

findings obtained from patients with HCCs, i.e. even before inflam-
mation has become histologically obvious. This phendmenon might
be at least partly attributable fo hepatitis viral infection. Hepatitis B
virus DNA is integrated into the cellular genome, and the infegrated -
viral DNA is known to alter the DNA methylation sfatus in several

adjacent cellular genes and DNA segments (43). Epstein-—Barr virus

‘infection in stomach cancers is significantly associated with marked

accumulation of DNA hypermethylation of C-type CpG islands (37).

Induction of latent membrane protein 1 of Epstem-Ba.rr virus has

been reported to induce DNMT] over-expression in cultured cancer
cells (44). Helicobacter pylori infection, another etiologic factor that
is believed to be involved in stomach carcinogenesis, has also been
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reported to strongly promote regional DNA hypermethylation (45),
although the molecular mechanisms by which H. _pylori infection al-
ters DNA methylation are still unclear and warrant further investiga-
tion. Cervrcal 1ntra~ep1thehal 'neopl sia is a precursor lesion for
squamous cell carcinoma of the uterine cervix closely associated with
human paplllomavmls mfectlon DNMT]1 protein expression is in-
creased even in low-grade cervrcal intra-epithelial neoplasias com-
pared with normal squamous epithelium and further increased in
higher—grade cervical intra-epithelial neoplasias and squamous cell
carcinomas of the uterine cervix (46). Human papillomavirus-16 E7
protein has been reported to associate directly with DNMTI and
stimulate the methyltransferase activity of DNMT! in vitro (47),
and accumu tion of DNA hyperm thy atlon on tumor-related genes

{ panc '

Cigarette smokmg is another background factor assomated wrth

alterations of DNA methylation during multistage carcmogenesrs

DNA hypermethylation at the D17S5 locus was observed in 31% of
examined non-cancerous lung tissues, which may contain progenitor
cells for cancers, obtained from patients with non-small cell lung
cancers and in 33% of corresponding non-small cell lung cancers
(52). The incidence of DNA hypermethylation at the D17S5 locus
was significantly associated with poorer differentiation of lung adeno-

~ carcinomas (52). The incidence of DNA hypermethylation in both

non-cancerous lung tissues and non-small cell lung cancers of patients
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Fig. 1. DNMT1 protein expression and DNA methylation status of CpG islands

in tumor-related genes during multistage carcinogenesis of the pancreas.

Immunohistochemical examination for DNMT1 was performed in peripheral pancreatic duct epithelia without an inflammatory background, peripheral pancreatic
duct epithelia with an inflammatory background (arrows), PanINs and ductal carcinomas (49). Infiltrating lymphocytes (asterisk) were used as an internal positive
control for DNMT1 immunoreactivity. Tissue samples were microdissected from surgically resected materials, embedded in agarose beads and subjected to
methylation-specific PCR to evaluate the DNA methylation status of the p14, p15, p16, p73, APC, hMLH1, MGMT, BRCAI, GSTP1I, TIMP-3, CDHI and DAPK-1
genes (50). The incidence of DNMTI nuclear immunoreactivity, the incidence of DNA methylation of at least one of the 12 genes and the average number of
methylated genes increased progressively during multistage carcinogenesis of the pancreas. The average number of methylated genes in ductal carcinomas was

significantly correlated with DNMT1 protein expression level (P = 0.0093).

who were current smokers was significantly higher than in patients
who had never smoked (52). The incidence of DNA hypermethylation
in non-cancerous lung tissues obtained from patients with non-small
cell lung cancers was significantly correlated with the extent of pul-
monary anthracosis, as an index for the cumulative effects of smoking
(Figure 2; K. Eguchi, Y. Kanai, K. Kobayashi and S. Hirohashi, un-
published data). Cigarette smoking may participate in alteration of
DNA methylation during the development of non-small cell lung
cancers. The molecular mechanisms by which carcinogens related
to cigarette smoking affect DNA methylation status are still unclear
and warrant further investigation.

The incidence of DNA hypermethylation at multiple C-type CpG
islands in non-cancerous tissues and cancers from various organs is
summarized in Table I. For example, the methylated in tumor-25
clone is methylated in normal renal tissues obtained from patients
without renal cancers as frequently as in non-cancerous renal tissues
showing no marked histological findings obtained from patients with
renal cancers or in renal cancers (39), although it is never methylated
in normal liver tissues. DNA methylation profiles of normal tissues
tend to be organ specific. Moreover, hot spots of DNA hypermethy-
lation vary among cancers arising in different organs and may reflect
the influence of various carcinogenetic factors. The molecular mech-
anisms responsible for determination of target genes of the CpG is-
land methylator phenotype (CIMP), defined by frequent DNA
hypermethylation of C-type CpG islands (53), should be further clarified.

Alterations of DNA methylation are a hallmark of precancerous
conditions even in histologically normal tissues

Alterations of DNA methylation are considered to participate in the
precancerous stage in various organs, in association with obvious
etiological factors, e.g. chronic inflammation, persistent infection
with viruses or other pathogenic microorganisms, as mentioned
above. Unlike cancers derived from such organs, precancerous con-
ditions in the kidney have been rarely described: pathologists hardly

ever observe histological changes in non-cancerous renal tissues
obtained from patients with renal cancers. Surprisingly, even in
non-cancerous renal tissues showing no marked histological findings
obtained from patients with renal cancers, the average number of
methylated CpG islands was significantly higher than that in normal
renal tissues obtained from patients without renal cancers, regardless
of patient age and smoking history (39). The average number of
methylated CpG islands was even higher in renal cancers. From
the viewpoint of alterations of DNA methylation, the presence of
precancerous conditions can be recognized even in the kidney.
In other words, regional DNA hypermethylation participates in
the early and precancerous stage of multistage renal carcinogenesis.
More surprisingly, the average number of methylated CpG islands
in non-cancerous renal tissues showing no marked histological
change obtained from patients with conventional renal cell carcino-
mas (RCCs) was significantly correlated with a higher histol-
ogical grade of corresponding RCCs developing in individual
patients (Figure 3; 39), indicating that precancerous conditions
showing accumulation of DNA methylation may generate more
malignant RCCs.

Regional DNA hypermethylation has a prognostic impact on patients
with cancers S
Accumulation of DNA methylation at CpG islands in conventional
RCCs is significantly correlated with higher histological grade, an
infiltrating growth pattern and vascular involvement (39), suggesting
that regional DNA hypermethylation is continuously involved in mul-
tistage renal carcinogenesis from precancerous conditions to malig-
nant progression. The recurrence-free survival rate of patients with
RCCs showing accumulated DNA methylation of CpG islands was
significantly lower than that of patients with RCCs not showing this
feature (39).

The incidence of increased DNMT1 protein expression in HCCs is
significantly correlated with poorer tumor differentiation and portal
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