Table 2.  Correlation between clinical charac-

. . . Number of Number of
teristics of TSCC and TGM3 protein expression Characteristics Total TGM3-positive TGM3-negative P-values*
cases (%) cases (%)
Total 53 12 (22.6) 41 (77.9)
Age (years)
<60 27 9(33.3) 18 (66.7) 0.0994
>60 26 3(11.5) 23 (88.5)
Gender
Male 36 8(22.2) 28 (77.8) 1.0000
Female 17 4(23.5) 13.(75.5)
Stage
Fand il 42 10 (23.8) 32 (76.2) 0.4705
I and IV 1 2 (18.2) 9(81.8)
TNM classification
T category
T1and T2 48 12 (25.0) 36 (75.0) 0.5765
T3'and T4 5 0(0) 5 (100)
N category
NO 43 12°(27.9) 31(72.1) 0.0932
N1-3 10 0.(0) 10 (100)
Histological grade
Well 22 9:(40.9) 13 (59.1) 0.0171
Moderate or poor 31 3(9.7) 28(90.3)

*P-values were calculated by Fisher’s exact test and considered statistically significant at
<0.05 (two-sided). TGM3, transglutaminase 3; TSCC, tongue squamous cell carcinoma.

with or without 5Aza-dC. However, this had no effect on the
restoration of TGM3 expression, indicating that histone deacety-
lation is not responsible for the transcriptional silencing of TGM3
in OSCC cell lines (data not shown).

Methylation status of the CpG island located in: the TGM3 gene
upstream region. Reversal of gene silencing of TGM3.by treatment
with SAza-dC, but not with TSA, indicated that transcription of
the TGM3 gene was regulated through hypermethylation of the
TGM3 gene promoter and/or enhancer in OSCC cells. A database
search of the approximately 20-kb sequence of the human TGM3
gene including the 5-flanking region identified a CpG-rich region
—6433 to -5958 upstream of the transcription start site (Fig. 3¢,
top, indicated in a green box). This region was a 475-bp-long
fragment containing 22 CpG sites (Fig. 3¢, middle, indicated by
green vertical bars) and had a GC content of 52.5%, thus meeting
the proposed criteria for CpG islands.

To examine the DNA methylation status of these CpG sites in
OSCC cells, the entire CpG island was sequenced after bisulfite
conversion (Fig. 3¢, bottom). All of the 22 CpG sites were recur-
rently methylated in seven cell lines (Ca9-22, HSC-2, HSC-3,
HSC-4, HSC-6, KSOC-3, and SAS). The other five cell lines (Ho-
1-:N-1; Ho-1-u-1, KON, KSOC-2, and SKN-3) showed patchy
methylation of CpG sites 1-4 and 9-16. The entire CpG island in
normal oral mucosa was largely unmethylated in five out of eight
clones examined. Taken together, these findings suggest that
silencing of TGM3 in OSCC . cells is likely attributable to the
methylation of CpG sites 5-8 and 19-22.

Discussion

In the present study using our 2DICAL proteome platform, we
identified CK4, CK13,, TGM3, and ANXAI as proteins whose
expression was significantly decreased in microdissected FFPE
tissue samples of TSCC. No protein was up-regulated in TSCC
on the basis of the current strict criterion (P < 0.001, paired r-test),
indicating the: presence of genetic diversity even within such a
small number (n = 10) of TSCC samples. IHC analysis of an
independent cohort revealed that TGM3 expression was markedly
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decreased in 41 of 53 (77.4%) TSCC cases and that the reduced
expression of TGM3 was clearly correlated with loss of histological
differentiation. Consistent with these findings, recent studies
utilizing a broad range of genomics and proteomics technologies
have begun to reveal the importance of down-regulation of TGM3
in SCC including laryngeal carcinoma,"” head and neck SCC 62
OSCC developing from leukoplakia,?" and esophageal SCC.#22»
Reduction or loss of TGM3 expression in SCC has been reportedly
correlated with dedifferentiation,’>? an increase in the invasive
phenotype.’® a high incidence of lymph-node metastasis,?**¥ and
poor prognosis.?? Together, these findings strongly implicate a
crucial role of TGM3 in oral carcinogenesis.

Transglutaminases (TGMs) are a family of Ca?*-dependent
enzymes that catalyze protein cross-linking through formation of
intermolecular. N-(y-glutamyl) lysine isopeptide linkages.?*27
TGM3 is a zymogen, requiring activation by proteolytic cleavage,
and is expressed predominantly in terminally differentiating strati-
fied squamous epithelium, %2 TGM3 is essential for cross-linking
cornified cell envelope (CCE) protein constituents and formation
of the CCE.®? To date, nine members of the TGM gene family
have been identified in the human genome, including TGM1-7,
factor XIII, and erythrocyte band 4.2, a catalytically inactive
homolog.*® Despite marked similarities in the genome structures,
their distribution, localization, and mechanism for activation of
TGM genes are highly variable.%9

‘We found that transcription of the TGM3 gene is regulated by
DNA methylation. A database search detected only one CpG island
located approximately 6 kb upstream of the transcription start
site of the TGM3 gene. Although the promoter of TGM3 was
reported to be located —126 to =91 bp upstream of the transcripton
start site,?® no CpG island was found in the proximal region.
Among 22 CpG sites within the CpG island, methylation of CpG
sites 5-8 (region 1) and 19-22 (region 2) was correlated with TGM3
silencing in the OSCC cell lines, reflecting the possibility that
one or both of these two regions function as a distal enhancer
for TGM3 transcription. It is intriguing to note that regions'1
and 2 encompass putative elements for transcription factors
including GATA-1 and GATA-2; as well as GATA-1, GATA-2,
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AP-1, and Ets, respectively (www.cbre.jp/htbin/nph-tfsearch). Tran-

scription factors AP1 and Ets are known to positively regulate
epidermal differentiation.® It is plausible that tumor-specific
hypermethylation in region 2 prevents these transcription factors
from binding to their recognition sequences, thereby inactivating
transcription of TGM3.

Accumulating evidence indicates that TGMs are multifunctional
proteins.?® In fact; some of their functions are even independent
of their ability to mediate cross-linking reactions, as exemplified
by TGM2, which can function as a molecular switch for trans-
ducing cell signaling.?® TGM2 has been shown to be identical
to an atypical high-molecular-weight G-protein known as Gho,
which mediates the activation of phospholipase C through its
ability to bind GTP and hydrolyze GTP to GDP.%%%2 Analyses
of the crystal structure of TGM3 have indicated that TGM3
possesses a GTP-binding property similar to that of TGM2.6
TGM3 may also work as a molecular switch governing the cell
signaling. Tgm3 knockout mice show an embryonic-lethal phe-
notype® indicating the non-redundancy of TGM3. This obser-
vation also implies that TGM3 has one or more unique functions
that cannot be compensated by other TGMs expressed in epithelia,
such as TGM1 and TGMS.

— Uﬁmethylated CpG site

(TGM3). (a) TGM3 protein expression in 12 oral
squamous cell carcinoma (OSCC) cell lines and Ca9-
22 cells transfected with pcDNA3.1/TGM3 (positive
control for TGM3). Total cell lysates (10 pg) were
analyzed for expression of the indicated proteins by
immunoblotting. Involucrin and CK14 were included
as epithelial differentiation markers, and p-actin
as: a loading control.” (b) Restoration of TGM3
expression by 5-aza-2"-deoxycytidine (5Aza-dC).
Cag-22 cells were untreated. () or treated with'2
or'5uM 5Aza-dC for 5 days. Relative expression
levels of the TMG3 gene were determined by real-
time RT-PCR. Columns and bars represent mean +
SD. {c) Cytosine methylation of CpG sites in the
upstream region of the TGM3 gene. Exon/intron
structure and the CpGiisland in the upstream region
of the TGM3 gene are presented schematically
(Top). The 22 CpG sites: in the: CpG island are
numbered 1-22 (middle). Genomic. DNA was
extracted from normal oral mucosa and OSCC cell
lines and: treated with sodium: bisulfite. Eight
independent clones per sample were sequenced
(bottom). Clear green box, CpG island; vertical blue
bars, exons; vertical green:bars, CpG sites; clear
squares, unmethylated CpG sites; solid squares;
methylated CpG sites.

Recent advances in proteomic technologies are being increasingly
applied to studies of clinical samples in the search for diagnostic
biomarkers and therapeutic targets. Here, we have demonstrated
for the first time that the powerful combination of the 2DICAL
quantitative proteomic high-throughput platform and FFPE archival
samples, for which matching clinicopathological information is
available, is beginning to show promise.
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Additional Supporting Information may be found in the online version of this article:

Fig. 1. Reproducibility of 2-dimensional image-converted analysis of liquid chromatography and mass spectrometry (2DICAL). The horizontal (x)
axis represents the distribution of the peak intensities of a liquid chromatography and’ mass: spectrometry (LC-MS) run (run 1), and the vertical o)
axis represents that of another run (run 2) for the same representative tongue squamous cell carcinoma (TSCC) sample. The average correlation
coefficient (CC) of all corresponding 25 018 MS peaks between the duplicates was 0.9992. 94.5% (23 642/25 018) of the peaks are plotted within a
two-fold difference (blue lines), and 96.4% (24 117/25 018) within a three-fold difference (red lines).

Fig. S2. " Labeled tandem mass spectrometry (MS/MS) spectrum and peak list of 1D 4818, which matched the sequences of CK13.

Fig. S3. ' Labeled tandem mass spectrometry (MS/MS) spectrum and peak list of ID 6588, which matched the sequences of transglutaminase 3 (TGM3).
Fig. S4.  Labeled tandem mass spectrometry (MS/MS) spectrum and peak list of ID 13827, which matched the sequences of CK4.

Fig. S5. - Labeled tandem mass spectrometry (MS/MS) spectrum and peak list of ID 20149, which matched the sequences of ANXAL.

Fig. S6. . Expression of transglutaminase 3 (TGM3) in tongue squamous cell carcinoma (TSCC). The expression of TGM3 protein was evaluated by
immunohistochemistry in 53. TSCC cases. Representative images of immunohistochemical staining for TGM3 (a=¢) and corresponding HE staining
(a’—¢’) are aligned side by side (magnification, x100). TGM3 immunoreactivity was localized predominantly in the cytoplasm and nuclei of non-
neoplastic tongue epithelial cells (a). TGM3 is detected in keratinized cancer pearls of some well-differentiated TSCCs (b), but TGM3 immunoreactivity
is hardly detectable in moderately (d) or poorly (e) differentiated TSCC.

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors, Any queries
(other than missing material) should be directed to the corresponding author for the article.
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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 1is 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 5¢i 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, DNMT| 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 methgllation.(s) When methyl-CpG-binding proteins,
such as MeCP2%''9 and MBD2,"*" bind to methylated CpG
- dinucleotide, their transcriptional repression domain recruits a
co-repressor complex containing histone deacetylases. However,
histone: methyltransferases; such as G9AY? and SUV39H1,!Y

Cancer Sci . |~ January 2010} vol. 101} 'no. 1. | 36-45

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 tumnors or the timing of tumor devel-
opment; = suggesting - a - causal relationshisp between  DNA
methylation alterations and tumorigenesis."! 19 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."®?? 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.?? DNA hypomethylation induces chromosomal
instability  through = decondensation - of  heterochromatin and
enhancement of chromosomal recombination during carcino-

- (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 c¢linicopathological diver-
sity of human cancers is asstiming increasing im];)ortance for the
diagnosis, prevention; and therapy of cancers. %%

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 poorlg 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
. . Pk i < VT3 132) B
showing chronic hepatitis or liver cirrhosis, which. are
widely considered to be precancerous conditions,®® 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.®!

DNA hypermethylation around the promoter region of the
E-cadherin tumor suppressor gene (16¢22.1), 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, plJ5, pl6, p73, APC, hMLHI,
MGMT, BRCAL, 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-
parison with normal urothelia obtained from patients without
UCs.®?

Kanai

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 tumot 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 pulmona.rx anthracosis,
as an index of the cumulative effects of s;mokingf4 ) Thus, DNA
methylation alterations are frequently found even at the precan-
cerous stage in various organs, 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
cirrhosis than in normal liver tissue; and are even higher in
HCCs.“"*® The incidence of DNMT! overexpression in HCCs
is significantly 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 si%niﬁcantly 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, in comparison with
normal peripheral pancreatic duct epithelia.(so) 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 DNMT1 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 expression of
DNMT2, DNMT3a, or DNMT3b.654 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 DNMTI protein.®> " Helicobacter pylori
infection, another etiologic factor for stomach carcinogenesis,
has also been reported to strongly promote regional DNA hyper-
methylation®® 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 DNMTI1 expression per individual cancer cell.
Immunohistochemical examinations have clearly tevealed that
the incidence of nuclear DNMT! 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 carcinogens 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
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Fig. 1. Overexpression of DNA methyltransferase
(DNMT) 1 protein during multistage urothelial
carcinogenesis. (a) Specimen obtained by radical
cystectomy for multiple urothelial carcinomas (UCs)
of the urinary bladder, bilateral ureters, and

Immunohistochemistry prostatic urethra. UCs are clinically remarkable

& DNMT1 PCNA because of their multicentricity and tendency to
. e 1 recur: synchronously or rpetfac.hronously. multifocal

F e e, @50 ) UCs often develop in individual patients.®® A

L ¥ R g possible mechanism for such multiplicity is the

“'.‘;3&_ ad¥ 8 “field effect.” Even non-cancerous urothelia

5 & vall g ks showing no remarkable histological changes
2 e g o UGS obtained from patients with UCs can be considered
o precancerous, because they may be exposed to
& Non helia showing no remarkable histolog| TN ¢ - carcinogens in the urine. (b) Immunohistochemical
= findingswhichmaybeexposedtocavclnogansinlheurine(NC)l“hﬁz"'?" I F s examination for DNMT1 and proliferating cell
& v .‘. ‘.‘. L AL nuclear antigen (PCNA) in tissue specimens. The
E — = 27 S e AT > . incidence of nuclear DNMT1 immunoreactivity had
= i -&é‘* T, % N already increased in non-cancerous urothelia
/ ¢ eitleiClaiodlble 2oy ol NC showing no remarkable histological changes
obtained from patients with UCs (NC), where the

Normal urothelia (Cont) S § i PCNA labeling index had not yet increased,
- — o AR compared to that in normal urothelia obtained

g & from patients without UCs (Cont), indicating that

élelbielGieieiblole AR e : DNMT1 .overgxpress.io_n ggeceded any increase of

_ Cont-_ -~ _ £ _'Cont cell proliferative activity.®*® The intensity of nuclear

Time-course

DNMT1 overexpression preceded increased cell proliferative
activity (Fig. 1b).°® The incidence of nuclear DNMT1 immu-
noreactivity showed a further and progressive increase in dys-
plastic urothelia, and during transition to UCs (Fig. 1b).C®
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 DNMT1 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 DNMT]1 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

DNMT1 immunoreactivity was further increased in
UCs. 9

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. 62) Genes implicated in interferon sig-
naling including signal transducer and activator of transcription
(STAT) 1, which acts as an effector of mterferon signaling, are
upregulated  in. DNMT3b4 transfectants, > suggesting that
DNMT3b may act to maintain the DNA methylation status of
not only perlcentromenc satellite regions but also specific genes
probably in cooperation with DNMT, in cancer cells.

Genome-wide DNA methylation profiling

DNA methylation  profiles  in ' precancerous conditions are

inherited by cancers. The above findings that DNA methylatlon
alterations are associated with multistage carcinogenesis have
prornpted 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 techmques that ennch methylated and unmethylated fractions
of genomic DNA.®%% These fractions can then be hybridized
to DNA microarrays or sequenced. Ultra-high-throughput DNA
sequencmg technologies are being introduced for the direct
sequencing of enriched, methylated fragments or for bisulfite-
converted genomic sequencmé6
~ We have used BAMCA %% Many researchers in this field
use the promoter arrays to identify genes that are methylated in
cancer cells. However, the promoter regions of specxﬁc genes
are not the only target of DNA methylauon 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 hypomethylatlon affects chromosomal instability
may not be contained in promoter arrays. Moreover, aberrant
DNA methylatlon of large chromosome regions, which are regu-
lated in a coordinated manner in human cancers due to a process
of Ion% 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 md1v1dual large reglons
among all chromosomes.

When BAMCA methods were apphed to samples of non-can—
cerous renal tissue obtained from patients with clear cell RCCs,
many BAC clones showed DNA hypo- or hypermethylanon in
comparison to normal renal ttssue samples from patients without
any primary renal tumors.! 72 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 (Flg 2a). Therefore, the DNA
methylatlon 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 pers1stent infection with viruses or
other pathogenic microorganisms; precancerous conditions in
the kidney have rarely been described. However, from the view-
point of DNA methylatxon, 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

Kanai

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-
scopxcally evident renal vein tumor thrombi, microscopically
evident vascular involvement, and higher pathological TNM
stages | than those in Cluster Ay. 2 The overall survival rate of
n Cluster By was slgmﬁcantly lower than that of
ients in Cluster Ay (Fig. 22).7? Tumor aggressiveness and
1 e might thus be determined by DNA meth-

‘ ’ylatxo' proﬁles at the precancerous stage.

th emselves more BAC clones showed DNA hypo-

us renal tissue obtained from
"'onal unsupervxsed hierarchical

es, Clusters At and Br (Flg 2a).
uently showed renal vein tumor
thrombi, vascular involve ment and higher pathologmal TNM
stages than those in Cluster A+."? The overall survival rate of
patients in Cluster By was SI%niﬁcantly 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 B on the basi data for RCC themselves.
That is, Cluster By ely included in Cluster By
e clones significantly dis-
criminating  Cluste “from Cluster Ay also discriminated
Cluster By from Cluster AL Among BAC clones characteriz-
ing both clusters BN and By, where the average signal ratio of
Cluster By was higher than that of Cluster Ay, the average sig-
nal ratio of Cluster By was also higher than that of Cluster Ay
without exception (Fig. 2b). Among BAC clones charactenzmg
both clusters By and Br, where the average signal ratio of Clus-
ter By was lower than that of Cluster Ay, the average signal -
ratio of Cluster By was also lower than that of Cluster Ay 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 baswally inherited b;/ the correspond-
ing RCC in each individual patient (Fig. 2b).7

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 BN 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 alteratlons at the precancerous stage may be ‘‘epigenetic
gatekeepers’’ '@D and which allow time for further epigenetic
and genetic alteratlons mcludmg genetlc gatekeeper mutatlons
(Fig. 3). :

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

group pattents in
RCCs in Cluster
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Fig. 2. DNA methylation profiles in precancerous conditions and renal cell carcinomas (RCCs). (a) Bacterial artificial chromosome array-based
methylated CpG island amplification (BAMCA) data for tissue samples obtained from patients with RCCs (arrowheads). Using unsupervised
hierarchical clustering analysis based on BAMCA data for samples of their non-cancerous renal tissue, patients with RCCs were clustered into two
subclasses, Clusters Ay and By, "? Clinicopathologically aggressive RCCs were accumulated in Cluster By, and the overall survival rate of patients
in Cluster By was significantly lower than that of patients in Cluster Ay.”? Using unsupervised hierarchical clustering analysis based on BAMCA
data for their RCCs, patients were clustered into two subclasses, Clusters A; and By.7? Clinicopathologically aggressive clear cell RCCs were
accumulated in Cluster By, and the overall survival rate of patients in Cluster By was significantly lower than that of patients in Cluster Ar.7? (b)
Correlation between DNA methylation profiles of precancerous conditions and those of RCCs. Cluster By was completely included in Cluster Bt
(left panel). The majority of the bacterial artificial chromosome (BAC) clones, 724 in all, significantly discriminating Cluster By from Cluster Ay,
also discriminated Cluster By from Cluster Ar.7? In 311 of the 724 BAC clones, where the average signal ratio of Cluster By was higher than that
of Cluster Asq, such as Clone R1 in the middle panel, the average signal ratio of Cluster Br was also higher than that of Cluster A; without
exception.”? In 413 of the 724 BAC clones, where the average signal ratio of Cluster By was lower than that of Cluster Ay, such as Clone R2 in
the middle panel, the average signal ratio of Cluster By was also lower than that of Cluster Ar without exception.'z”’ As shown in the
scattergram of the signal ratios in non-cancerous renal tissue samples and RCCs for all examined patients for a representative BAC clone, Clone
R3, the(7IZD)NA methylation status of the non-cancerous renal tissue was basically inherited by the corresponding RCC in individual patients (right
panel).

Aggressive cancers
A e.g. Cluster B,/ B; in Fig. 2

Fig. 3. Significance of DNA methylation alterations

i at the precancerous stage. Chronic inflammation,
persistent infection with viruses or other patho-

genic microorganisms, cigarette smoking, exposure
to chemical carcinogens, and other unknown
factors may participate in the establishment of
particular DNA methylation profiles, such as Cluster
Chronicinfiammation, By in Fig. 2. Such DNA methylation alterations in
Persistent viral infection, precancerous conditions may not occur randomly,
sCtig.afe"esmkiﬂgv : Less aggressive cancers bu.t may be prone to furthe?r accum_ulation of
' Genetic e.g. Cluster A,/ Ay in Fig. 2 epigenetic and genetic alterations (regional DNA

Tumor progression

Genetic
event

Epigenetic event hypermethylation of C-type CpG islands and copy
event number alterations were accumulated in Cluster By
4 in Fig. 2),%? thus generating more malignant

Time-course cancers, such as the renal cell carcinomas in

patients belonging to Cluster Br.
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CpG islands was: significantly higher in: Cluster By based on

BAMCA than in Cluster At. The frequency of CIMP in Cluster

B was significantly higher than that in Cluster Ar. Genome—,

wide DNA methylation alteratiorns con31st1ng of both hypc
hypermethylation revealed by BAMCA in Cluster B € a

ciated with regional DNA hypermethylation of C-type CpG'

islands. For comparison with their DNA methylation status, we
also examined copy number alterations by array-based compara-
tive genomic hybridization. By unsupervised hierarchical clus-
tering analysis based on copy number alterations, RCCs were
clustered into the two subclasses, clusters A+ and Brg. Loss of
chromosome 3p and gain of chromosomes 5q and 7 were fre-
quent in both clusters Arg and Byg. Loss of chr
4,9, 13q, and 14q was frequent only in Cluster
Cluster Arg." RCCs showing higher histologic
vein tumor thrombi, vascular involvement and h
cal TNM stages were accumulated in Cluster |
rence-free and overall survival rates of patients
were s1gmﬁcantly lower than those of patie
A1’ A subclass of Cluster By based on B¢
completely included in Cluster Brg showmg
copy number alterations. Genetic and epigeneti
not mutually exclusive during renal carcinogenesis, and particu-
lar DNA methylation profiles may be closely related to chromo-
somal instability. DNA methylation alterations at the
precancerous stage, which may not occur randomly but may fos-
ter further epigenetic and genetic alterations, can generate more
malignant cancers and even determine patient outcome (Fig. 3).
Carcinogenetic risk estlmatlon and prognostication based on
DNA methylation status. In samples of non-cancerous liver tis-
sue obtained from patients with HCCs, many BAC clones show
DNA hypo- or hypermethylation in comparison with normal
liver tissue from patients without HCCs (Fig. 4a2).” The effec-
tiveness of surgical resection for HCC is limited, unless the dis-
ease is diagnosed eatly at the asymptomatlc stage. Therefore,
surveillance at the precancerous stage is a priority for patients

with HBV or HCV infection. To reveal the baseline liver histol-

ogy, mlCI‘OSCOpIC examination of liver biopsy specxmens is car-
tied out in patlents with HBV or HCV infe
interferon therapy.’%’” Carcinogenetic risk estimation using

such liver biopsy specnnens is advantageous for close follow-up
of patients who are at high risk of HCC development To estab-
lish an indicator for carcinogenetic risk _estimation, we first

omitted potentially insignificant BAC clones associated only
_on BAC clones
for which DNA methy]atlon status was altered at the precancer- .

with inflammation and/or fibrosis and foc

ous stage in comparison to normal liver tissue and was inherited
by HCCs themselves from the precancerous stage (Fig. 4b).
Among the BAC clones studied, a bioinformatics approach fur-
ther identified the top 25 for which DNA methylation status was
able to discriminate non-cancerous liver tissue from patients
with HCCs in the learning cohort from normal liver tissue with
sufficient sensitivity and specificity.”> By two-dimensional
hierarchical clustering analysis using these 25 BAC clones, sam-
ples of normal liver tissue and samples of non-cancerous liver
tissue obtained from patients with HCCs in the learning cohort

were successfully subclassified into different subclasses without

any error (Fig. 4¢). The criteria established using a combination
of the DNA methylatlon status of the 25 BAC clones (Fig. 4d)
dlagnosed non-cancerous liver tissue from patients with HCCs
in the Iearmng cohort as being at high risk of carcmogenes1s
with a sensmv1ty and specificity of 100%.”> The sensitivity

and specxﬁcny in the validation cohort were both 96%, and thus

our criteria were successfully vahdated

It was confirmed that there were no s1gn1ﬁcant differences i in
the number of BAC clones satlsfymg our criteria between sam-
ples of non-cancerous liver tissue showing chronic hepatitis and
samples of non-cancerous liver tissue showing cirrhosis, indicat-
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; ~analys1s using the
- HCCs in the favorab

n prior to
;non, and kadlofrequency ablation may be advantageous even for

- high risk of recurrence and metastasis o

ing that our criteria were not associated with the degree of
inflammation or fibrosis.”> In addition, the average numbers of
BAC clones satisfying our criteria were significantly lower in
liver tissue samples from patients with HBV or HCV infection

_ but without HCCs than in samples of _on-cancerous liver tissue

obtained from patients with HCCs.!”> Therefore, our criteria
may be applicable for classifying liver tissue samples obtained
m patients who are being followed up because of HBV or
HCV mfectlon; chronic hepatitis, or cirrhosis ‘into’ those that
may generate HCCs and those that will not. We intend to vali-
date the rehablhty of such risk estimation prospectively using
liver biopsy specxmens obtained prior to interferon therapy from
a large cohort of patients with HBYV or HCV infection.

- To establish cri ostication - of patients  with
HCCs, in the learnin ents who had survived more
than 4 years after h d patients who had suffered
recurrence within 6 m d within a year after hepatec-
tomy were defined outcome group and a poor-
outcome group, resps oxon test revealed that the
signal ratios of 41 B ffered significantly between
the two groups s onal hierarchical clustering
s successfully subclassified
-outcome group and the poor-outcome
group into different subclasses without any error (Fig. 5a). We
also established cut-off values for the 41 BAC clones that
allowed discrimination of samples between the poor-outcome

- and favorable-outcome groups with sufficient sensitivity and

specxﬁcuy (Fig. 5b). Multivariate analysis revealed that satisfy-
ing our criteria for 32 or more BAC clones was a predictor of
overall patient outcome and was independent of parameters that
are already known to have prognostic significance,’™ such as
histological differentiation, and presence of portal vem tumor
thrombi, intrahepatic metastasis, and multicentricity.®® The
cancer-free and overall survival rates of paﬁents with HCCs sat-

isfying the criteria for 32 or more BAC clones in the validation
- cohort were s1gmﬁcantly lower than those of patients with HCCs
 satisfying the criteria for less than 32 BAC clones (Fig. 5¢).7%

'Such rbgnosticatlonj using liver blopsy specimens obtained

ial embolization, transartenal chemoemboliza-

patlents who undergo such therapxes
As mentioned above, even non-cancerous urotheha showmg

_ no remarkable histological changes obtamed from patlents with
‘ UC may be e

, d to carcinogens in urine. In fact, genome-
,DNA methylation profiles of non-cancerous urothelia
obtained from patients with nodular invasive UCs showmg an
aggressive clinical course were inherited by the nodular invasive
UCs themselves, suggesting that DNA methylation alterations
that were correlated with the development of more malignant
invasive cancers had already accumulated in non-cancerous
urothelia.”® These findings prompted us to estimate the degree
of carcinogenetic risk based on DNA methylation profiles in
non-cancerous urothelia. We were able to identify BAC clones
for which DNA methylation status was able to completely dis-
criminate non-cancerous urothelia from patients with UCs from
normal urothelia and dlagnose them as having a high risk of uro-
thelial carcinogenesis.' ™ If it were possible to 1dent1fy individu-
als who are at high risk of urothelial carcinogenesis, then
strategies for the prevention or eaﬂy detection of UCs, such as

smoking cessation or repeated urine cytology examinations,
might be applicable.
In order to start adjuvant systemic chemotherapy 1mmed1ately
in patients who have undergone total cystectomy and are still at
Cs, prognostic.indica-
tors have been explored. Subclassxﬁcat, based on unsuper-
vised two-dimensional hierarchical clustering analysis using
BAMCA data for UCs was significantly correlated with recur-
rence after surgery due to metastasis to pelvic lymph nodes or
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Fig. 4. Risk estimation of hepatocellular carcinoma
(HCC) development based on DNA methylation
status. (a) Examples of scan images and
scattergrams of signal ratios in normal liver tissue
obtained from patients without HCCs (C) and non-
cancerous liver tissue obtained from patients with
HCCs (N). In N samples, many bacterial artificial
chromosome (BAC) clones showed DNA hypo- or
hypermethylation compared to C samples.”® (b)
Four patterns of DNA methylation alterations seen
in BAC clones during multistage hepatocarcino-
genesis: (i) DNA methylation alterations occurred at
the chronic hepatitis and liver cirrhosis stage, and
DNA methylation status did not alter in HCCs from
the chronic hepatitis and liver cirrhosis stage; (ii)
DNA methylation alterations occurred at the
chronic hepatitis and liver cirrhosis stage and
further altered in HCCs; (iii) although DNA
methylation alterations occurred at the chronic
hepatitis and liver cirrhosis stage, the DNA
methylation status returned to normal in HCCs; and
(iv) DNA methylation alterations occurred only in
HCGCs. In order to establish criteria for carcino-
genetic risk estimation, we focused on BAC clones
whose DNA methylation status was inherited by
HCCs from the precancerous stage (groups i and ii),
whereas group iii may only reflect inflammation
and/or fibrosis, and group iv may participate only
in the malignant progression stage. (c) Two-
dimensional hierarchical clustering analysis using
BAC clones that were selected as the top 25 for
which DNA methylation status was able to
discriminate N from C with sufficient sensitivity and
specificity by Wicoxon test and the support vector
machine algorithm.”® C and N samples in the
learning cohort were successfully subclassified into
different subclasses without any error.”® (d)
Scattergrams of the signal ratios in C and N samples
in the learning cohort for representative BAC
clones, Clone H1. and Clone H2. Using the cut-off
values (CV) in each panel, N samples in the learning
cohort were discriminated from C_ samples with
sufficient sensitivity and specificity.”> Based on a
combination of DNA methylation status for the 25
BAC clones, the criteria for carcinogenetic risk
estimation were established. Using these criteria,
the sensitivity and specificity for diagnosis of N
samples in the learning cohort as being at hi’gh risk
of carcinogenesis were both 100%.7 The
sensitivity and specificity in the validation cohort
were both 96%, and thus the criteria were
successfully validated.”
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Fig. 5. Prognostication of patients with HCC development based on

DNA methylation status. (a) Two-dimensional hierarchical clustering
analysis using 41 bacterial artificial chromosome (BAC) clones selected
as those for which DNA methylation status was able to discriminate a
poor-outcome group (P), who suffered recurrence within 6 months
and died within a year after hepatectomy, from a favorable-outcome
group (F), who survived for more than 4 years after he?atectomy,
with sufficient sensitivity and specificity by Wilcoxon test.’® F and P
patients in the learning cohort were successfully subclassified into
different subclasses without any error.7® (b) Scattergrams of the
signal ratios in F and P patients in the learning cohort for
representative BAC clones, Clone H26 and Clone H27. Using the
cut-off values (CV) in each panel, P patients in the learning cohort
were discriminated from F patients with 100% sensitivity and
specificity.”® Based on a combination of the DNA methylation status
of the 41 BAC clones, criteria for prognostication were established.
(c) The cancer-free and overall survival rates of patients with HCCs in
the validation cohort. Patients with HCCs satisfying the criteria for 32
or more BAC clones showed significantly poorer outcome than
patients with HCCs satisfying the criteria for less than 32 BAC
clones.®

distant organs.”’® These data prompted us to establish criteria
for predicting recurrence of UCs based on DNA methylation sta-
tus, and we successfully identified BAC clones for which DNA
methylation status completely discriminated patients who suf-
fered recurrence from patients who did not, whereas high histo-
logical grade, invasive growth, and vascular or lymphatic
invo%ygment were unable to achieve such complete discrimina-
tion.

Kanai

It is well known that patients with UCs of the renal pelvis
and ureter frequently develop metachronous UC in the
urinary bladder after nephroureterectomy. Therefore, such
patients need to undergo repeated urethrocystoscopic examin-
ations for detection of intravesical metachronous UCs. To
decrease the need for such invasive urethrocystoscopic exam-
inations, indicators for intravesical metachronous UCs are
needed. DNA methylation profiles of non-cancerous urothelia
obtained by nephroureterectomy from patients with UCs of
the renal pelvis or ureter, which may be exposed to the same
carcinogens in the urine as non-cancerous urothelia from
which metachronous UCs originate, were correlated with the
risk of intravesical metachronous UC development.”® In
non-cancerous urothelia from nephroureterectomy specimens,
we are able to identify BAC clones for which DNA methyla-
tion status was able to completely discriminate patients with
UCs of the renal pelvis or ureter who developed intravesical
metachronous UCs from patients who did not.”® After pro-
spective validation, combination of such BAC clones may be
an optimal indicator for the development of intravesical meta-
chronous UC.

Perspective

On the basis of DNA methylation profiling, translational epi-
genetics has clearly come of age. The incidence of DNA
methylation alterations is generally high during multistage
carcinogenesis in various organs. DNA methylation altera-
tions are stably preserved on DNA double strands by cova-
lent bonds, and these can be detected using highly sensitive
methodology. Therefore, they may be better diagnostic indi-
cators than mRNA and protein expression profiles, which
can be easily affected by the microenvironment of cancer
cells or precursor cells. Genome-wide DNA methylation pro-
filing can provide optimal indicators for carcinogenetic risk
estimation and prognostication using samples of urine, spu-
tum, and other body fluids, and also biopsy and surgically
resected specimens.

However, most of the recently developed detection tech-
nologies such as promoter arrays, CpG-island arrays and
high-throughput sequencing are sequence-based methods and
cannot comprehensively measure the DNA methylation status
of repetitive sequences and gene bodies. The dynamics of
DNA methylation at such non-unique sequences still remain
to be determined.”® Our BAC array-based methods do not
focus only on specific promoter regions and CpG islands,
and have successfully identified the chromosomal regions in
which coordinated DNA methylation alterations have clinico-
pathological impact. Evaluation of the correlation between
the methylation status of each CpG site in selected BAC
clones and the clinicopathological diversity of cancers may
provide new insights into the roles of DNA methylation dur-
ing multistage carcinogenesis. Subclassification of cancers
based on DNA methylation profiling may provide clues for
clarification of distinct target mechanisms and molecules
for prevention and therapy in patients belonging to specific
clusters.
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Abbreviations

BAC bacterial artificial chromosome

BAMCA BAC array-based methylated CpG island amplification
CIMP CpG island methylator phenotype

DNMT DNA methyltransferase

HBV hepatitis B virus

HCC hepatocellular ‘carcinoma
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To clarify genome-wide DNA methylation profiles during multi-
stage: urothelial ‘carcinogenesis, bacterial artificial chromosome
(BAC) array-based methylated CpG island amplification (BAMCA)
was performed: in 18 normal urothelia. obtained from patients
without urothelial carcinomas (UCs) (C), 17 noncancerous. urothelia
obtained from patients with UCs (N), and 40 UCs. DNA hypo- and
hypermethylation on multiple BAC clones was observed even in N
compared to C. Principal component analysis revealed progressive
DNA methylation alterations from Cto N, and to UCs. DNA methyl-
ation profiles in N obtained from patients with invasive UCs were
inherited by the invasive UCs themselves, that is DNA methylation
alterations in: N were correlated with the development of more
malignant UCs. The combination of DNA methylation status on 83
BAC clones selected by Wilcoxon test was able to completely dis-
criminate N from C, and diagnose N as having a high risk of carci-
nogenesis, with 100% sensitivity and specificity. The combination
of DNA methylation status on 20 BAC clones selected by Wilcoxon
test was able to completely discriminate patients who suffered
from recurrence after surgery from patients who did not. The com-
bination of DNA methylation status for 11 BAC clones selected by
Wilcoxon test was able to completely discriminate patients with
UCs. of the renal pelvis or ureter who suffered from intravesical
metachronous UC development from patients who did not. Gen-
ome-wide alterations of DNA methylation may participate in uro-
thelial carcinogenesis from the precancerous stage to UC, and DNA
methylation profiling may provide optimal indicators for carcino-
genetic risk estimation and prognostication. (Cancer S¢i 2010; 101:
231-240)

I t is known that DNA hypomethylation results in chromo-
somal instability as a result of changes in chromatin structure;
and that DNA hypermethylation of CpG islands silences tumor:
related %enes in cooperation with histone modification in human
cancers." ™ Accumulating evidence suggests that alterations of
DNA methylation are involved even in the early and the precan-
cerous stages.®” On the other hand, in patients with cancers,
aberrant DNA methylation is significantly associated with
poorer tumor differentiation, tumor aggressiveness, and poorer
patient outcome &7 Therefore, alterations of DNA methylation
may play a significant role in multistage carcinogenesis.

With respect to urothelial carcinogenesis, we have reported
accumulation of DNA methylation on C-type CpG islands in a
cancer-specific but not age-dependent manner, and protein over-
expression of DNA  methyltransferase (DNMT) 1, a major
DNMT, even in noncancerous urothelia with no apparent histo-
logical changges obtained from patients with urothelial carcino-
mas (UCs):¢ ) Moreover, accumulation of DNA methylation on
C-type CpG islands associated with DNMT]1 protein overexpres-
sion' was more frequently evident in aggressive nodular invasive
UCs® 19 resulting in poorer patient outcome than in superficial

doi: 10.1111/].1349-7006.2009.01330.x
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papillary: UCs; which' usually remain noninvasive even after
repeated urethrocystoscopic resection.! 12 Since aberrant DNA
methylation is‘one of the earliest molecular:events during uro:
thelial carcinogenesis and also participates in tumor aggressive-
ness; it may be possible to estimate the future risk of developing
more malignant UCs. However, only a few previous studies
focusing on UCs"*®) have employed recently developed array-
based technology for assessing genome-wide' DNA methylation
status,! and such studies have focused on’ identification of
tumor-related genes that are silenced by DNA methylation.!!®
DNA methylation: profiles, which could become the optimum
indicators for carcinogenetic risk estimation and prognostication
of  UCs, should  therefore  be ‘explored . using array-based
approaches.

In this study, in order to clarify genome-wide DNA methyla:
tion profiles during: multistage urothelial: carcinogenesis, we
performed bacterial artificial. chromosome. (BAC) 'array-based
methylated CpG island amplification (BAMCA)"'""'? using a
microarray of 4361 BAC clones®” in normal urothelia obtained
from: patients without UCs; noncancerous urothelia:obtained
from patients with UCs; and UCs themselves.

Materials and Methods

Patients and tissue samples. Seventeen samples of noncancer-
ous urothelia (N1-N17) and 40 samples of UCs (T1-T40) of the
urinary. bladder, ureter, and renal pelvis were obtained from
specimens that had been surgically resected by radical cystecto-
my (12 patients) or nephroureterectomy (28 patients) at the
National Cancer Center Hospital, Tokyo, Japan.: The patients
comprised 31 men and nine women whose mean age was
69.03 + 9.77 (mean * SD) years (range, 49-85 years). Micro-
scopic examination revealed no remarkable histological changes
in the noncancerous urothelia. The patients from whom noncan-
cerous urothelia were obtained comprised: 11 men and six
women with a mean age of 7041 + 9.33 (mean * SD) years
(range, 49-85 years). There were 17 superficial UCs (two pTa
and 15 pTI tumors) and 23 invasive UCs (six pT2, 16 pT3, and
one pT4 tumor) according to the criteria proposed by World
Health Organization classification.?!) For comparison; 18 sam-
ples of normal urothelia obtained from patients without UCs
(C1-C18) were used. Fourteen, three, and one patient underwent
nephrectomy for renal cell carcinoma, nephrectomy for retro-
peritoneal sarcoma around the kidney, and partial cystectomy
for urachal carcinoma, respectively. The patients from whom
normal urothelia were: obtained comprised 13 men and five
women with a mean age of 61.17 £ 15.16 (mean = SD) years
(range, 27-82 years). This study was approved by the Ethics
Committee of the National Cancer Center, Tokyo, Japan and has
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been performed in accordance with the Declaration of Helsinki
in 1995, All patients gave their informed consent prior to their
inclusion in this study.

BAMCA; High-molecular-weight DNA from fresh frozen tis-
sue samples: was extracted ‘using phenol-chloroform, followed
by dialysis. Because DNA methylation status is known to be
organ-specific, @2 the reference DNA for analysis of the devel-
opmental stages of UCs should be obtained from the urothelium,
and not from other organs or peripheral blood. Therefore, a mix-
ture of normal urothelial DNA obtained from .11 male patients
(C19-C29) and six female patients (C30-C35) without UCs was
used as a reference for analyses of male and female test DNA
samples, respecnvely DNA methylation status was analyzed by
.BAMCA using a custom-made array: (MCG Whole: Genome
Array-4500) harboring 4361 BAC clones located throu&hout

chromosomes 1-22, X and Y,*? as described previously.
Briefly, 5-ug aliquots: of test or reference DNA were first
digested with. 100 units of the methylation-sensitive restriction
_ enzyme . Sma I and subsequently. with 20 units of the methyla-
tion-insensitive - Xma L. ‘Adapters were ligated to the Xma
I-digested sticky ends, and PCR was performed with an adapter
primer set. Test and reference: PCR products: were: labeled by
random  priming: with Cy3- and Cy5-dCTP (GE Healthcare,
Buckinghamshire, UK); respectively, and precipitated together
with ethanol in the: presence of Cot-I DNA. The mixture was
applied to array slides and incubated ‘at 43°C: for 72 h. Arrays
were scanned with a GenePix Personal 4100A (Axon Instru-
ments, Foster City, CA, USA) and analyzed using GenePix Pro
5.0 imaging software (Axon Instruments) and Acue 2 software
(Mitsui Knowledge Industry, Tokyo, Japan). The signal ratios
were normalized in each sample to make the mean signal ratios
of all BAC ¢lones 1.0.

Statistics. Differences in the average number of BAC clones
that showed DNA  methylation alterations (DNA hypo- and
hypermethylation) between groups of samples were analyzed
using the Mann=Whitney U-test. Differences at P < 0.05 were
considered significant. Principal: component analysis based on
BAMCA: data was performed using the Expressionist software
program (Gene Data, Basel, Switzerland). Unsupervised two-
dimensional hierarchical clustering. analysis of tissue samples
and ‘the BAC clones were performed using the Expressionist
software program. Correlations between the subclassification of
patients yielded by unsupervised hierarchical clustering analysis
and chmcopathologlcal parameters of UCs were analyzed using
the y-test. Differences at P < 0.05 were considered significant.
BAC clones whose signal ratios yielded by BAMCA were
significantly different between groups of samples were identified
by Wilcoxon test (P < 0.01).

Results

Genome-wide DNA methylation alterations during multistage
urothelial  carcinogenesis. Figure 1(b,c) shows examples of
scanned array images and scattergrams of the signal ratios (test
signal/reference signal), respectively, for normal urothelium
from a patient without UC (panel C), and both noncancerous
urothelium (panel N) and cancerous tissue (panel T) from a
patient with UC. In all normal urothelia (C1-C18), the signal
ratios of 97% of the BAC clones were between 0.67 and 1.5 (red
bars in Fig. Ic). Therefore, in noncancerous urothelia obtained
from patients with UCs and UCs, DNA methylation status corre-
sponding to a signal ratio of less than 0.67 and more than 1.5
was defined as DNA hypomethylation and DNA hypermethyla-
tion of each BAC clone compareg)l to normal urothelia, respec-
tively, as in our previous study.®” In noncancerous urothelia
obtained from patients” with UCs, many BAC ‘clones showed
DNA hypo- or hypermethylation (panel N of Fig. Ic). In UCs
themselves, more. BAC clones showed DNA hypo- or hyperme-
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thylation, and the degree of DNA hypo- or hypermethylation,
that is ‘deviation of the signal ratio from 0.67 or 1.5, was
increased (panel T of Fig. lc) in comparison with noncancerous
urothelia obtained from patients with UCs. The average number
of BAC clones showing DNA hypomethylation increased signif-
icantly from noncancerous urothelia obtained from patients with

UCs (24:53 + 31.48) to ‘UCs: (236.78 £.92.78, P = 4.37e-9).

The average number of BAC clones showing DNA hypermethy-
lation  increased = significantly from noncancerous- urothelia
obtained - from . patients.: with. UCs. (29.18 +:39.84) . to- UCs
(289.13:+82.42; P ="7.35¢-9). Principal component analysis
based on::‘BAMCA  data “(signal ratios) revealed progressive
DNA methylation alterations from normal urothelia, to noncan-
cerous urothelia obtained from patients with: UCs; and to UCs
(Fig. 1d).

Clinicopathological significance of DNA methylation alterations
in noncancerous urothelia obtained from patients with UCs. In
order to clarify the clinicopathological significance of DNA
methylation alterations in noncancerous urothelia obtained from
patients with UCs, unsupervised two-dimensional hierarchical
clustering analysis based on BAMCA data (signal ratios) for
noncancerous urothelia was performed. Seventeen patients with
UCs were clustered into two subclasses, Clusters Ay and By,
which contained nine and eight patients, respectively, based on
the DNA methylation status of ‘the ‘noncancerous urothelia
(Fig. 2a). All elght patients (100%) belonging to Cluster By suf-
fered from invasive UCs (pT2 or more), whereas five (55.6%) of
the patients belonging to Cluster Ay did so (P = 0.0311). '

The Wilcoxon ‘test (P < 0.01) revealed that the signal ratios
of 131 BAC clones differed significantly between noncancerous
urothelia obtained from patients with superficial UCs (pTa and
pT1) and noncancerous urothelia obtained from patlents with
invasive UCs (pT2 or more). If the average signal ratios in non-
cancerous urothelia obtained from patients with invasive UCs
were significantly higher than those in noncancerous urothelia
obtained from patients with superficial UCs (67 BAC clones),
the average signal ratios in the invasive UCs themselves were
even higher than (42 BAC clones, e.g. RP11-79K 14 and RP11-
29C11 in Fig. 2b) or not significantly different from (25 BAC
clones, e.g. RP11-3A9 and RP11-73G16 in Fig. 2b) those in
noncancerous urothelia obtained from patients with invasive
UCs, without exception. If the average signal ratios in noncan-
cerous urothelia obtained from patients with invasive UCs were
significantly lower than those in noncancerous urothelia
obtained from patients with superficial UCs: (64 BAC clones),
the average signal ratios in the invasive UCs themselves were
even lower than (38 BAC clones, e.g. RP11-210F15 and RP11-
368013 in Fig. 2b) or not significantly different from (26 BAC
clones; e.g. RP11-442N24 and RP11-65C22 in Fig. 2b) those in
noncancerous urothelia obtained from patients with invasive
UCs, without exception; that is DNA methylation status of the
131 BAC clones in noncancerous urothelia obtained from
patients with invasive UCs was: inherited by the invasive UCs
themselves.

DNA methylation profiles discriminating noncancerous urothe:
lia obtained from patients with UCs from normal urothelia. Our
finding that DNA methylation alterations 'in: noncancerous
urothelia - were . correlated  with - the development of 1 UCs,
as described above, prompted us to estimate the degree of
carcinogenetic risk: based on DNA methylation profiles ‘in
noncancerous urothelia. \We attempted to ‘establish criteria for
indicating that noncancerous urothelia- obtained from patients
with UCs; and not normal urothelia, were at high risk of carcino-
genesis:

The Wilcoxon test (P < 0.01) revealed that the signal ratios
on 201 BAC clones differed significantly between normal uro-
thelia obtained from patients without UCs and noncancerous
urothelia: obtained from: patients: with: UCs. Figure 3(a) shows
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Fig. 1. DNA methylation alterations during multistage urothelial carcinogenesis. (a) Microscopic view of normal urothelium obtained from a
patient without urothelial carcinoma (UC) (C), noncancerous urothelium obtained from a patient with UC (N), and UC (T). N shows no
remarkable histological changes in comparison to C, that is no cytological or structural atypia is evident. Hematoxylin—eosin staining. Original
magnification, x20. (b) Scanned array images obtained by bacterial artificial chromosome (BAC) array-based methylated CpG island amplification
(BAMCA) in C, N, and T. Co-hybridization was done with test and reference DNA labeled with Cy3 and Cy5, respectively. (c) Scattergrams of the
signal ratios (test signal/reference signal) obtained by BAMCA in C, N, and T. In all 18 normal urothelia (C1-C18), the signal ratios of 97% of the
BAC clones were between 0.67 and 1.5 (red bars). Therefore, in N and T, DNA methylation status corresponding to a signal ratio of less than
0.67 and more than 1.5 was defined as DNA hypomethylation and DNA hypermethylation on each BAC clone compared to C, respectively. Even
though N did not show any marked histological changes in comparison to C (panels C and N in [a]), many BAC clones showed DNA hypo- or
hypermethylation. In T, more BAC clones showed DNA hypo- or hypermethylation, whose degree, that is deviation of the signal ratio from 0.67
or 1.5, was increased in comparison to N. (d) Principal component analysis based on BAMCA data (signal ratios). Progressive alterations of DNA
methylation status from normal urothelia (yellow arrows) to noncancerous urothelia obtained from patients with UCs (green arrows), and to
UCs (red arrows) were observed.
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Fig. 2. Correlations between DNA methylation status and clinicopathological parameters. (a) Unsupervised two-dimensional hierarchical
clustering analysis based on bacterial artificial chromosome (BAC) array-based methylated CpG island amplification (BAMCA) data (signal ratios)
in noncancerous urothelia obtained from patients with urothelial carcinomas (UCs). The signal ratio is shown in the color range map. Seventeen
patients with UCs were hierarchically clustered into two subclasses, Clusters Ay (n = 9) and By (n = 8). Eight patients (100%) belonging to Cluster
Bn developed invasive UCs (pT2 or more), whereas five patients (55.6%) belonging to Cluster Ay did so (P = 0.0311). (b) Scattergrams of the
signal ratios in tissue samples. NS, noncancerous urothelia obtained from patients with superficial UCs. NI, noncancerous urothelia obtained
from patients with invasive UGs. TI, invasive UCs. If the average signal ratios in NI were significantly higher than those in NS, the average signal
ratios in Tl themselves were even higher than (BAC clones RP11-79K14 and RP11-29C11), or not significantly different from (BAC clones RP11-
3A9 and RP11-73G16), those in NI without exception. If the average signal ratios in NI were significantly lower than those in NS, the average
signal ratios in Tl themselves were even lower than (BAC clones RP11-210F15 and RP11-368013), or not significantly different from (BAC clones
RP11-442N24 and RP11-65C22), those in NI without exception. 2P = 0.001680673, bp = 9.23504e-7, P= 0.002197802, * 9p = 3.64223e-6,
€p = 0.000840336, P = 0.007692306, °P = 0.004395604, "P = 8.31509¢-6, 'P = 0.004395604, P = 1.10173e-5, P = 0.005882353, 'P = 0.001098901. (c)
Unsupervised two-dimensional hierarchical clustering analysis based on BAMCA data (signal ratios) in UCs. Forty patients with UCs were
hierarchically clustered into two subclasses, Clusters A (n = 19) and By (n = 21). All four patients with recurrence belonged to Cluster By. (d)
Unsupervised two-dimensional hierarchical clustering analysis based on BAMCA data (signal ratios) for noncancerous urothelia obtained from
patients with UCs of the renal pelvis or ureter. Thirteen patients with UCs of the renal pelvis or ureter were hierarchically clustered into two
subclasses, Clusters Anp (n = 4) and Byp (n = 9). All four patients who developed intravesical metachronous UC belonged to Cluster Byp.

scattergrams of the signal ratios in normal urothelia and noncan-  with a sensitivity and specificity of 75% or more than 75% were
cerous urothelia obtained from patients with UCs for representa-  selected (Table S1). The cut-off values of the signal ratios for
tive examples of the 201 BAC clones. Using the cut-off values the 83 BAC clones, and their sensitivity and specificity, are
described in Figure 3(a), noncancerous urothelia obtained from  shown in Table S1.

patients with UCs were discriminated from normal urothelia A histogram showing the number of BAC clones satisfying
with sufficient sensitivity and specificity (Fig. 3a). From the 201  the criteria listed in Table S1 for 18 normal urothelia (C1-
BAC clones, 83 for which such discrimination was performed C18) and 17 noncancerous urothelia obtained from patients
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with UCs (N1-N17) is shown in Figure 3(b). Based on this
figure, we finally established the following criteria: when non-
cancerous urothelia satisfied the criteria in Table S1 for 50 or
more BAC clones (green bar in Fig. 3b), they were judged to
be at high risk of carcinogenesis, and when noncancerous urot-
helia satisfied the criteria in Table S1 for less than 50 BAC
clones, they were judged not to be at high risk of carcinogene-
sis. Based on these criteria, both the sensitivity and specificity
for diagnosis of noncancerous urothelia obtained from patients
with UCs in this cohort as being at high risk of carcinogenesis
were 100%.

Association of DNA methylation profiles in UCs with
recurrence. Unsupervised two-dimensional hierarchical cluster-
ing analysis based on BAMCA data (signal ratios) for UCs was
able to group 40 patients into two subclasses, Clusters At and
B, which contained 19 and 21 patients, respectively (Fig. 2c).
Four patients (19.0%) belonging to Cluster By suffered recur-
rence after surgery (metastasis to the pelvic lymph nodes in
three, and metastasis to the lung and bone in one), whereas none
(0%) belonging to Cluster Ar did so (P = 0.0449). The mean
observation period was 29.8 + 28.0 months (mean + SD). These
data prompted us to establish criteria for predicting recurrence
of UCs based on DNA methylation status.

The Wilcoxon test (P < 0.01) revealed that the signal ratios
on 20 BAC clones in UCs differed significantly between the
patients who suffered recurrence after surgery and patients who
did not. Figure 4(a) shows scattergrams of the signal ratios in
UCs obtained from patients who suffered recurrence and those
in UCs obtained from patients who did not. DNA methylation
status of the 20 BAC clones was able to discriminate patients
who suffered recurrence from patients who did not with a sensi-
tivity of 100% using the cut-off values shown in Figure 4(a) and

Table S2. A histogram showing the number of BAC clones
satisfying the criteria listed in Table S2 for all 40 UCs is shown
in Figure 4(b). Satisfying the criteria in Table S2 for 17 or more
BAC clones (green bar in Fig. 4b) discriminated patients who
suffered recurrence from patients who did not with a sensitivit
and specificity of 100%, whereas high histological grade,*"
invasive growth (pT2 or more), and vascular or lymphatic
involvement were unable to achieve such complete discrimina-
tion (data not shown).

Association of DNA methylation profiles in noncancerous
urothelia obtained from patients with UCs of the renal pelvis or
ureter with intravesical metachronous UC development. It is
well known that patients with UCs of the renal pelvis and ureter
frequently suffer from metachronous UC development in the
urinary bladder after nephroureterectomy.®**>" Since such
metachronous UC originates from the noncancerous urothelium
of the urinary bladder, we focused on the DNA methylation sta-
tus of noncancerous urothelia obtained by nephroureterectomy
from patients with UCs of the renal pelvis or ureter. Unsuper-
vised two-dimensional hierarchical clustering analysis based on
BAMCA data (signal ratios) for noncancerous urothelia
obtained from patients with UCs of the renal pelvis or ureter
was able to group 13 patients into two subclasses, Clusters Anp
and Byp, which contained four and nine patients, respectively
(Fig. 2d). Four (44%) of the patients in Cluster Byp developed
intravesical metachronous UCs, whereas none (0%) belonging
to Cluster Anp did so. These data prompted us to establish
criteria that could predict the development of intravesical meta-
chronous UC based on DNA methylation status.

The Wilcoxon test (P < 0.01) revealed that the signal ratios
on 11 BAC clones in noncancerous urothelia obtained
from patients with UCs of the renal pelvis or ureter differed
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Recurrence

recurrence (n = 4) on representative bacterial
artificial chromosome (BAC), clones, RP11-79Ks,
RP11-466C12, and RP11-11A11. Using the cut-off
values (CV) described in each panel, recurrence-
positive patients were discriminated from
recurrence-negative  patients  with  100%
sensitivity. (b) Histogram showing the number
of BAC clones satisfying the criteria listed in
Table S2 in all 40 patients with UCs. Satisfying
the criteria in Table S2 for 17 (green bar) or
more than 17 BAC clones discriminated
recurrence-positive patients from recurrence-
negative patients with a sensitivity and
specificity of 100%, whereas high histological
grade (21), invasive growth (pT2 or more), and
vascular or lymphatic involvement were unable
to achieve such complete discrimination (data
not shown).
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Fig. 5. DNA methylation profiles in noncan-

cerous urothelia obtained from patients with

urothelial carcinomas (UCs) of the renal pelvis or (b)
ureter associated with intravesical metachronous

UC development. (a) Scattergrams of the signal

ratios in noncancerous urothelia obtained from

patients who did not develop intravesical

metachronous UCs (n=9) and noncancerous

urothelia obtained from patients who developed

intravesical metachronous UCs (n=4) on

representative bacterial artificial chromosome

(BAC) clones, RP11-721G11, RP11-104N11, and

RP11-402N14. Using the cut-off values (CV)

described in each panel, metachronous UC-

positive patients were discriminated from

metachronous UC-negative patients with 100%

sensitivity and specificity. (b) Histogram showing

the number of BAC clones satisfying the criteria 1
listed in Table S3 in all 13 patients with UCs of the

renal pelvis or ureter from whom noncancerous 0

urothelia were obtained. Patients who were
negative and positive for metachronous UC were
confirmed to show a marked difference in the
DNA methylation status of the 11 BAC clones.

significantly between patients who developed intravesical meta-
chronous UC after nephroureterectomy and patients who did
not. DNA methylation status of nine of the 11 BAC clones was
able to discriminate patients who suffered from intravesical
metachronous UC development from patients who did not with
a sensitivity and specificity of 100% using the cut-off values
shown in Figure 5(a) and Table S3. A histogram showing the
number of BAC clones satisfying the criteria listed in Table S3
for 13 noncancerous urothelia obtained from patients with UCs
of the renal pelvis or ureter is shown in Figure 5(b).

Discussion

Urothelial carcinomas are clinically remarkable because of
their multicentricity: synchronously or metachronously multi-
focal UCs often develop in individual patients. A possible
mechanism for such multiplicity is the “‘field effect,”” whereby
carcinogenic agents in the urine cause malignant transforma-
tion of multiple urothelial cells.?® Even noncancerous urothe-
lia showing no remarkable histological features obtained from
patients with UCs can be considered to be at the precancerous
stage, because they may be exposed to carcinogens in the
urine. On the other hand, UCs are classified as superficial pap-
illary carcinomas or nodular invasive carcinomas according to
their configuration. Superficial papillary carcinomas usually
remain noninvasive, although patients need to undergo
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repeated urethrocystoscopic resections because of recurrences.
In contrast, the clinical outcome of nodular invasive carcino-
mas is poor.!?

In our previous study, accumulation of DNA methylation on
C-type CpG islands associated with DNMT1 protein overexpres-
sion was observed even in noncancerous urothelia obtained from
patients with UCs.®” Aberrant DNA methylation was further
increased, especially in nodular invasive carcinomas.®'? These
previous data suggested that carcinogenetic risk estimation and
prognostication of UCs based on DNA methylation status might
be a promising strategy. Although optimal diagnostic indicators
have never been explored using array-based genome-wide DNA
methylation analysis, alterations of DNA methylation on several
CpG islands in UCs have been reported separately.?’—>1

Many researchers in the field of cancer epigenetics have used
promoter arrays to identify the genes that are methylated in can-
cer 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 that do not
directly participate 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.®? Geno-
mic regions in which DNA hypomethylation affects chromo-
somal instability may not be contained in promoter arrays.
Moreover, aberrant DNA methylation of large regions of chro-
mosomes, which are regulated in a coordinated manner in
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