DNA methylation profiles in precancerous tissue & cancers

alterations, can generate niore malignant ¢ancers
and even determine patient outcome (Fisurs 2.

Everr tliough high-throughpur detection
techriologies have recently been developed, the
dynamics of DNA methylation-at nonunique
sequences, such as repetitive: sequences and
gene bodies, still‘femain to be derermined 17y,
However; our BAC array-based methods do not
focus only on specific promoter regions and CpG
islands, and have successfully identified the BAC
regions including nonunique sequences in which
coordinated DNA methylation alterations have
clinicopathological impace. Evaluartion of the
correlation between the DNA methylation status
of identified nonunique sequernces and the clini-
copathological diversity of cancers may provide
new insights into the roles of DNA methylarion
during multistage carcinogenests.

Carcinogenetic risk estimation based
on DNA methylation profiles
With respect to HECs, the results of analysis

of DNA methylation status of CpG islands'of

multiple genes have been reported. Somie groups
have attempted to use DNA methylation profiles
as molecular markers of early HCCs or as prog-
nosic indicators for patients with HCCs [63.64].
Since BAMCA derects DNA methylation altera-
tions that are regulated in a coordinared man-
ner at multiple CpG sites in individual large
regions of chromosomes; BAMCA may be able

In samples of noncar iver tissue obtained
from patients. with s, many BAC clones
showed DNA hypo- or hyper-methylation
in comparison with normal liver tissue from
patients without HCCs: Patients showing DNA
hypo- or hyper-methylation on more BAC clones
in their samples of noncancerousliver tissue fre-
quently developed metachronous or recurrent
HCCs after hepatectomy (631, suggesting that
DNA methylation alterations at precancerous
stages may not occur randomly but tend to Jead
to the development of more malignant HCCs:
The effectiveness of surgical résection for
HCC is limited; unless the disease is diagnosed
early at the asymptomatic stage. Therefore, sur
veillance at precancerous stages is a priority. To
reveal the baseline liver histology, microscopy

examination of liver biopsy specimens is per
formed for partients with hepatitis virus infec-
tion' prior to interferon therapy. Therefore,
carcinogenetic risk estimarion using such liver
biopsy specimens would be advantageous for
close follow-up of patients who are at high risk
of HCC development.

Inflammation itself can induce drastic DNA
methyladion alterations at the chronic hepatitis
stage. Although a proportion of such altera-
tions do participate in progression to HCC, the
remaining inflammation-associated DNA meth=
ylation alterations may diminish after the hepati-
tis stage has passed and 'as HCC develops. DNA
methylation alterations associated only wz:h'
inflammation and not wicth cqrcmogenesxs cat
not be regarded as indicarors for carcineg, Hotic
risk estimation’in-patients who are bung Fo‘k
lowed upowing to chronic hepmm Tilerefo; <,
to estimare the ‘degree of carcinogenetic risk
based on DNA methylation profiles; we focused
on BAC clones for which DNA cihvlation sta:
tus was altered st che thon hepqtms and liver
cirrhosis stages and were inherited by HCCs
from: such precancerous stages. Among them,
a bioinformatics approach identified the top 25
BAC clones for which DNA ‘methvlation sta-
tus-was able to discriminate 15 samples of non-
canceror s hvel tissue from patients with HCCs
- rnmo cohort from 10 samples of normal
11e W !th sufficient sensitivity and specific-
¢ established the criteria for carcinogenetic

tisk estimation by combining the cutoff values

of signal ratios for the 25 BAC clones (Fious 34).
Based o these criteria, the sensitivity and speci-
ficity for diagnosis of noncancerous liver tissue
samples obtained from patients with HECs in
the learning cohort as being at high risk of car-
cinogenesis were both 100% [es]: Our criteria
enabled diagnosis of additional noncancerous
liver tissue samples obrained from patients with
HCCsin the validation cohort (1 = 50) as being
at high risk of carcinogenesis with a sensitivity
and specificity of 96% e} ‘

The number of BAC clones satisfying the cri-
teria in noncancerous liver tissue samples show-
ing chronic hepatitis obtained from patients with
HCCs was not significantly different from that
in. noncancerous. liver tissue samples showing
cirrhosis obrained from patients with HCCs.
I'n addicion; the average number of BAC clones
satisfying the criteria was significantly lower in
samples of liver tissue obtained from patients
who were infected with HBV or HCV, but who
had never developed HCCs; than that in non-
cancerous liver tissué samples obtained: from
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Figure 3. Carcinogenetic risk estimation and prognostication of patients with cancers based on DNA methylation status. (A)
Carcinogenetic risk estimation nased on DNA raethylation status. Examples of scattergrams of the signal ratios in normal tissue samples
and noncancerous tissue samples at precancerous stages for representative bacterial artificial chromoseme (BAC) clones, clone A and
clone B. Using the cutoff values in each panel, noncancerous tissue samples at precancerous stages were discriminated from normal
tissue samples with sufficient sensitivity and specificity. Based on a combinatian of the cutoff values for the selected BAC clones, the
criteria for carcinogenetic risk estimation were established. (B) Prognostication of patients with cancers based on DNA methylation
status. Examples of scattergrams of the signal ratios in the favorable-outcome group and poor-outcome group for representative BAC
clones, clone A and clone B, Using the cutoff values in each panel, patients belonging to the poor-outcome group were discriminated
from those belonging to the favorable-outcome group. Based on a combination of the cutoff values for the selected BAC clones, the

criteria for prognostication were established.

patients with HCCs. Therefore, our criteria may
be applicable for classifying liver tissue obtained
from patients who are followed up because of
hepatitis virus infection, chronic hepatitis or
liver cirrhosis into that which may generate
HCCs and that which will not [es}.
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Next, we quantitatively examined the DNA
methylation status at each Xmal/Smal site on
the 25 BAC clones by pyrosequencing. The sen-
sitivity and specificity of the criteria revised by
pyrosequencing have been successtully improved
by using CpG sites having the largest diagnostic
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impact on each BAC clone. It has been validated
that screening by BAMCA; which has an abil-
ity for detecting any rendency. for coordinated
regulation of DNA methylation at multiple
CpG sites in the entire: BAC region, followed
by revision using pylosequencmg, is a promis-
ing approach for carcinogenetic risk estimation.
Pyrosequencing can be performed using a very
small amount of degraded DNA extracted from
liver biopsy specimens. In other words, unless
another approach such as pyrosequencing is used
to validate BAMCA dara; risk assessment of liver
biopsy specimens based only on BAMCA is pre-
mature, We now intend to validate the reliabilicy
of such risk estimation prospecrively using liver
biopsy specimens obtained prior to intetferon
therapy from a large cohort of patients with
HBV or HCV infection.

frothelila carcinomas are clinically remark-
able because of their multicéntricity owing to
the ‘field effect’; whereby: carcinogenic agetits
in the urine cause malignant transformacion of
multiple urothelial cells {¢e1. Even noncancerous
urothelia showing no temarkable histological
features obtainied 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 papillary carcinomas of nodular
invasive carcinomas according to their confign-
ration (Ficone 44) [66]. Superficial: papillary car-
cinomas usually remain’ noninvasive; :zlthotigl '

patients need to undergo lepeattd urethrocvq—'

toscopic resection because of recurrénces. Py
conttast, the clinical outcome of dodular i inva:
sive carcinoma is poor. Tn our p;evxous smdv,
accumulation of DNA methylation on C-type
CpG islands associated with D’\M I'1 over
expression’ was obsc‘tved sven m noticaricerous
urothelia obtained from panem's with.UCs, and
wis further increased especml]y innodular inva-
sive carcinoimas (67681, L hese previous data sug-
gest that carcinogenetic risk estimation of UCs
based on DNA methylation status niight be a
promising strategy.

We carefully took the tissue specimens from
the surface of elevared UC lesions.to-avoid con-
tamination with noncancerous urothelial and
stromal cells. Principal component analysis
based on BAMCA data revealed that stepwise
DNA methylation alrerations from 17 samples of
noncancerous urothelia obrained fron parients
with UCs t0 40 samplesof UCs, in comparison
with' I8 samples of normal urothelia, accurred
in a genome-wide manner 53] We then per-
formed unsupervised 2D h lemrchlcal clustering

analysis biased on BAMCA data for noncancer-
ous urothelia: The examined patients with UCs
wete clustered into two subclasses, clusters A
and By . The incidence of invisive UCs (pT2
ot ‘more) was significantly higher in patients
belonging to cluster By, deﬁned on' the basis
of DNA mechylation status in tlieir noncancer-
ous urothelia in comparison to cluster Ay 531.
Morteover, Wilcoxon test identified ‘the. BAC
clones whose signal ratios differed significantly
between noncancerous urothelia obtained from
patients with superficial UCs (plaand pT1) and
noncancerous urothelia obrained from patients
with invasive UCs (pT2 ot more), DNA meth
ylation profiles on such BAC clones of non

invasive UCs were inherited by the
UCs themselves (Ficure 4B) {55

ment of more malignant invasive Ccaricers were
already accumulated in noncancerou V'rotheha.

To estimate the degree ofc(nuimgenenc risk
based on DNA m hylatmn profiles in non-
cancerous tro heln 83 BAC dlones whose sig-
nal ratios discrimi aed noncancerous urothelia
obtained from paikliéms with:UCs from normal
urothelia with a sensitivity and specificity of
75% ‘ot mmore than 75% were identified. We
e<tab]ishc& the criteria for carcinogenetic risk
stmnuon by combining the cutoff values of the
gnal Atlox for these 83 BAC clones [ss1. We are
cuuent[y attempting to deévelopa methodology
tor assessing the tendency of DNA methylation
inthe 83 BAC regions in urine samples with
a view to application for screening of healthy
individuals: If it proves possible to identify indi-
viduals who are at high risk of urothelial carcino-
genesis, then strategies for the prevention or early
detection of UCs, such as smoking cessation or
repeated urine cytology examinations, might be
applicable.

Approximately 10-30% of patients with UCs
of the renal pelvis and ureter develop inrravesi-
cal ‘metachronous UCs after nephroureterec-
romy (69} Therefore, such: patients need: to
undergo repeated urethrocystoscopic examina-
tiotis to detect intravesical metachronous UCs.
To decrease the need for invasive urethrocys-
toscopic examinations and assist close follow-
up of such patients after nephroureterectomy,
indicators: for: intravesical metachronous UCs
have been needed. Since such metachronous UC
originates from the noncancerous urotheliun
of the urinary bladder; we focused on the DNA
methylation status of noncancerous: urothelia;
which may be exposed to the same carcinogens
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Figure 4. Significance of DNA methylation alterations at precancerous stages during
urothelial carcinogenesis. For legend please see facing page..

in the urine, obtained by nephroureterectomy
from patients with UCs of the renal pelvis or
ureter. Unsupervised 2D hierarchical clustering
analysis based on BAMCA data for noncancer-
ous urothelia obtained from patients with UCs
of the renal pelvis or ureter was able to group
the examined patients into two subclasses, clus-
ters Ay, and B, . The patients in cluster B
frequently developed intravesical metachronous
UCs, whereas none belonging to cluster As
did so (53], indicating that DNA methylation

Epigenomics (2010) 2(3)

profiles of noncancerous urothelia obtained by
nephroureterectomy from patients with UCs of
the renal pelvis or ureter are correlated with the
risk of intravesical metachronous UC develop-
ment. We identified nine BAC clones whose sig-
nal ratios discriminated noncancerous urothelia
obrained from patients with UCs of the renal
pelvis or ureter who developed intravesical meta-
chronous UC after nephroureterectomy from
noncancerous urothelia obtained from patients
with UCs of the renal pelvis or ureter who did
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Figure 4. ngmfucance of DNA methylation alterations at precancerous stages during.
urothelial carcmogenesus. (A) Histolagical features of superﬂcnal pap!llary UC and nodular invasive
UC Superficial papillary carcinomas usually remain rioninvasive, although patients need to undergo
repeated urethrocystoscop resectton because of recrrences. By contrast; the’ chmcal outcome of
nodular invasive caitinomas is poor: ) Scattergrams ‘of thé signal ratios in Roncancerous: urothella E
obtalned from pahents with superficial UCs. noncancerous urothelia obtamed from patlents thh
“invasive UCs, and invasive UCs themselves, Wilcoxon test revealed that the sugn | rat, S | :
:bacte al art«ﬁqa! [ mosome (BAC) dones« f‘ e ifi v i

mvas:ve—UCs were slgmflcanﬂy h:gher than those in noncancerous urotheha obtained from{ patrents
‘with supprﬁcsaf UCs(67 BAC clones), the average signal ratios in invasive UCs themselves were even:
h:gher than (42 BAC ¢ ones. such as clone Iior not sugmﬁcantly different from (25 BAC dones such:
as clone 2), those in
except;on if the average mgnaf ratios it
UCs were sngnmcantly lower than those in noncancprous urotheha obtained from patsents with
“superficial UCs (64 BAC ctones), the average signal ratios in invasive UCs thernselves were evén lay
~than (38 BAC clores stich as clane 3), or not significantly different from (26 BAC clones such as fa
-4, those in noncancerous: urothelia obtained from patients with invasive UCs withou

Therefore, DNA methylation profiles of noncancerous urothelra obtained from patleni !
asxve UCs them'elves L

UCs were inherited by the |
UC: Urcthelial carcmoma.

not with a sensitivity and specificity of 100% {s3].
Thus, after validation using other technologies
such as pyrosequencing, a combination of CpG
sites-on the present nine BAC clones vy pro-
vide an‘optimal indicator for: the development
of intravesical metachronous UC.

Prognostication of patients with
cancers based on DNA

methylation profiles

Some RCCs relapse and metastasize to distant
organs, even if reéséction has been considered
complete. Recently, immunotherapy and nove
targeting agents have been developed !‘"or reat
ment of RCC. However, unless
metastasized tumors are diagnosed

sis, prognostic indi
Amiong the examined patients in the abovermnen-
tioned cluster Blo 38%:{’{&(‘1 owing to recurrent
RCCs, whereas only 2.3% of the patients in clus-
ter A, died. Multivariate analysis revealed that
our clustering was a predictor of recurrence and
was independent of histological grade, macro-
scopic conhiguration, vascular involvement and
renal vein tumor thrombi [so].. We were able to
set the cutoft values of the signal ratios for 14
BAC clones to determine whether or not patiencs
in this cohort belonged ro cluster B, with'a
sensitivity and specificity of 100% {énf:

To establish criteria for proguostication of

patients with' HCCs, in the learning cohort,
HCC samples obrained from pacients who had

“survived more than 4 yearsafter hepatecromyand

HCC samples obrained from

established the crireria for prognestication by
combining the cutoff values of signul ratios for

and was lndependent of hnstologlcal dif
rentiation, portal vein tumor chrombi, intra-

hepatic. metaseasis and multicentricity f¢s). The

cancer-free:and overall survival rates of patients
with HCCs in:the validation cohore (n = 44) sac=
istving the criteria: for: 32 or more BAC clones
were significantly lower than those of patients
with HCCs satisfying the criteria for less than
32 BAC clones [s1. Such prognostication using
biopsy ot hepatectomy specimens may be able to
assist clinicians in devising therapeutic strategies
for patients with insufficient liver function.
Recently, new forms of systemic cheino-
therapy and targeted therapy have been devel-
oped for treatment of UCs.: In order o start
adjuvant systemic chemotherapy: immediately
in patietics who have undergone surgeryand are
still-ae high risk of recurrence and ‘metastasis,
prognostic indicators have been explored. It is
expected that a combinarion: of several: CpG
islands of rumoi-related genes would be use:

ful'as epigenetic markers for prognostication of

UCsrol: In‘addidion, when we applied BAMCA
to UCs, unsupervised 2D hierarchical clustering
analysis based 'on: BAMCA daca for UCs was
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able to group the ‘examined patients into two
subclasses, clusters Al v and B, Among the
patients belonging to cluster Bw, 19% suftered
recurrence after surgery; whereas none belonging
to cluster A, did so (53], Wilcoxon test revealed
that che stgml ratios of 20 BAC clones in UCs
differed significantly becween the patients who
suffered recurrence after surgery and the patients
who did not. The criteria for a combination of
the 20 BAC clones were able to discriminate
patients who suffered: recurrence after surgery
from patients who'did not with a sensitivity and
specificity of 100%, whereas a high histological
grade, invasive growth (pT'2 or more) and vascu-
lar ot lymphatic involvement were iicapable of.
such complere discriminacion (35]: The reliabilicy
of such prognostication will need to be validated
i a prospective study.

Future perspective
The incidence of -DNA methylation aleera:
tions: is generally: high in‘various organs dut:
ing multistage carcinogenesis. Since evér ,tubde

alterations of DNA methylation piofiles at the

= Human cancer cells show a drastic change in DNA methylation staius,
DNA hypermethylation.

= DNA rnethylation alterations are known to result in alte
human cancers:

and persistent infection with viruses, su
= DNA methyltransferase 1 overexpressio

antimethyl- cytosme anh
= Bacterial artificial chrome

chromosomes:

Genome-wide DNA methylation profiles at precancerous stages are inherited by cancers & determine tumor aggressiveness
= Distinct DNA rnethylation profiles in noncancerous tissue at the: precancerous stage is basically inherited by the cancer developing in

eachiindividual patient.

= DNA methylation alterations at the precancerous stage; which may not occur randomly but may foster further epigenetic and genetic
alterations, can generate more rnalignant cancers and even determine patient outcome.

Carcinogenetic risk estimation based-on DNA methylation profiles

= On the basis of BAMCA data, criteria for estimation of the risk of hepatocellular carcinoma and urothelila carcinoma development have

been established.
Prognostication of patients with cancers based on DNA methylation profiles

=" On the basis of BAMCA data, criteria for the prognostication of patients with renal cell carcinomas, hepatocellufar carcinomas and

urothelila carcinomas have been established.
Future perspective

Genome-wide DNA methylation profiling can provide indicators for carcinogenetic risk estimation and prognostication using samples of

body fluids and tissue specimens.

= Based upon genome-wicle DNA methylation profiling; translational epigenetics has come of age.

techmques, and new generation sequencing techiologies are also being introduced.
ased methylated CpG island amplification bacterial artificial chromosorme array-based methylated
CpGisland amplification (BAMCA) may be suitable for overviewing:the DNA methylation tendency of individual large regions among all

precancerous stage are stably preserved on DNA
double strands by covalent bonds, and these can
be detected using highly sensitive methodology.
Therefore, they may be better diagnostic indi-
cators thanmRNAand protein=expression pro-
files, which ¢an be easily atfecred by the micro-
environment of cancer cells or precursor cells.
Genome-wide DNA niechylation profiling can
provide indicators for carcinogenetic risk estinma-
tion and prognostication using samples of urine,
sputuim and other body fAuids, and also biopsy
and surgically” resecred. speciniens. However,
exploitation ‘of dingnostic indicators can never
be regarded as optimal, and it is expected that
ongoing technical innovation and prospective
validation will lead eo further improverments of
diagnostic seusitivity and specificity,

[ustering of ‘cancers may provide: clues
v clarification of the molecular mechanisms

12 Epigenomics (2010 2(31
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profiles of each cluster and the identification of
target molecules for prevention and therapy in
patients belonging ro each cluster. Based upon
of genome-wide DNA methylation profiling,
rranslational epigenerics has clearly come of age.

Financial & competing interests disclosure
This study was supported by a Grant-in-Aid for the Third
Term Comprehensive 10-Yeir Strategy for Cancer Controf

from the Ministry of Health, Labor aind Welfire of fapan,
« Grant-in-Aid for Cancer Researcly from the Ministry of

Health, Labor and Welfire of Japan; a Grant from the
New Encrgy and Indwstrial Technology Develupment
Organization (NEDO), and the Progiam foi Promotion
of Fundamental Studies in Health Sciences of the Natioual

10

Bibliography
Papers of special note have been highligheed as:
= uof interest

- . . 1]
=z of considerablé inrerest
v Jones PA, Baylin $B: The fundamental role of

epigeneric events in cancer: Nur, Rew. Gener.

3, 415428 (2002);
2 Jones PA, Bavlin SB: The epigenomics of 12

cancer. Cefl 128, 683692 (2007}
3 Sharma §; Kelly TK, Jonés PA: Epigenetics in
Cancer. Carcinagenesis 31, 2736 (2009},
4 Cedag H, Bergman Y: Linking DNA 3
mechylacion and hiscone modification:
paceerns and pavadigms. Nat: Rev: Gener. 10,
295-304 (2009).
Delcuve GP: Rascegar M, Davie JR:
Epigenctic controb. [ Cell Physiol: 219
243250 (2009
6. Iingworth RS, Bird AP: CpGis
rough guide’. FEBS Lett. 583, 171
2009).
7.+ Mohn F, Schubeler D: Genetic an
cpigenctics: stabilit

)

cellular differentiatio 15
129-136:(2009),
8§ Yoshiura K Kanai Y, Ochiai A,
Shimoyama Y, Sugimuara T, Hirohashi §:
Silencing of the E-cadherin invasion-
i6

suppressor gene by CpG methyladion in
human: éiecinonis: Proc. Natl, Acad: Sei.
USA 92, 7416-7419 (1995).

= E-cadherin tumor suppressor gene was
shown to be silenced by DNA methylation,
and the universalicy of a “two-hit’
mechanism involving DNA
hiypermethylation and loss of heterozygosity
during carcinogenesis has been proposed.

4 Baylin SB, Ohm JE: Epigenctic gene silencing
in cancer — a mechanism for carly oncogenic
pathway addicion? Nat. Rev: Giineer 6,
107116 (2006).

Institute of Biomedical Innovation (NiBio). The aiuthors
have no ather velevant affiliazions or financial involvement
with any orgdaization or entity with financial interest in
or financial conflict withy the subject matter or materials
discussed in the manuscript apart from these disclosed.
No writing assistance was wtilized in the production of

this manuscript.

Ethical conduct of research

The authors state that they have obtained appropriate insti-
tuional review beard approval or have followed the princi-
ples outlined i the Declavation of Helsinki for all buman

or animal experimental tvestigations. ln addition, for

inpestigations involviing lumian subjects, informed censent

has been obtained from the participants involved.

Shibata D: Inferring haman stem colf
behaviour from epigenetic drift. /. Pathol. 217,
199--205 (2009).
Ohm JE: McGarvey KM, Yu X'eral: A stem
cell-like chromatin pactern may predispos

tumor suppressor genes to DN

A methylacion markers. Nat. Rev. Cancer
3, 253-266 (2003).

Issa ] P, Kancarjian HM: Targeting DNA
mechyladon, Clir. Cancer Res., 15, 39383946
(2009).

19 . Swanton €, Caldas C: Molecular
classification of solid tumours: wwards
achivay-driven therapeutics. Br J. Caneer

f is of 1 “ell Mol. Life | !
pathdgenesis of huran d iseuses. Cell Mol ife. 100, 151721522 (2009):
Ser. 66, 22 261 (2009).
20 Kanai Y; Hirohashi $1 Alteracions of DNA
3., by 4 Y. ; . . . -~
Pang E, Lau WY, methyladion associdted wich abnormalides of
DNA methyltransferases in himan cancers
! heterochromatio DNA during transition from a precancerous to a
! +ith g-arnv copy gain in human malignane seace. Carcinagenesis 28,
s | Y A 9 N I
wepatocellular carcinomia: Ani: [ Pathol. 159, 343423442 (3007}
= " Results of empirical analysis of DNA
o A methylation status and DNA
Kitamura T, Kakizoe Ty Hivohashi St DNA S e
. . . , methyltransferase abnormalities in clinical
hypomethylation on pericentromeric satellice ; S K B
i N . tissue samples in connection with the
regions significantly correlares wich loss of i Folonial e
s ) 5 clinicopathological parameters of human
heéterozygosicy on chromosome 9 in-urothelial pl bg P e
. ; cancers have been reviewed:
carcinomas:. /. Urol. 173, 243-246:(2005). ce € been re
Okiane M- el DY Haber DAL LI EX DNA 21 Kanai Y: Aleerations of DNA merthylacion and
- clinicopathological diversity of human
mechyleransterases DNMT3aand Dnmelb op sieil e : .
Si Guin cancers. Pathol. Inr. 58, 544=558 (2008):
are essential for de nove methylation and
mamialian developmient. Coll 99, 2472257 22 Kanii Yr Genome-wide DNA methiylacion
(1999); profiles in'précancerais condicions and
s S O . dncers, Cancer Sei, 101, 3645 (2009):
Saieo Y, Kanai ¥; Sakamoro M Saito H, Ishii cance oS ’ { /
H; Hirohashi ¢ Overexpression ofa'splice 23 Kanai Y; Ushijima S, Tsuda H; Sakamoto M,
variant' of DNA micthvleeansferase 3b; Sugimura T, Hirohashi §: Abéreant DNA
DNMT3b4, associared with DNA methykition on chrantosome 16 is an early
hypomechylation on periceneroméric sacellite event in heépatocarcinogencsisi fpu. Ji Cancer
regions during hunuan hepatocarcinogenesis. Res: 87.1210=1217 (19961,
I U 99 10065 : .
Proc; Natl: Acad. Seii USA 99, 1006010063 " Onte of the earliest reports of DNA
(2002). fiyvlati Teerati h .

; methylution alterations at the precancerous
Overéxpression of an inactive splice variaint stage, especially in rioncancerous liver tissue
of DNMT3b, which competes with the showing chronic hepatitis or circhosis, which
major splice variant for targeting to are widely considered to be precancerous
pericentromeric satellite regions, has been conditions for hepatocellular carcinonias.
proposed as one of the molecular 24 Kanai YV, Hui AM, Suii Leral: DNA

mechanisnis for chromosomal instabilicy

futire science group

wiwvy futuremedicing.com

13



hypermethylation ac the 01785 lacus and

reduced HIC-1 mRNA expression are

assoctared with hepatocarcinogenesis.

Arai & Kanai

ductal carcinonas of the pancreas. Casneer Sei.
96, 403-408 (2005).

carcinoma. Cuncer Lett, 233, 271278

{20063,

35 Peng DF, Kanad Y, Sawada M er al.: DNA 46 Koudo ¥, Shen L, Suzuki § er ol Aleerations

N + W] 708 QU . - . - X R
Hepatolegy 29, 703709 (1999). methvlacion of multiple cumor-relaced genes of DNA murhylation and histone

25 Konde Y. Kanai Y, Sakamoro M, Mizokami in assaciation with overexpression of DNA modifications contribute to géne silencing in
M, Ueda R, Hirohashi §: Genetic instabilicy micthivieransterase 1 (DNMT1) during hepatocellular carcinomas. Hepirol. Res: 37,
and aberranc DNA mechylation in chronic multistage carcinogenesis of the pancreas. 974983 (20073,

TS ¢ -1 i — cnesis 37 01168 (2006) - . - . - :
htp‘lrlllf and L!H’llﬂsl& a ctm\prdmm\c Cureinagenesis 27, 11601168 (2006). 47 Estecio MR Yan PS! Thrahint AE éral: Hight
study of loss of hecerazygosicy and 36 Qoi SK, O'Donaell AH, Bestor TH: throughput methylation profiling by MCA

. aretlite t ey o 4 - i . . . - \-' . ~ .s
microsatetlice l'“““b'h() au :‘ ) foci ""fl DNA Manimalian cvrosine methyladion ar 4 glance. coupled o CpG island microarray. Gename
hy[ycrm‘crh_\'l;\nun m.) 8 (,pf,n ul;\nd;x in . J. Cell Sei. 122, 27872791 (2009). Res. 17, 1529-1536 (2007).
microdissected specimens from patients with . . [t o L L

X 5 37 Chuiang LS; fan HIL Koh TW, Ng HH, Xu G, . 43 - Estecio MR, Issa JP: Tackling the methylome:
hepatocethdar carcinoma. Hepasology 32, A e < = -
970-979 (2000 Li BF: Human DNA-{cvtosine-3) recent mechodological advances in genome-

o . . mechylerinstérase-PCNA complex as a targer wide methvlation profiling. Gename Med. 1,
26 Ewh T, Kanai Y, L{shuunué of ,z[':.ll‘xcrc;\scAd for p2IWAFTL Seience 277, 1996-2000 106 (2009).
DNA mechyleransferase T {ONMT protein (1997} ; R - R
. L . ) : 49 Fan }B: GoldenGate assay for
expression correluees significantly wich poorer e R . L s . ;
. . - 38 Kawai Y, Ushijima §, Kondo Y, Nakanishi Y, ion profiling. Methods Mol.
rumeor differenciacion and frequent DNA i o ) <
. - . B . Hirohashi §: DNA mechvleransferase 163 (2009}
hypermethylation of multiple CpG islands in K JDN elacion of CoG
gasric cancers. An /. Parhol. 164, 6892699 f'\!‘“m(m a A Amet ‘§ avion f) 2y .' S0 : Whole-genome genotyping
(2004). fsl:mds and peri-cencrameric satellice regions s. Methods Mol, Biol. 529,
o in haman colorectal and seaimach cancers:
27 Wentzensen N, Sherman ME, Schiffinian M, Bt f. Cancer 91, 205-212 (2001)
Wang $S: Utilicy of mechylation mackers in L il O . d ], Fehr A, Gray J et al.: Realrime DNA
5 A ; linig o _— :
cervical cancer early derection: appraisal of & Damiani LA, Vingling &M, L:i‘g > Juencing from single polynierase molecules.
- D alen . ot S v B
the state-of-chesscienice. Gynecol: Oneol: 112: lé(’mf‘ PE, I\{Jl\;‘muz‘l I, Belins #A Science 323, 133-138 (2009).
arcinogen-induced geéne - S
293-299 (2009). S Sene R 52 Mackica T, Nakazawa I, Mihara M er o/
18 Ushijima Tt Epigenctic ficld for cancerization, i'/éd High levels of aberrane DNA niechylation in
. Biochem. Mol, Biol: 40, 142150 (2007): Helicobucter pylori-infected gastric mucosae
2 g . Ko ¥, KiK. s posible sociaon with g cance

. . sk G G Yid M A CA T SN e U4 .
Hirohashi S: DNA hypermechvlacion ar the 0 s 7 Snier es 89 (2006
D1785 lacus in non-simall cell lung cancers: AS offictor telated 53 Clark §J: Action at a distance: epigenetic
its association wich simoking history. Cancér nserase 1 silencing of large chromosomal regions in

e ST AT L9115 (1997 : o 5 carcinogeiesis. Hym. Mol. Genet.
gk ety 2 carclnogenesis l6(Spec. No. 1), RS5-R95 (2007)

30 Toyota M, Ahuja N, Ohe-Toyora M. 96302 (2008). pec. Nos M et
e Bl § 3 sk £ G . 5: azwwa |, 3B + C dritive
Hernian ]G, Baylin SB., {ssa JP: CpGlisland Fio Ry Uoraki L Muralkoanii Neerals 54 bnaz wa I Im.mf ¥ ,Im“,“il omparitive
methylator phenorypé i coloreceal cancer. o oF DINA mechvltransierase 1 by genomic hybridization (CGH)-arrays pave

L . N TR T T T S B he wav Fot identification of novel cancer

Proc. Natl; Acad.:Sci USA'96, 86818686 fatent membrane protein 24 leads to (T “(;" o Id(g"hmi;m,‘ gzmjz;‘ cs;n:(
)<} v ¥ ate PRCS, el . <Y »

(1999). promoter hypermethvlation of PTEN gencin ;:Ol:;,)gm“ ANCET 3 F 70 INII0

31 Kanai Y, Ushijima Sy Hur AN eral: tric carcinoma. Gaicer Res, 69, 27662774 ~HA4
Ttie E-cadherin gene is silenced by CpG 2009): 55" Nishiyama Nv Arai E, Chihara Yeral:
mcthylacion fivhuman hepatocellu Gao P, Yang X, Xue YW er al.: Pronoter Genome-wide DNA methylation profiles in

as. Iy 35 R P = - . dial carci a5 helia acthe

catcinomas. fut. J. Cane 3 mcelivlation of gliicathione S-teansferase pil arothelial carcinom ti and um.t e 1; 1:/
(1997); iid alidue restseance sens 1in precancerous seage: Cancer Sciy 101, 2314240
UL - B i St oY : (2009).

32 Saito Yy Kanai Y; Sakamoto M. bronchioloalveolar carcinomand its g
Ishit Hy Hirohashi S correliacion with DNA methyleransferase | = Tudicators for risk estimation of the
for DNA methyliansferases and miedhvk: expression.. Guscer 115,:3222-3232 (2009}, development of urothelila carcinomas and
CpG-binding proteins and DNA mechylation: ™ 0 i e Haeh Y8 Lin P eral: The prognostication of patients with urothelila
status on CpG islandsand pericentromeric tbaccosspecific carcinagen NNK induces carcinomas have been established basedon
satellice regions during hunman DNA methyliransferase Taccumulation and bacterial artificial chromosome array-based
hepatocarcinogendsis. Hepatology 33, 561-568 tumor suppressor gene hypermethyladion in methylated CpG island amplificacion

i . - - -~
(2001). mice and lung cancer pacients. /. Clis: Invest. (BAMCA) data:

s Ve Nakeawawa T Y y) FYLE I (D e " i

33 Saito Y, Kanai Y, Nakagawa Fft.r/.. 120, 5215532 (2010). 56 Misawa AL Inowe I, Suging ¥ of al
Increised Protetit expression of DNA 4 Eads €Ay Danenberg KD, Kawakami K, Methvlation-associaced silencing of the
miechyliransferase (DNMT) 11y significancly Salez LB, Dancnberg PV Laird PW: CpG nuclear récepror 112 gene v advanced-type
correlired with ‘lfc malignane potencial and island hypermethvlacion in human colorectal neuroblastomas, identified by bacrerial
poar prognosis of huinan hepaocellular tuinars is nog associated with DNA artificial chromosanie arriv-based mechylated

PP RN i 537532 . i s [T " =
carcinomas. [ne. f. Cuncer 105, 527-532 methyliransferiase overexpression. Cancer Res. CpG island:amplificacion. Cancer’ Res. 65;

¥ - , .

2003). 9. 23022306 (1999). 10233-10242 (2005},
i e SRR RO CAE KA Tl W SO . R R ~ ~ L 3 R
M I’cng DF, Kanai \“5““ ‘“l“/‘“ <r11(.: ?ncrmsnd i Park HJ Yo ECShim YH: DNA 57~ Tanaka K; Tmoro | Tnoue Jéf al: Fréquent
DNA medhyliansferase TIDNMT) proein micehivleransferase expression and DNA miethvlation=associated silencing of'a
expression in precanceraus condicions and hyperniethylation in hioman hepatocellulie candidate temor-suppressor, CRABPE, in
14 Epigenomics (2010) 23} future science group fsg



DNA methylation profiles in prec

ancerous tissue & cancers

59

]

[

esophageal squamous-cell carcinoma.
Onmge'm' 26, 64566468 (2007).

Sugino Y. Misawa A, Inoue Yeral.: Epigencric 62
sifencing of prostaglandin F receptor 2

fon of

(PTGER2) is associated with progres

neuroblastomas. Oncogene 26, 7401-7413

(2007).

McRonald FE, Morris MR, Gentle Pyeral:

CpG methvlation profiling in VHI relared 63
and VHE unrelared renal cell carcinoma.

Mol. Cancer 8. 31-41 (2009).

Arai E. Ushijinia S, Fujimoto Hrer af.:
Genome-wide DNA mechylation profiles in

both precancerous conditions and clear cdll 64
renal cell carcinonias are correlared witch

malignant potential and pacient aurcome,
Carcinogenesis 30, 214-22] (2009).

Genome-wide DNA methylation profiles in
precancerotis conditions of the kidney have 65
been shown o be inherited by clear cell
renal cell carcinomas developing in each
fndividual patient, and to' deterinine tunior
aggressiveness aird patient outcome,

Arai E, Kanai Y, Ushijina S, Fujimoro H,
Mukai K, Hirohashi §: Regional DNA
hypermerhylation and DNA
methylransferase (DNMT) 1 protein

overexpression in both renal tumors ind

carresponding nontumorous renal tssues.
Inr. J. Cancer 119, 288-2960 (2006},

Arai E, Ushijima 8,
clustering of clear eell renal cell carcinoma

Tsuda H et al: Genetic

based on array-comparative genomic
hybridization: ies association with DNA
methylation alieration and pattient outcome,
Clin. Cancer Res. 14, 5531-5539 (2008).

Lee HS, Kim BH, Cho NY o1l Prognostic
implications of and refationship between ¢ PG
islind hypermethylation and repetitive DNA
hypomethylation in liepatocellular carcinoma,
Clin. Cancer Res. 15, §12-820 (20093,
Moribe T, Hzika N, Mioia 1 éral.:
Methylation of mulriple genes as molecular

markers for diagnosis of a small; well-
differentiated heparacellular carcinona,
Tnr. [ Cancer 125, 388--397 {2009).

L Gotoh M oeral:
Genome-wide DNA mict hylation profiles in

Arai E, Ushijima §

liver issue ar the precanceraus stage and i
hepatocellular carcinoma: Int. [ Can
28542862 (2009).

(6]

66 Kakizoe T: Development and progression of
7 821-828

urothelial carcinoma. Gancer Sei.
{2006).

67 Nakagawa T. Kanai Y, Ushijima S,

INA
hypermethvlacion on multiple CpG islands
associated with increased DNA
methyhransferase DNMT} pratein expression

Kitamura T, Kakizoe T, Hirohashi §

during multistage vrothelial ¢ carcinogencsis.
I Urol, 173, 17671 (2005).

68 Nakagawa T, Kanai Y, Saito Y, Kitamura T,
Kakizoe T, Hirohashi 8: Increased DNA

methyleransferase | protein expression in

human transitional cell carcinonia of the
bladder. /. Urol. 170, 24632466 (20033,
Manabe D, Saika T, Ebara S or al.:
mparative study of oncologic outcome of

3 Kim WJ, Kim YJ: Epigencric markers as
promising prognosticators for bladder cancer,
Int. J. Urol. 16, 17-22 {2009},

future science group

www. futiremedicine.com

15






