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Fig. 3. Continued. B, expression levels of mRNAs for selected genes in 44 independent pairs of HCC (41-84T) and adjacent nontumorous liver tissue

(41-84N; validation set 2) determined by real-time PCR.

a generalized linear mixed-effects model was used (20). The
volume of the xenograft was modeled using <y-error distribu-
tion and log link function. This model considers each siRNA
treatment as a fixed effect with control siRNA as an in-
tercept and the number of days after implantation as a
random effect. Estimates of variance components were
obtained using the Laplacian approximation method,
and the model fit was assessed using deviances. The sig-
nificance of effects was estimated from the degree of free-
dom and t statistics followed by Bonferroni correction.
Analysis was done using the Imer function for fitting
generalized linear mixed-effects models, in the R statisti-
cal software package (version 2.6.0).

Results
Exon-based array analysis of HCC. Twenty paired

samples of HCC and adjacent nontumorous liver tissue
were subjected to genome-wide expression analysis using

two different batches of the GeneChip Human Exon 1.0 ST
arrays [discovery sets 1 (10 pairs) and 2 (10 pairs)]. Statis-
tical analysis was done separately, and genes expressed dif-
ferentially in the two sets were selected to eliminate any
experimental bias caused by batch-to-batch variations.
The exon array can detect mRNAs with low abundance as
well as alternatively polyadenylated and spliced mRNA
because the probes are designed to hybridize with the
entire sequences of the transcripts (21). We identified
124 annotated genes that were differentially expressed
between the background (nontumorous) liver tissue and
HCC [at least a 3-fold change in transcription signal; P <
0.001 (paired ¢t test with no correction)] in discovery set
1 (Supplementary Tables S2 and S3). The genes were
clustered according to the similarity of their expression
profiles (Fig. 1A), and the differential expression of repre-
sentative genes was confirmed by real-time PCR (Fig. 1B).
It was noteworthy that although 103 genes were found to
be significantly downregulated, only 21 were apparently
upregulated.
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We selected 9 genes (AKR1B10, ANLN, CCNBI,
HIST1H3B, HISTIH3C, HIST1H3lI, RRM2, TOP2A, and
TPX2) whose expression was upregulated in HCC (=3-fold
change in transcription signal; P < 0.001, ¢ test) in both
discovery sets 1 and 2. Furthermore, two additional genes
(HCAP-G and DEPDC1) were selected using a different
criterion (>2.5-fold change across all of the 20 cases in
discovery sets 1 and 2, and a raw signal of <50 in all 20
of the nontumorous liver tissues; P < 0.05, ¢ test).

RNAi-based screening of genes required for HCC cell
proliferation. To identify genes that are essential for
HCC cell proliferation, siRNA-based screening was done
for the 11 genes that were upregulated in HCC. Two or
three constructs of siRNA were designed for each gene.
Relative cell viability was evaluated by the mitochondrial
succinate-tetrazolium reductase activity-based assay
3 days after transfection (Fig. 2A). We selected five
genes (TPX2, RRM2, HCAP-G, HIST1H3I, and AKR1B10)
based on the criterion that at least two siRNAs per
gene reproducibly suppressed cell proliferation by
>20% in all of three cell lines (KIM-1, Hep3B, and
HLE). Representative data are shown in Fig. 2A and B.
The baseline expression of these genes was determined
in the three cell lines by real-time reverse transcription-
PCR (RT-PCR; Fig. 2C). We confirmed the cell proliferation-
inhibitory activity of the siRNA by counting the numbers
of cells (Fig. 2D).

Validation of differential gene expression in additional
cases of HCC. The increased expression of the five genes
selected using the siRNA-based screen was validated in
20 cases of HCC (validation set 1) by real-time PCR
(Fig. 3A). The expression of all five genes was confirmed
to be increased in HCC. The expression of TPX2, RRM2,
HCAP-G, and HISTIH3 was associated with loss of histo-
logic differentiation (Fig. 34, right). The expression of
AKR1B10 was upregulated in HCC regardless of differentia-
tion. We further confirmed the differential expression of
these genes between HCC and nontumorous liver tissues
in 44 additional independent cases of HCC (validation
set 2) by real-time PCR (Fig. 3B).

In the 18 normal organs examined, no significant
expression of TPX2, RRM2, or HCAP-G was observed,
except for the thymus (Fig. 4, left), which is largely invo-
luted in nonjuvenile adults. No organs showed higher
expression of AKR1B10 than was the case in HCC. We
did not select HIST1H3I, as this gene showed high
expression in several vital organs (Fig. 4).

Protein expression analysis. Expression of the products of
four candidate genes, TPX2, HCAP-G, RRM2, and AKR1B1 0,
was examined immunohistochemically in 19 independent
cases of HCC (Fig. 5). In 84% (16 of 19) of the cases,
AKR1B10 protein was detected in the cancer but was
hardly evident in the adjacent nontumorous liver tissue.
The nuclear staining of HCAP-G and TPX2 was stronger
in HCC than in the adjacent nontumorous liver in 42%
(8 0f 19) and 58% (11 of 19) of cases, respectively. Patchy
staining of RRM2 was observed in 84% (16 of 19) of
the HCC:s.

Inhibition of tumor growth in vivo. Finally, we per-
formed an in vivo experiment to evaluate the feasibility
of the four selected genes as therapeutic targets. siRNA
against AKRI1B10, HCAP-G, RRM2, and TPX2 mixed with
atelocollagen was injected into tumors (315 £ 1.9 mm?)
established by xenografting KIM-1 cells into the flank of
nude mice (Fig. 6). Atelocollagen forms a complex with
siRNA, thus enhancing its stability and allowing sus-
tained release of siRNA in vivo (17, 18). The silencing
of the target genes by each relevant siRNA was confirmed
by real-time PCR (Fig. 6A). Treatments with siRNA
against AKR1B10, HCAP-G, RRM2, or TPX2 given twice,
1 week apart, significantly suppressed tumor growth (Fig.
6B; Supplementary Table S6), and the growth-inhibitory
effects of siRNA were confirmed by weighing the excised
tumors (Fig. 6C).

Discussion

There is now strong epidemiologic evidence that persis-
tent infection with hepatitis B or C virus is a major cause of
HCC. However, the precise molecular mechanism behind
the development of HCC is still unclear. Mutation in the
tumor suppressor gene TP53 is most frequently observed
in HCC associated with aflatoxin B exposure as well as
chronic infection with hepatitis B and C viruses (22-24);
however, it seems to be a late event during multistep
carcinogenesis (22). Deregulation of the Wnt as well as
other signaling pathways has been reported in HCC (22,
25). Therefore, a therapeutic method that can normalize
these aberrantly activated oncogenic signals would be clin-
ically valuable. In an attempt to discover therapeutic tar-
gets with high specificity for HCC, we searched for genes
that are specifically upregulated in HCC in comparison
with nontumorous liver tissue and normal vital organs us-
ing high-density microarrays designed to detect all the
exons in the human genome (Figs. 1 and 4). This was fol-
lowed by siRNA-based screening of genes required for
HCC cell proliferation (Fig. 2) as well as quantitative RT-
PCR analysis and immunohistochemistry of additional
cases (Figs. 3 and 5). We finally identified four candidate
genes and confirmed their functional involvement in the tu-
mor growth of HCC xenografts (Fig. 6). These genes,
AKR1B10, HCAP-G, RRM2, and TPX2, were expressed
strongly and specifically in HCC, which is highly dependent
on these genes for proliferation, and their feasibility as
therapy targets also seems to be supported by the literature.

RRM2 is a subunit of ribonucleotide reductase that cata-
lyzes the conversion of ribonucleoside 5’-diphosphates
into their corresponding 2’-deoxyribonucleotides. Because
this reaction is the rate-limiting step of DNA synthesis, and
inhibition of ribonucleotide reductase stops DNA synthe-
sis and cell proliferation, RRM2 has been considered a
promising target for cancer therapy (26).

TPX2 (C200RF1) is a microtubule-associated protein
whose expression is restricted to the S, G,, and M phases
of the cell cycle. Suppression of TPX2 expression by RNAi
causes defects in microtubule organization during mitosis,

Clin Cancer Res; 16(9) May 1, 2010

Clinical Cancer Research



Survey of Therapeutic Targets for HCC

leading to the formation of two microtubule asters that do
not form a spindle (27). TPX2 is necessary for maintaining
aurora A kinase in an active conformation (28, 29). Aurora
kinases are essential for the regulation of chromosome
segregation and cytokinesis during mitosis and have been

reported to be overexpressed in a wide range of human
tumors. Several aurora kinase inhibitors, such as VX-680/
MK-0457, have been showed to have anticancer effects
in vitro and in vivo (30, 31). The binding of TPX2 modu-
lates the conformation of aurora A and reduces its affinity
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Fig. 4. Expression in normal organs. Expression levels of mRNAs for selected

genes in 10 pairs of HCC (1-10T) and adjacent nontumorous liver tissue

(1-10N; discovery set 1) and 18 normal organs determined by Human Exon 1.0 ST arrays (shown in arbitrary units). The significance of differential
expression between HCC and adjacent nontumorous liver tissue was assessed using permutation paired t test, and Bonferroni-corrected P values

are provided. S. muscle, skeletal muscle; S. intestine, small intestine.
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for VX-680 (32). Inhibition of TPX2 may increase the effi-
cacy of this class of aurora kinase inhibitors.

HCAP-G is a component of the condensin complex that
organizes the coiling topology of individual chromatids.
Condensin also contributes to mitosis-specific chromo-
some compaction and is required for proper chromosome
segregation, although the functional significance of HCAP-
G in the condensing complex is largely unknown (33, 34).

AKR1B10 (ARLI1, aldose reductase-like 1) was origi-
nally isolated as a new member of the aldo-keto reductase

superfamily overexpressed in HCC and is reportedly related
to the histologic differentiation of HCC (35, 36). AKR1B10
was also overexpressed in squamous cell carcinoma of the
lung and its precursor conditions (37). Because the expres-
sion of AKR1B10 was highly specific to HCC and its
inhibition suppressed tumor growth (Fig. 6), chemicals
that specifically inhibit AKR1B10 activity may be useful
anticancer drugs with minimal side effects.

It cannot be denied that many important genes were
probably overlooked at every step of the present screen,

AKR1B10

250—
150—
100—

Fig. 5. Protein expression in HCC. Hematoxylin and eosin (HE) staining (original magnification, x 100) and immunoperoxidase staining (original
magnifications, x 100 and x 400) of AKR1B10, HCAP-G, RRM2, and TPX2 proteins in HCC and adjacent nontumorous liver tissue. The specificity of
antibodies was determined by immunoblotting of the KIM-1 cell lysate (left). N, nontumorous liver.
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although the four selected genes seem to be highly relevant
from a biological viewpoint. HCC has been recognized as a
single category of disease; however, the overall gene expres-
sion patterns seem to differ markedly among individual
cases. A search for the genes responsible for the different
clinical outcomes of HCC will be the subject of a future
study. We used the cell proliferation assay for siRNA-based
functional screening. However, the use of other assays capa-
ble of evaluating cell motility, migration, drug sensitivity, or

cell death may help to identify genes differing in their bio-
logical significance. The combination of genome-wide ex-
pression and functional screening described here provides a
rapid and comprehensive approach that could be applicable
for studies of various aspects of human cancer.
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are bas;cal!y mhentedbyt

v
methylation, and gain of H3K9 and H3K27
methylation (4-6}. DNA methylation is a stable
modiication inhericed throughout successive
cell'divisions, and is essential for X-chromosome

inactivation, genome tmprincing. silencing of

transposons and other parasiric elements, and
proper expression of genes [7].

Human cancer cells show a drastic change in
DNA niethylation status, specificity in the over-
all. DNA hypomethylation and regional DNA
hypermethylation (1231, In 1995, when the RB
and VHL genes were thie only tumor suppres-
sot- genes known to be'silenced by DNA meth-
vLmon. we showed for the first time that the
E-cadherin’ tumor suppressor gene is silenced by
DNA methylition around the promoter region

deveiopment of more mahgnant,cancers ar
,ney, lsver and urmary tract. DNA methylattc‘

id proposed the universality of a ‘two-hit’
echanism involving DNA hypermethylation
1d loss of heterozygosity during carcinogenesis.
The list of tumor-related genes whose levels of.
expression are altered owing to. DNA hypo- or
hyper-methylation has been increasing [9). At this
point; some explanation is necessary regarding
the mechanisms whereby tumor- lelated genes
whose DNA methvlation status isaltered during
carcinogenesis are selected. One, but likely not
the only, explination for stich selection is poly-
comb binding, in which CpG-rich sequences
rargeted by the polycomb complex in normal
embryonic stem cells consequently form a biva-
lenit-domain-carrying both ‘activating” H3K4
methylation and ‘inactivacing” FI3K27 methyla-
tion [10]. This bivalent stare is converred to-a pri-
mary active or repressive chromatin conforima-
tionafter differentiation'cues have been received.
During caicinogenesis, such modificarions may
reiider the genes vulnerable to errors; resulting
inaberrant DNA methylation 1],

O the other hand; DNA hypomethyladon
induces chromosomal instabilicy through decon-
densarion of heterochromarin and enhancément
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of chromosomal recombination during carcino-
genesis [12]. For example, in-hepatocellular carci-
noma (HCC) (13} and urochelila carcinoma (UC)
{14}y DNA hypomethylation of pericentrometic
satellite regions is coirelated with copy number
aleerations on chromosomes [ and 9, where such
regions are found abundantly. A DNA mech-
yleransferase (DNMT), DNMT3b, is requited
for: DNA miethylation of pericentromeric sat-
ellite regions in eatly mouse embryos: [15]. We
have demonstrated che possibility that an inac-
tive splice variant, DNMT3b4 is upregulated,
competes with DNMT3b3; the major splice
variant in normal liver tissue, for targeting to
pericentromeric satellite regions; and may lead
to chromosomal instabilicy chrough induction of
DNA hypomethylacion' in such regions during
hepatocarcinogenesis {16}

Translational epigenetics has now come of age
{1719}, and the empirical analysis of DNA meth-
ylation seacus in clinical tissue samples wich ref
erence to- the chmcopa(hologtc&l parametets. o
hu man cancers is becommo increasin [y impo

cancers [20=22};

DNA methylatlon alterations durmg
multlstage carcmogenesrs

hat alterations
' iﬁcant role

‘))02; we Flequendv observed DNA hyper-
methvhnon on: C-type CpG islands, which
are generally methylated in a cancer-specific
but not age-dependent manner 130}; and DNA
methylation alterations ar ‘hot:spots’ of loss of.
heterozygosity in HCCs, even in samiples of non-
cancerous liver tissue showing chronic hepatitis
or liver cirrhosis, which are widely considered
to. be precancerous conditions; in comparison
with normal liver rissue samples 23-33]. These
findings 23] tepresented: sonie of the earliest
reports of: DNA methylarion alrerations ac the
precanicerous stage. Silencing of the E:cadherin
gene; which encodes a Ca?'=dependent cell=cell
adhesion molecule, in samples of noncancerous

liver tissue showing chronic hepatitis: or cir-
rhosis may: restilt in heterogeneous E-cadherin
expression, which: is associated with small
focal areas where hepatocytes show only slight

E-cadherin tmmunoreactivicy:[31]. Silenicing of

the Ezcadherin gene may participate even'in the
very early stage of hepatocarcinogenesis through
loss of intercellular adhesiveness and destruc-

tion of tissue morphology. Expression levels of

mRNA for DNMTT, the major and best known
DNMT; are significantly higherin 48 samples
of noncancerous liver tissiie showing chronic
hepatitis or cirthosis than in normal liver tis
sue, andare evenhigher in 67 sa mples of HCC:s
5321 The incidence of DNMT1 overexpression
in 53 samples of HCC is significantly corielated
with poorer tumor differentiation and portal
veirinvolvement {33, Moreover; the recurrerice-
ival rates of patients wich
NMT1 overexpression are

free and over

HCCS showm

tceal epithelia with an inHammatory
dckground wiay be at precancerous stages, We
anducted an immunohistochemical andlysxs of
DNMTI in 48 saniples of peripheral pancreatic
duct epithelia showing no remarkable histologi-
cal findings without an inflammarory back:
ground, 54 samples of peripheral pancreatic duct
epithelia with an inflammatory background, 188
samples oF another precancerous lesion, pancre-
atic intraepithelial neoplasia (PanIN}, and 220
areas of invasive ductal carcinoma from surgical
specimens resected fromy 100 patients (5,24, 49
and 22 patients ac Stage I'ro-[1, TH, [Va and
1Vh; respectively) (341. DNA methylacion status
of the pl4, pl5, p16, p73, APC. hMLHI, MGMT,
BRCAL, GSTPL TIMP-3; CDHI and DAPK-1
genes was also analyzed in tissue samples dur
ing pancreatic carciniogenesis.. To examine
DNA methylation stacus In ciny tissue samples
of peripheral pancreatic duct epithelia wichous
orwith an inflaimmatory background, avoiding
any contaminartion with'surrounding acinar cells
and/or lymphocytes, we employed a mechod
combining tissue microdissection with agarose
beads-based bisulhte conversion followed by
nested methylation-specific PCR: preheared low-
melting agarose was mixed with the harvested
microdissected dssue samples and the mixtures
were pipetted: into chilled mineral:oil to: form
agarose beads. The beads with the tissue were
incubated with proteinase K followed by bisulfite
conversion. After neutralization with hydrochlo-
ric-acid, the beads were used directly. for nested
methylation-specific PCR:: This mechod also
allowed: us to examine. DNA the mechvlation

Epigenomics (2010} 2(3;
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status in PanIN and ductal carcinoma;, avoid-
ing contaminacdion by the abundant desmoplas-
tic soroma. The incidence of DNMT1 protein
expression (34} and the average number of meth-
ylated tumorsrelated genes 33} increased with
progression from peripheral pancreatic ductal
epithelia with an inflammatory background, to
PanIN, to well differentiated ductal carcinoma,
and finally, to a poorly differentiated ductal car
cinoma, in comparison with normal peripheral
pancreatic duct epithelia without an inflam-
matory background. DNMT1 overexpression
in ductal carcinomas of the pancreas is signifi-
cantly correlated with the extent of invasion
to the surrounding tissue, an advanced stage,
poorer patient otircome {341, and accumulation
of DNA methylation of tumor-related genes i33].
Although the maintenance activitiesof DNMT'1
are related to its in vitro preference for hemi-
methylated substrates (3¢}, excessive amounts of
DNMTI in compatison to those of profiferating
cell nuclear andgen, which targets DNMTI to
replication foci [37]; may participate in'de novo
methylation of CpG islands [33). In fact. signifi-
cant correlation between DNMTT: overexpres-
sion and accumulation of DNA methylation of
specific genes in cell lines; mouse models and
clinical tissue samples of various cancers hasalso
been reported by other groups [39-331. However,
other groups have stated that they did not find
such significant correlations [44-46]. Thelefore,

the p'xntlcnpanon of DNMT]1 ovcle\pr

Genome-wide DNA
methylation analysis
Recently, it has become possi
methylation on a g«:uome»w
that DNA miethylati t
with multistage carcinogenesis has prompred us
to perform such genome-wide analysis in tis-
sue specimens. The methods most commonlv
used to read methylared cytosines are 2 DNA
methylation-sensitive restriction enzyme-based
approach, such as the well-established tech-
nique of methylated CpG island amplification
{471, affinity-based approaches, whereby anti-
methyl-cviosine antibody ot methyl-binding
domain proteins are used to enrich methylated
fractions of genomic DNA, and bisulfite conver-
ston of non-methylated cycosines to thymidine
through hydrolytic deamination. These strate-
gies for revealing methvlated cytosines have been
applied mainly to array platforms [as); and the
resoltition of the microarrays has been markedly

ide scale. The fact
11s are associated

improved (39;501. In addition to the introduction
of new-generation sequiencing technologies for
bisulfite-converted genomic séquencing (48}, a
high-throughput technique’ withour bisulfite
conversion has been developed based on single-
molecule; real-time DNA sequencing (51]. These
new technologies will be able to efficiently reveal
genoime-wide DNA methylation profiles in tis-
sue samples.

At the present rime, many researchers in the
field of cancer epigenetics use mainly promoter
arrays to identify the genes that are silenced by
DNA methylation in- cancer cells. However,
the promoter regions of specific genes a ¢
the only target of DNA methylation alterations
in human cancers. DNA methylation statt
genomic regions that do not directly pariici
in-gene silencing, such as: the edges of Cpt
islands, may be 1ltel ed at precance;ou, stages
before. the alterations of the promoter regions
themselves occur {32]: Genoinic regior
DNA hypomethylation atfects chromosomal
instability may ot be contained in promoter
arrays. Moremel, aberrant DNA methylation
of large tegions of chromosomes, which are

regulated in a coordinated manner in human
cancers owing to a process of long-range epi-
lencing, has recently attracted atten-

genetic

CA: Ficore 1) 1547, Test or reference DNA
was first digested with the methylation-sensitive
restriction enzyme Smial and subsequently with
the methylation-insensitive Xmal. Adaprers were
ligated to the Xmal-digésted sticky ends, and
PCR was performed with an adapter primer set.
Test and reference PCR products were labeled
by random priming with Cy¢3- and Cy5-dCTP,
respectively, and precipitated together witlretha-
nolin the presence of Cot-I DNA: The mixture
was applied to a custom-made array harbor-
ing approximately 4500 BAC clones located
throughout chromosomes 1 t0 22. X and Y.
Even though the resolution of BAMCA is
inferiot to the abovementioned newly devel-
oped high-resolution arravs, BAMCA has an
ability for detecting any tendency for coor-
dinared regulation of DNA methylation at
multiple CpG sites in individual large regions
of chromosomes, becatise any. region covered
by one BAC contains multiple Smal sites. In
fact, we validated this ability by the: quantita-
tive evaluation of DNA methylation seatus at
each Smal site on representarive BAC clones by
pyrosequencing: when almost all Snial sites on
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Figure 1. Bacterial artificial chromosome array-based methylated CpG island amplification in tissue samples. (A) Bacterial
artificial chromosome (BAC) array-based methylated CpG island amplification (BAMCA) method and an example of a scan image. (B) An
example of unsupervised 2D hierarchical clustering analysis of patients with cancers based on BAMCA data. Patients with cancers are
frequently clustered into subclasses associated with distinct DNA methylation profiles and distinct clinicopathological parameters.

a BAC clone simuitaneously showed lower or
higher DNA methylation rates in comparison
with thosc of normal tissues by pyrosequencing,
the signal ratio on the BAC clone demonstrated
by BAMCA showed DNA hypo- or hyper-meth-
ylation, respectively [s5]. BAMCA has also been
used by other groups to identify tumor-related
genes whose expression levels are regulated by
DNA methylation in human cancer cells [s6-5s1.

Genome-wide DNA methylation
profiles in precancerous stages are
inherited by cancers & determine the
tumor aggressiveness

With respect to renal cell carcinomas (RCCs),
DNA methylation profiling of more than 800
genes has been reported in both Von Hippel
Lindau (VHL)-related and -unrelated RCCs,
and it is known that genes linked to TGF-
or ERK/Akt signaling are preferentially meth-
vlated in papillary RCCs in comparison to
clear cell RCCs [59]. However, precancerous

Epigenomics (2010) 2(3)

conditions in the kidney have rarely been
described because of the lack of any remark-
able histological changes, or association with
chronic inflammation and persistent infection
with viruses or other pathogenic microorgan-
isms. The DNA methylation status of noncan-
cerous renal tissues obtained from patients with
RCCs has not been analyzed in detail. When
BAMCA methods were applied to 51 samples
of noncancerous renal tissue obtained from
patients with clear cell RCCs, many BAC clones
showed DNA hypo- or hyper-methylation in
comparison to normal renal tissue samples from
patients withour any primary renal tumors f60].
From the viewpoint of DNA methylation, we
can consider that noncancerous renal tissue
from patients with RCCs is already at precan-
cerous srages, showing genome-wide DNA
methylation alterations [¢o].

We then performed unsupervised 2D hier-
archical clustering analysis based on BAMCA
data for noncancerous renal tissue samples. The

fsg
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patients with RCCs were clustered into two In noncancerous renal tissue showing no
subclasses, clusters A, and B 160). Tumors * remarkable histological changes and consisting
developing in individual patients belonging - mainly of renal tubules with specialized func-
to cluster B, wete clinicopathologically moie  tions, no progenitor cell is able to gain a growth
aggressive than those in cluster Ay Theoverall advantage; and clonal expansion is unable to
survival race of patients in cluster B, wassignifi-  occur. Therefore, the distinct DNA- methyla-
catitly lower than that of patients in cluster A, tion profiles of cluster B, canniot be established
Aggressiveness of the corresponding rumorsand - through the selection of one of a niimber of ran-
even’ patient’out¢ome may thus be determined dom DNA methylation profiles in noncancer-
by DNA methylation profiles at precancerous  ous renal tissue; and instead may be established
stages. througly distince target mechanisms. Since the
Remtal cell carcinomas are usually well demar- . DNA methylation profiles in cluster B are
cated, being surrounded by a fibrous capsule, - shared by phenotypically similar patients, who
and hardly ever contain-a fibrous stroma. - all suffer from clinicopathologically aggreséﬁg
Therefore, we were able 1o obtain cancer cells . tumors and show a poor outcome, DNA meth
of high purirty from fresh surgical speciméns. " ylation alterations in at least a proportion ofthe
avoiding contamintation: with both noncan--~ BAC regions characterizing cluster:B '
cerous epithelial cells and stromal cells. When .. be passenger changes. DNA methylation altera
weanalyzed ST samples of RCC (30, 16 and  tions of BAC regions c}nmcrenzmo c[usm B
5 patients at Srage I to I1, UL, [V, respectively); - may sighificandy participate in carcinogenesis,
more BAC clones showed DNA hypo-or hyper- - since the DNA methylation profiles in cluster
methylation, and its degree was increased in B, were established at very early stages of car-
comparison with samples: of noncancerous . cinogenesis and inherired during progression of
renal tissue obtained from patients with RCCs: - the cancers tﬁemselves as clustér B Ar leasta
Unsupervised 2D hierarchical clustering analysis: - proportion of DINA methvl'mon alterations at
based ‘on BAMCA daca for RCCs was able to precancerous stages may be epigenetic gatekeep-
group patients into two subclasses, clusters A 7 ers 2], \‘.}uch allow time for further epigenetic
and B feo1.. Clinicopathologically aggressive - and gcneuc alterations.
when the DNA methylation sta-
slands of the pI6, AIMLHI, VHL
nd THBS-I genes, and the mechylated in
tumor (MINT):1, <2,212, 225 and 231 clones
were examined by bisulfite modification in the
same cohort, genome-wide DNA methylation
alrerations consisting of both hypo- and hyper-
methylation revealed by BAMCA in cluster B,
were frequently associated with accumulation of
regional DNA hypermethylation on these CpG
uster B, from islands [¢1]. For comparison with BAMCA data;
ones characterizing  we also examined copy number alterations by
o where the average - array-based comparative genomic hybridization
- was higher than that  using the same BAC array in the same cohort.

tumors were accumulated. in cluster B, .. The
overall survival rate of patients in cluster B..
was significantly lower than that of patients in

cluster A1 ¥

cluster A, also diserimiy
cluster A Amoug Al
both clustexs B
sighal ratio of cluster .
of cluster A, the aver: age signal ratio of clus- By unsupervised hierarchical clustering analysis
ter B was also higher than that of cluster A .. based on copy number alterations; RCCs were
without exception (Fieure 24). Among BAC clones.  clustered into the two subclasses, clusters GA
characterizing both clusters B .and B, where - and GB., fe21. Copy number alterations were
tlie average signal ratio of clusm By was lower - decumulated in cluster GB.,.. Loss of chromo-
than that of cluster A, the average stgnal ratio. 'some 3p and gain of 5q and 7 were frequenc.in
of cluster B, - was also lower than that of cluster  both clusters GA, and GBy, whereas loss of
A thhout exception (Figure 24). Comparison - “Ip; 4, 9, 13q and 14q was frequent only in clus-
between the sigual ratios of each BAC clone’ ter GB, f62}. Clear cell RECs showing higher
characterizing both clusters B and B, revealed. - histological grades, vascular involvement; renal
that the DNA methylation smtus of the noncan- vein tumor thrombi and higher pathological
cerous renal tissue was basically inherited by the . ‘stages were accumulated in cluster GB, [e2],
corresponding RCC in each individual patient: " The recurrence-free and overall survwal rates
(Ficiire 2B) [60]. of patients in'cluster GB, were significantly

7.
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Figure 2. DNA methylation profiles in precancerous conditions and renal cell carcinomas.
(A) Correlation between DNA methylation profiles of precancerous conditions and those of RCCs.
Cluster B, was completely included in cluster B,,. The majority of the bacterial artificial chromosome
(BAC) clones, 724 in all, significantly discriminating cluster B, from cluster A, also discriminated
cluster B from cluster A_. in 311 of the 724 BAC clones, where the average signal ratio of cluster

£, was higher than that of cluster A,

such as Clone X, the average signal ratio of cluster B was

also higher than that of cluster A, without exception. In 413 of the 724 BAC dlones, where the
average signal ratio of cluster B, was lower than that of cluster A, , such as Clone Y, the average
signal ratio of cluster B,, was also lower than that of cluster A, without exception. (B) Scattergram
of the signal ratios in samples of noncancerous renal tissue and RCCs for all patients examined for a
representative BAC clone, clone Z. The DNA methylation status of the noncancerous renal tissue was
hasically inherited by the corresponding RCC in individual patients. (C) Significance of DNA
methylation alterations at precancerous stages. Regional DNA hypermethylation of C-type CpG
islands and copy number alterations were accumulated in cluster B . In other words, DNA
methylation alterations in precancerous conditions, stich as DNA methylation profiles corresponding
to cluster B, may not accur randornly but may be prone to further accumulation of epigenetic and
genetic alterations, thus generating more malignant cancers, such as the RCCs in patients belonging

to cluster B, .
RCC: Renal cell carcinoma.

lower than those of patients in cluster GA, [e].
Multivariate analysis revealed that genetic clus-
tering was a predictor of recurrence-free survival,
and was independent of histological grade and
pathological stage [62]. A subclass of cluster B,
based on BAMCA data was completely included

in cluster GB . showing accumulation of copy

Epigenomics (2010) 2(3)

number alterations. Genetic and epigenetic alter-
ations are not mutually exclusive during renal
carcinogenesis, and particular DNA methylation
profiles may be closely related to chromosomal
instability, DNA methylation alterations at pre-
cancerous stages, which may not occur randomly
but may foster further epigenetic and genetic
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alterations, can generate more malignant cancers
and even determine patient outconie (Ficure 2C).

Even: though' high-throughput detection
technologies have recently beeir developed; the
dynamics of DNA miethylation ‘at nonunique
sequences; such as repetitive sequences and
genie bodies, still remain o be determined 1
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 sequencesin which
coordinated DNA methylation alterations have
clinicopathological impact. Evaluation of the
correlation between the DNA niethvlation scatus
of identified nonunique sequences and the clini-
copathological diversity of cancers may provide
new insights into the roles of DNA methylarion
during multistage carcinogenesis,

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

of DNA methylation status of CpG islands of

multiple genes have been reported: Some groups
haveattempted to use DNA methvlation profiles
as molecular markers of eatly HCCs or as prog-
nosic indicators for patients with HCCs {63641
Since BAMCA detects DNA methylation altera-
tions thar are regulated in a coordinared man-
ner at multiple CpG sites in individual large
regions of chromosomes, BAMCA may be able

to identify unique diagnostic indicators thar.

may be overlooked by other technologics We
then applied the BAMCA method to multistage
hepatocarcinogenesis. HCCs are knuwn to be
medullary tumors without a fibr ! :
“Therefore, we were able to-obtain cancer cells
of high purity froni fresh surgical specilllexls,
avoiding any contamination v th stromal cells.
In samples of noncancerous liver tissue obtained
from patients with FICCs; many BAC clones
showed DNA hypo- or hyper-methylation
in comparison with normal liver tissue from
patients without HCCs. Patients showing DNA
liypo- or hyper-methylation on more BAC clones
in their samples of noncancerous liver tissue fre-
quently developed merachronous or recurrent
HCCs after _hepatectomy (63], suggesting that
DNA methylation alterations at precancerous
stages may not occur randomly but tend to lead
to the development of more malignant HCCs.
The effectiveness of surgical resection for
HCC is limited, unless the disease is diagnosed
early at the asympromatic stage. Therefore, sur-
veillance at precancerous stages isa priority: To
reveal the baseline liver histology, inicroscopy

examination of liver biopsy specimens is per-
formed for patients with heparitis virus infec-
tion prior to- interferon cherapy. Therefore,
carcinogeneric risk estimation- using such liver
biopsy specimens would be advantageous for
close follow-tip of patients who are at high risk
of HCC development.

Inflammation itselfcan indiice drastic DNA
methylation alterations at the chronic hepatitis
stage. Although a proportion of such-altera-
tions do participate in progression to HCC, the
remaining inflammation-associared DNA meth-
yvlation alterations may diminish after the hepati-
tis stage has passed and as HCC develops.
methylation alterations associated only
inflammation and not with carcinogenesis
not be regarded as indicators for carcinogcﬁuic
risk estimation in patients.who are bung f
lowed up owing to chronic hepatiti Tiierefoxe,
to estimare the degree of car:"yuogenenc risk
based on DNA methylation pro les, we focused
on BAC clones forw hxch DNA methvlation sta
tus was aftered at the chronic hepmtis and liver
cirrhosis sr')ge .md were diiherited by HCCs
from such precance;ous stages. Among them,
a bioinformatics approach identified the top 25
BAC clones for which DNA methylation sta-
tus wa: ﬂwle to discriminate 15 samples of non-
cancerous hven tisstie from patients with HCCs

ver ":sue wnh sufficient sensitivity and specnﬁc—

ity. We established the criteria for carcinogenetic
isk estimation by combining the cutoff values
of signal ratios for the 25 BAC clones (Fiaune 34).
Based on these criteria; the sensitivity and speci-
ficity for diagnosis of noncancerous liver tissue
samples obtained from patients with HCCs in
the learning cohort as being at high risk of car=
cinogenesis were both 100% fesi.: Our criteria
enabled diagnosis of additional noncancerous
fiver tissue samples obtained from patients with
HCCs in the validation colort (n = 50) as being
at high risk of carcinogenesis with a sensitivity
and specificity of 96% (s3]

The number of BAC clones satistying 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 obtained from patients with HCCs:
I'n addition, the average number of BAC clones
satisfving the criteria was significantly lower in
samples of liver tissue obtained from patients
who'were inifected with- HBV or HCV, but who
had: never developed HCCs; chan that in non=
cancerous liver tissue 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 based on DNA rnethylation status. Examples of scattergrams of the signal ratios in normal tissue samples
and noncancerous tissue samples at precancerous stages for representative bacterial artificial chromosome (BAC) clones, clone A and
clone B. Using the cutoff values in each panel, noncancerous tissue samples at precancerous stages were discriminated frorm normal
tissue samples with sufficient sensitivity and specificity. Based on a combination 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 cone B. Using the cutoff values in each panel, patients belonging to the poor-outcome group were discririnated
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 (esi.

Epigenomics (2010) 2(3)
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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 successfully improved
by using CpG sites having the largest diagnostic
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impact o each BAC clone. It has been validated
that screening by BAMCA, which has an abil-
ity for detecting any tendericy. for coordinared
regulation: of DNA miethyladion at multiple
CpG sites in the entire BAC region, followed
by revision using pyrosequencing, 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
anotherapproach such as pyrosequencing is used
to validate BAMCA dara, risk assessment of liver
biopsy specimensbased only on BAMCA ispre-
matute, We now intend to validate the reliability
of such risk estimation prospecrively using liver
biopsy specimens obtained prior to interferon
therapy from a large cohovt of patients with
HBV or HCV infection,

Urothelila carcinomas are clinieally remark-
able because of their multicentricity owing to
the ‘feld effect’, whereby carcinogenic agents
in the urine cause malignant transformation of
multiple urothelial cells jee1: Even noncancerous
urothelia showing no remarkable hisrological
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 papillary carcinomas or nodular
invasive carcinomas according ro their configu-
ration (Fictre A) [66}. Super ﬁcnl papillary car

cinomas usually remain noninvasive, J!thoug! :

patients need to undergo repeated uret
toscopic resection because of fecuirences
contrast, the clinical outcome of,,nodijlar i
sive’ carcinoma is poor. In our px'evfous seudy,
accumulation of DNA methylation on C-type
CpG islands associated wtth DNMTI over-
expression was obs noHCANCerous
urothelia obtained tients with UCs, and
was further incréased especially in nodular inva-
sive carcinomas [67.63}.%{ ‘hese previous data sug-
gest that carcinogenetic risk estimation of UCs
based on DNA methylation status might be a
promising strategy.

We carefully took the tissue specimens from
the surface of elevated UC lesions ro avoid con-
tamination with noncancerous urothelial and
stromal cells. Principal component analysis
based on BAMCA data revealed that stepwise
DNA methylation alterations from 17 samples of
noncancerous urothelia obtained from patients
with UCs to 40 samples of UGs; in comparison
with 18 samples of normal urothelia; occurred
in'a genome-wide manner 53] We then pei-
formed unsupervised 2D hierarchical clustering

analysis based on BAMCA: dara for noncancer-
ous urothelia; The examined patients with UCs
were clustered into two subclasses, clusters A,
and B .. The incidence of invasive UCs (pT2
ot more) was significantly higher inpatients
belonging to: cluster B, defined on the basis
of DNA merhylation status in their noncancer-
ous urothelia in comparison to cluster A [55].
Moreover, Wilcoxon test identified the BAC
clones whose signal ratios differed significantly
berween noncancerous urothelia obtained from
patients with superficial UCs (pTaand pT'1) and
noncancerous urothelia obrained from patients
with invasive UCs (pT2 or more). DNA mé(h—
ylation profiles on such BAC clones of noncai
cerots urorheha obramed from pmems \Vlth

To estmmte the degrcg of cammogenenc risk
based on-DNA fmedzvhnon profiles in non-
cancerous urorhelia 83 BAC clones whose sig-
nal ratios discriminated noncancerous urothelia
obtained from patients with UCs from normal
unotheha with a sensmwtv and: specificity. of
75% o1 more than 75% were identified. We
estabhs[ cd the criteria for carcinogenetic risk

estimation by combining the cutoff values of the
. smml mnos for these 83 BAC clones 551 We are

cuucmly attempting to develop a niethodology

{or assessing the tendeticy of DNA methylation

in the 83 BAC regions in urine samples with
a view to application for screening of healthy
individuals. If it proves possible ro identify indi-
viduals who are at high risk of uirothelial carcino-
genesis, then strategies for the prevention or eatly
detection of UCs, such as smoking cessation ot
repeated urine cytology examinations, might be
applicable.

Approximately 10-30% of patients with UCs
of the renal pelvis and ureter develop intravesi-
cal ‘metachronous UCs after nephroureterec-
tomy. (69]. Therefore, such patients need to
undergo repeated urethrocystoscopic examina-
tions 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 urothelium
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 wicth UCs of the renal pelvis or
ureter. Unsupervised 2D hierarchical clustering
analysis based on BAMCA data for noncancer-
ous urothelia obtained from patients wich 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 A,
did so [53], indicating that DNA mechylation

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 che 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

' fsg

future science group



DNA methylation profiles in precancerous tissue & cancers

Figure 4. Sigmflcance of DNA methylation alterations at precancerous, stages during

urothellal carcmogen 3sis.

nodular invasive carcinomas is poor. (B) Scattergrams of the s:gnal ratios
obtained from;patientslwith fsuperﬂcialfU,Cs, \noncancerbus‘urothelia oti

nonca cerous {Il&llylt'! 3

4), those in noncancerous urothelra obtalnnd from patnents w1th mvasnve UCs thhout exceptnon

Therefore, DN
uc: ‘Urothelial carcmoma.

not with a sensitivity and specificity of 100% |55}
This, after validation using other technologies
sich as pyrosequencing, a combination of CpG
sites on the present nine BAC clones may: pro-
vide an optimal indicator for the development
of intravesical metachronous UC.

. g noncancerdus trothelia obtained from pati
UCS were srgmf:can’dy htgher than those n noncancerous urothet!a obtalned fro

exéepflon If the average signal ratios in noncanceroué urdtre
, UCs were sugnlﬂcantly !ower than those m noncancerous urot

Prognostication of patients with
cancers based on DNA
methylation profiles

Some RCCs relapse and metastasize to distant
organs, even if resection has been ‘considered
complete Recenrlv, immunocherapy dud nove

restricred. Therefore; to assist dose fQHow—up
of patients who have undergone neph
and arestill ac risl '
sis, ‘prognostic. indi
Among the examine tents in the abovemen-
tioned cluster B“\, 38% died owing to recurrent
RCCs, whereasonly 2. 3% of the patients in clus-
ter Ay, died. Mulcivariate analysis revealed chat
our clustering was a predictor of recurrence and
was independent of histological grade, micro-
scopic configuration, vascular involvement and
renal vein tumor thirombi 6o} We were able to
set the cutoff values of the signal ratios for 14
BAC clones ro determine whether or not patients
in this cohort belonged ro-cluster B,
sensitivity and specificicy of 100% (o}

ncpﬁrectomy
ce and metasta-
ave been explored.

withia

To establish criteria. for prognostication of

patients with: HCCs; 'in the learning cohort,
HCC samples obtained from patients who had
survived more than 4 years after hepatectomy and

rence, and was independent of histological dif

(A),Hsstologica!,features of superfuc:al paptilary UC anc nodulagr |n\fésn)e ,’V,

suffeled recurrence wichi
within a yearafter
@ favorable-oute

or: mm‘e BAC C‘OHES wasa pledlCtOl 0‘“ recutr-

crentiation, portal vein tumor thl()n\bl, intra-
hepatic metastasis and multicentricity {65 The
cancer-free'and overall survival rates of patients
with HCCs in the validation cohore (it = 44) sac-
isfying the criteria for 32 o more BAC clones
were significantly lower than those of patients
with' HCCs satisfying the crireria for less than
32 BAC clones [es}. Such prognosticarion using
biopsy or hepatectomy specimens may be able to
assist clinicians in devising therapetiric strategies
for patients wich insufficient liver function.
Recently, new: forms of systemic chemo-
therapy and targeted therapy have been devel-
oped: for treatment of UCs. [n order to start
adjuvant systemic chemotherapy immediarely
in patients.who have undergone surgery and are
still e high tisk of recurrence and metaseasis,
prognostic indicators have been explored. It is
expected -that:a combination of several CpG
istands of rumor-related genes would be use-

ful as epigenetic markers for prognostication of

UCGs fzo1. In'addicion, when we applied BAMCA
to UGCs; unsupervised 2D hierarchical clustering
analysis based on BAMCA data for UCs was
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Introduction

DNA hypermethylation.

human cancers.

CpG island amplification {
chromosomes:

each: individual patient.

been established.

Future perspective

= DNA methylation alterations are known to result in alter

Prognostication of patients with cancers based on DNA methylation profiles
= On the hasis of BAMCA data; criteria for the prognostication of patients with renal cell carcinomas; hepatocellular carcinomas and
urothelila carcinomias have been established.

Arai & Kanai

able to group’ the examined patients’into two
subclasses, clusters A, and B, . Among the
patients belonging to cluster B, 19% suffered
recurrence afeer surgery, whereas none belonging
to clister Ay did so [551. Wilcoxon test revealed
that the signal tacios of 20 BAC clones'in UCs
differed signifcantly between the patients who
suffered recutrence after surgery and the patients
who: did: not. The criteria for a combination of
the 20 BAC clones were able to discriminare
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 incapable of
stich complere discrimination (33}, The reliability
of such prognostication will nieed to be validated
in'a prospective study.

Future perspective
The: incidence of DNA ‘methylation: altera-
tions: is generally high in various organs du

‘even at the precancerous stage; especially in association with chronic inflammation

virus or hepatitis C virus:

array-hased methylated CpG island amplification bacterial artificial chromosome array-based methylated
BAMCA) may be suitable for overviewing the DNA methylation tendency of individual large regions among all

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

= DNA methylation alterations at the precancerous stage, which may not occur randomly but may foster further epigenetic and genetic
alterations; can generate rore ralignant 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

= Genome-wide DNA methylatior profiling can provide indicators for: carcinogenetic risk estimation and prognostication. using samples of
body fluids and tissue specimens.
< Based upon genome-wide DNA methylation profiling; translational epigenetics has come of age.

precainicerous stage are stably preserved on DNA
double strands by covalent bonds, and these can
be detected using highly sensitive methodology.
Therefore; they inay be betrer diagnostic indi-
cators than mRNAand protein=expression pro=
files, whicli'can be easily affected by the micro-
environnient of cancer cells or precursor cells.
Genome-wide DNA: methylation profiling can
provide indicators for carcinogenetic tisk estima-
tion and progiostication using samples of urine,
spurtimy and other body fluids, and also biopsy
and surgically resected specimens. However,
exploitation of diagnostic indicators can never
be regarded as optimal, and it is expected: that
ongoing technical innovation and prospective

12
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profiles of each cluster and the identification of
rarget molecules for prevention and therapy in
patients belonging to each cluster. Based upon
of geriome-wide DNA mechylation profling.
rranslational epigenetics has clearly come of age.
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