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methylated CpG island amplification data, indicators for carcinogenetic risk estimation have been
established using liver tissue specimens from patients with hepatitis virus infection, chronic hepatms and
liver cirrhosis or histologically normal urothelia, and for prognostication usmg biopsy or surgically resected
specimens from patients with renal cell carcinoma, hepatocellular carcinoma and urothelial carcinoma.
Such genome-wide DNA methylatlon profllmg has now firmly established the chmcal relevance of ;

translational epigenetics.
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DNA methylation, a covalent chemical modi-
fication resulting in the addition of a methyl
group at the carbon 5 position of the cytosine
ring in CpG dinucleotides, is one of the most
consistent epigenetic changes occurring in
human cancers [1-3]. DNA methylation normally
promotes a highly condensed heterochromatin
structure associated with deacetylation of his-
tones H3 and H4, loss of histone H3 lysine 4
(H3K4) methylation, and gain of H3K9 and
H3K27 methylation [4-6]. DNA methylation
is a stable modification inherited throughout
successive cell divisions, and is essential for
X-chromosome inactivation, genome imprint-
ing, silencing of transposons and other parasitic
elements, and proper expression of genes [7].
Human cancer cells show a drastic change in
DNA methylation status, specificity in the over-
all DNA hypomethylation and regional DNA
hypermethylation 1-3]. In 1995, when the RB
and VHL genes were the only tumor suppressor
genes known to be silenced by DNA methylation,
we showed for the first time that the E-cadherin
tumor suppressor gene is silenced by DNA
methylation around the promoter region [8], and

risk estlmatnon .

proposed the universality of a ‘two-hit’ mecha-
nism involving DNA hypermethylation and loss
of heterozygosity during carcinogenesis. The list
of tumor-related genes whose levels of expres-
sion 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-related genes whose
DNA methylation status is altered during carci-
nogenesis are selected. One, but likely not the
only, explanation for such selection is polycomb
binding, in which CpG-rich sequences targeted
by the polycomb complex in normal embryonic
stem cells consequently form a bivalent domain
carrying both ‘activating’ H3K4 methylation
and ‘inactivating’ H3K27 methylation [10]. This
bivalent state is converted to a primary active
or repressive chromatin conformation after dif-
ferentiation cues have been received. During
carcinogenesis, such modifications may render
the genes vulnerable to errors, resulting in aber-
rant DNA methylation [11].

On the other hand, DNA hypomethylation
induces chromosomal instability through decon-
densation of heterochromatin and enhancement

10.2217/EP1.10.16 © 2010 Future Medicine Ltd

58
Epigenomics (2010) 2(3), 467-481

Ulire, - P
Medicine
ISSN 1750-1911 467



 PrELMINARY COMMUNICATION [JRETog ety

of chromosomal recombination during carcino-
genesis [12]. For example, in hepatocellular car-
cinoma (HCC) 13] and urothelial carcinoma
(UC) 14, DNA hypomethylation of pericen-
tromeric satellite regions is correlated with
copy number alterations on chromosomes
1 and 9, where such regions are found abun-
dantly. A DNA methyltransferase (DNMT),
DNMT3Db, is required for DNA methylation of
pericentromeric satellite regions in early mouse
embryos [15]. We have demonstrated the possibil-
ity that an inactive 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 instability
through induction of DNA hypomethylation
in such regions during hepatocarcinogenesis [16].

Translational epigenetics has now come of
age 17-19], and the empirical analysis of DNA
methylation status in clinical tissue samples with
reference to the clinicopathological parameters
of human cancers is becoming increasingly
important for the diagnosis, prevention and
therapy of cancers [20-22].

DNA methylation alterations during
multistage carcinogenesis
Accumulating evidence suggests that alterations
of DNA methylation may play a significant role
even at precancerous stages in association with
chronic inflammation, persistent infection with
viruses and other pathogenic microorganisms,
such as hepatitis B virus (HBV) or hepatitis C
virus (HCV) [23-25], Epstein—Barr virus [26],
human papillomavirus [27), and Helicobacter
pylori [28] and cigarette smoking [29]. In the
1990s, we frequently observed DNA hyper-
methylation on C-type CpG islands, which
are generally methylated in a cancer-specific
but not age-dependent manner [30], and DNA
methylation alterations at ‘hot spots’ of loss of
heterozygosity in HCCs, even in samples of non-
cancerous liver tissue showing chronic hepatitis
or liver cirrhosis, which are widely considered
to be precancerous conditions, in comparison
with normal liver tissue samples [23-25]. These
findings [23] represented some of the earliest
reports of DNA methylation alterations at the
precancerous 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 result in heterogeneous E-cadherin
expression, which is associated with small
focal areas where hepatocytes show only slight

E-cadherin immunoreactivity [31]. Silencing of
the E-cadherin 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 DNMT], the major and best known
DNMT, are significantly higher in 48 samples
of noncancerous liver tissue showing chronic
hepatitis or cirrhosis than in normal liver tissue,
and are even higher in 67 samples of HCCs [32].
The incidence of DNMTT1 overexpression in
53 samples of HCC:s is significantly correlated
with poorer tumor differentiation and portal
vein involvement [33]. Moreover, the recurrence-
free and overall survival rates of patients with
HCCs showing DNMT]1 overexpression are
significantly lower than those of patients with
HCC:s that do not [33].

Ductal carcinomas of the pancreas frequently
develop after chronic damage owing to pancre-
atitis. At least a proportion of peripheral pan-
creatic ductal epithelia with an inflammatory
background may be at precancerous stages. We
conducted an immunohistochemical analysis of
DNMT1 in 48 samples of peripheral pancreatic
duct epithelia showing no remarkable histological
findings without an inflammatory background,
54 samples of peripheral pancreatic duct epithe-
lia with an inflammatory background, 188 sam-
ples of another precancerous lesion, pancreatic
intraepithelial neoplasia (PanIN), and 220 areas
of invasive ductal carcinoma from surgical speci-
mens resected from 100 patients (5, 24, 49 and
22 patients at Stage I to II, III, IVa and IVb,
respectively) [34]. DNA methylation status of
the p14, pI5, pl6, p73, APC, hMLHI, MGMT,
BRCAI, GSTP1, TIMP-3, CDHI and DAPK-1
genes was also analyzed in tissue samples dur-
ing pancreatic carcinogenesis. To examine
DNA methylation status in tiny tissue samples
of peripheral pancreatic duct epithelia without
or with an inflammatory background, avoid-
ing any contamination with surrounding acinar
cells and/or lymphocytes, we employed a method
combining tissue microdissection with agarose
bead-based bisulfite conversion followed by
nested methylation-specific PCR: preheated low-
melting agarose was mixed with the harvested
microdissected tissue 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 method also
allowed us to examine the DNA methylation
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status in PanIN and ductal carcinoma, avoid-
ing contamination by the abundant desmoplas-
tic stroma. The incidence of DNMT1 protein
expression [34] and the average number of meth-
ylated tumor-related genes [35] 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. DNMTT1 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 outcome [34], and accumulation of DNA
methylation of tumor-related genes [35]. Although
the maintenance activities of DNMT]1 are related
to its in vitro preference for hemimethylated
substrates [36], excessive amounts of DNMTT1 in
comparison to those of proliferating cell nuclear
antigen, which targets DNMT]1 to replication
foci [37), may participate in de novo methylation
of CpG islands [38]. In fact, significant correla-
tion between DNMT 1 overexpression and accu-
mulation of DNA methylation of specific genes
in cell lines, mouse models and clinical tissue
samples of various cancers has also been reported
by other groups [39-43]. However, other groups
have stated that they did not find such signifi-
cant correlations [44-46]. Therefore, the partici-
pation of DNMT1 overexpression in accumula-
tion of DNA methylation of tumor-related genes
remains a controversial issue.

Genome-wide DNA

methylation analysis

Recently, it has become possible to analyze DNA
methylation on a genome-wide scale. The fact
that DNA methylation alterations are associated
with multistage carcinogenesis has prompted us
to perform such genome-wide analysis in tis-
sue specimens. The methods most commonly
used to read methylated cytosines are a DNA
methylation-sensitive restriction enzyme-based
approach, such as the well-established technique
of methylated CpG island amplification [47),
affinity-based approaches, whereby antimethyl-
cytosine antibody or methyl-binding domain
proteins are used to enrich methylated fractions
of genomic DNA, and bisulfite conversion of
non-methylated cytosines to thymidine through
hydrolytic deamination. These strategies for
revealing methylated cytosines have been
applied mainly to array platforms (48], and the
resolution of the microarrays has been markedly

improved [49,50]. In addition to the introduction
of new-generation sequencing technologies for
bisulfite-converted genomic sequencing [48], a
high-throughput technique without bisulfite
conversion has been developed based on single-
molecule, real-time DNA sequencing [51]. These
new technologies will be able to efficiently
reveal genome-wide DNA methylation profiles
in tissue samples.

At the present time, 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 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 precancerous stages
before the alterations of the promoter regions
themselves occur [52]. Genomic regions in which
DNA hypomethylation affects chromosomal
instability may not be contained in promoter
arrays. Moreover, aberrant DNA methylation
of large regions of chromosomes, which are
regulated in a coordinated manner in human
cancers owing to a process of long-range epi-
genetic silencing, has recently attracted atten-
tion [53). Therefore, we have recently employed
bacterial artificial chromosome (BAC) array-
based methylated CpG island amplification
(BAMCA; Ficure 1) [54]. Test or reference DNA
was first digested with the methylation-sensitive
restriction enzyme Smal and subsequently with
the methylation-insensitive Xmal. Adapters were
ligated to the Xmal-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,
respectively, and precipitated together with etha-
nol in 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 to 22, X and Y.
Even though the resolution of BAMCA is
inferior to the abovementioned newly devel-
oped high-resolution arrays, BAMCA has an
ability for detecting any tendency for coor-
dinated regulation of DNA methylation at
multiple CpG sites in individual large regions
of chromosomes, because any region covered
by one BAC contains multiple Smal sites. In
fact, we validated this ability by the quantita-
tive evaluation of DNA methylation status at
each Smal site on representative BAC clones by
pyrosequencing: when almost all Smal sites on
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Figure 1. Bacterial artificial chromosome array-based methylated CpG island amplification in tissue samples.
(A) 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 frequentiy

clustered into subclasses associated with distinct DNA methyiat on profiles and dlStht clinicopathological parameters.

BAC: Bacterial artificial chromosome.

a BAC clone simultaneously showed lower or
higher DNA methylation rates in comparison
with those 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 [56-58].

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-related and -unrelated RCCs, and
it is known that genes linked to TGF-B or
ERK/Akt signaling are preferentially meth-
ylated in papillary RCCs in comparison to
clear cell RCCs [591. However, precancerous

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 non-
cancerous 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-methyla-
tion in comparison to normal renal tissue sam-
ples from patients without any primary renal
tumors [60]. From the viewpoint of DNA meth-
ylation, we can consider that noncancerous
renal tissue from patients with RCCs is already
at precancerous stages, showing genome-wide
DNA methylation alterations [60].

We then performed unsupervised 2D hier-
archical clustering analysis based on BAMCA
dara for noncancerous renal tissue samples. The
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patients with RCCs were clustered into two
subclasses, clusters A, and By, [(60]. Tumors
developing in individual patients belonging
to cluster B, were clinicopathologically more
aggressive than those in cluster A ,. The over-
all survival rate of patients in cluster By
significantly lower than that of patients in clus-
ter Ay,. Aggressiveness of the corresponding
tumors and even patient outcome may thus be
determined by DNA methylation profiles at
precancerous stages.

Renal cell carcinomas are usually well demar-
cated, being surrounded by a fibrous capsule,
and hardly ever contain a fibrous stroma.
Therefore, we were able to obtain cancer cells
of high purity from fresh surgical specimens,
avoiding contamintation with both noncan-
cerous epithelial cells and stromal cells. When
we analyzed 51 samples of RCC (30, 16 and
5 patients at Stage I to II, III and IV, respec-
tively), more BAC clones showed DNA hypo- or
hyper-methylation, and its degree was increased
in comparison with samples of noncancerous
renal tissue obtained from patients with RCCs.
Unsupervised 2D hierarchical clustering analysis
based on BAMCA data for RCCs was able to
group patients into two subclasses, clusters A
and B, [60]. Clinicopathologically aggressive
tumors were accumulated in cluster B... The
overall survival rate of patients in cluster B,
was significantly lower than that of patients in
cluster A_.

All patients who were grouped in cluster B
on the basis of BAMCA data for noncancer-
ous renal tissue were included in cluster B,
on the basis of BAMCA data for the RCCs
themselves [60]. The majority of the BAC clones
significantly discriminating cluster B, from
cluster A, also discriminated cluster B_, from
cluster A_.. Among BAC clones characterizing
both clusters By, and B.,, where the average
signal ratio of cluster B, was higher than that
of cluster A, the average signal ratio of clus-
ter B, was also higher than that of cluster A
without exception (Ficure 24). Among BAC clones
characterizing both clusters B, and B_, where
the average signal ratio of cluster B, was lower
than thar of cluster Agier the average signal ratio
of cluster B.., was also lower than that of cluster
A, without exception (Ficure 24). Comparison
between the signal ratios of each BAC clone
characterizing both clusters B and B_ revealed
that the DNA methylation status of the noncan-
cerous renal tissue was basically inherited by the
corresponding RCC in each individual patient
(FiGure 2B) [60].

was

In noncancerous renal tissue showing no
remarkable histological changes and consisting
mainly of renal tubules with specialized func-
tions, no progenitor cell is able to gain a growth
advantage, and clonal expansion is unable to
occur. Therefore, the distinct DNA methyla-
tion profiles of cluster B, cannot be established
through the selection of one of a number of ran-
dom DNA methylation profiles in noncancer-
ous renal tissue, and instead may be established
through distinct target mechanisms. Since the
DNA methylation profiles in cluster B. are
shared by phenotypically similar patients, who
all suffer from clinicopathologically aggressive
tumors and show a poor outcome, DNA meth-
ylation alterations in at least a proportion of the
BAC regions characterizing cluster B_, cannot
be passenger changes. DNA methylation altera-
tions of BAC regions characterizing cluster B_
may significantly participate in carcinogenesis,
since the DNA methylation profiles in cluster
B, were established at very early stages of car-
cinogenesis and inherited during progression
of the cancers themselves as cluster B_. At
least a proportion of DNA methylation altera-
tions at precancerous stages may be ‘epigenetic
gatekeepers’ 2], which allow time for further
epigenetic and genetic alterations.

In fact, when the DNA methylation status
on CpG islands of the p16, hAMLHI, VHL and
THBS-I genes, and the methylated in tumor
(MINT)-1, -2, -12, -25 and -31 clones were
examined by bisulfite modification in the
same cohort, genome-wide DNA methylation
alterations 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
islands [61]. For comparison with BAMCA data,
we also examined copy number alterations by
array-based comparative genomic hybridization
using the same BAC array in the same cohort.
By unsupervised hierarchical clustering ana-
lysis based on copy number alterations, RCCs
were clustered into the two subclasses, clusters
GA_ and GB_, (621. Copy number alterations
were accumulated in the cluster GB_,.. Loss of
chromosome 3p and gain of 5q and 7 were fre-
quent in both clusters GA, and GB.,, whereas
loss of 1p, 4, 9, 13q and 14q was frequent only
in cluster GB_, [62]. Clear cell RCCs showing
higher histological grades, vascular involve-
ment, renal vein tumor thrombi and higher
pathological stages were accumulated in clus-
ter GB., (62]. The recurrence-free and overall
survival rates of patients in cluster GB., were
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significantly lower than thosc of patients in
cluster GA_, [e2). Multivariate analysis revealed
that genetic clustering was a predictor of recur-
rence-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_

on.

showing accumulation of copy number altera-
tions. Genetic and epigenetic alterations are not
mutually exclusive during renal carcinogenesis,
and particular DNA methylation profiles may
be closely related to chromosomal instability.
DNA methylation alterations at precancerous
stages, which may not occur randomly but may
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foster further epigenetic and genetic alterations,
can generate more malignant cancers and even
determine patient outcome (Ficure 2C).

Even though high-throughput detection
technologies have recently been developed, the
dynamics of DNA methylation at repetitive
sequences and gene bodies still remain to be
determined (7). However, our BAC array-based
methods do not focus only on specific promoter
regions and CpG islands, and have success-
fully identified the BAC regions including non-
unique sequences in which coordinated DNA
methylation alterations have clinicopathological
impact. Evaluation of the correlation between
the DNA methylation status of identified repeti-
tive sequences and gene bodies, and the clini-
copathological diversity of cancers may provide
new insights into the roles of DNA methylation
during multistage carcinogenesis.

Carcinogenetic risk estimation based
on DNA methylation profiles
With respect to HCC:s, the results of analysis
of DNA methylation status of CpG islands of
multiple genes have been reported. Some groups
have attempted to use DNA methylation profiles
as molecular markers of early HCCs or as prog-
nostic indicators for patients with HCCs [63,64].
Since BAMCA detects DNA methylation altera-
tions that are regulated in a coordinated man-
ner at multiple CpG sites in individual large
regions of chromosomes, BAMCA may be able
to identify unique diagnostic indicators that
may be overlooked by other technologies. We
then applied the BAMCA method to multistage
hepatocarcinogenesis. HCCs are known to be
medullary tumors without a fibrous stroma.
Therefore, we were able to obtain cancer cells
of high purity from fresh surgical specimens,
avoiding any contamination with stromal cells.
In samples of noncancerous liver tissue obtained
from patients with HCCs, 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 noncancerous liver tissue fre-
quently developed metachronous or recurrent
HCC:s after hepatectomy [65], 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 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 patients with hepatitis virus infec-
tion prior to interferon therapy. Therefore,
carcinogenetic risk estimation 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
methylation alterations at the chronic hepatitis
stage. Although a proportion of such alterations
do participate in progression to HCC, the remain-
ing inflammation-associated DNA methylation
alterations may diminish after the hepatitis stage
has passed and as HCC develops. DNA meth-
ylation alterations associated only with inflam-
mation and not with carcinogenesis cannot be
regarded as indicators for carcinogenetic risk esti-
mation in patients who are being followed up
owing to chronic hepatitis. Therefore, to estimate
the degree of carcinogenetic risk based on DNA
methylation profiles, we focused on BAC clones
for which DNA methylation status was altered
at the chronic hepatitis and liver cirrhosis stages
and were inherited by HCCs from such precan-
cerous stages. Among them, a bioinformatics
approach identified the top 25 BAC clones for
which DNA methylation status was able to dis-
criminate 15 samples of noncancerous liver tissue
from patients with HCCs in the learning cohort
from 10 samples of normal liver tissue with suf-
ficient sensitivity and specificity. We established
the criteria for carcinogenetic risk estimation by
combining the cutoff values of signal ratios for
the 25 BAC clones (Ficure 34). Based on these crite-

ria, the sensitivity and specificity for diagnosis of

noncancerous liver tissue samples obtained from
patients with HCCs in the learning cohort as
being at high risk of carcinogenesis were both
100% [65]. Our criteria enabled diagnosis of addi-
tional noncancerous liver tissue samples obtained
from patients with HCC:s in the validation cohort
(n = 50) as being at high risk of carcinogenesis
with a sensitivity and specificity of 96% [6s].
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 obtained from patients with HCCs.
In addition, 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 tissue samples obtained from
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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 [6s].

o

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 on each BAC clone. It has been validated
that screening by BAMCA, which has an abil-
ity for detecting any tendency for coordinated
regulation of DNA methylation 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
another approach such as pyrosequencing is used
to validate BAMCA data, risk assessment of liver
biopsy specimens based only on BAMCA is pre-
mature. We now intend to validate the reliability
of such risk estimation prospectively using liver
biopsy specimens obtained prior to interferon
therapy from a large cohort of patients with
HBV or HCV infection.

Urothelial carcinomas are clinically remark-
able because of their multicentricity owing to
the ‘field effect’, whereby carcinogenic agents
in the urine cause malignant transformation of
multiple urothelial cells [66]. Even noncancerous
urothelia 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 papillary carcinomas or nodular
invasive carcinomas according to their configu-
ration (Ficure 4A) [66]. Superficial papillary car-
cinomas usually remain noninvasive, although
patients need to undergo repeated urethrocys-
toscopic resection because of recurrences. By
contrast, the clinical outcome of nodular inva-
sive carcinoma is poor. In our previous study,
accumulation of DNA methylation on C-type
CpG islands associated with DNMTT1 over-
expression was observed even in noncancerous
urothelia obtained from patients with UCs, and
was further increased especially in nodular inva-
sive carcinomas [67.68]. These 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 to 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 UCs, in comparison
with 18 samples of normal urothelia, occurred
in a genome-wide manner [55]. We then per-
formed unsupervised 2D hierarchical clustering

analysis based on BAMCA data for noncancer-
ous urothelia. The examined patients with UCs
were clustered into two subclasses, clusters A,
and B . The incidence of invasive UCs (pT2
or more) was significantly higher in patients
belonging to cluster B, defined on the basis
of DNA methylation status in their noncancer-
ous urothelia in comparison to cluster A, [55].
Moreover, Wilcoxon test identified the BAC
clones whose signal ratios differed significantly
between noncancerous urothelia obtained from
patients with superficial UCs (pTaand pT'1) and
noncancerous urothelia obtained from patients
with invasive UCs (pT'2 or more). DNA meth-
ylation profiles on such BAC clones of noncan-
cerous urothelia obtained from patients with
invasive UCs were inherited by the invasive
UC:s themselves (Ficure 4B) 55]. DNA methylation
alterations that were correlated with the develop-
ment of more malignant invasive cancers were
already accumulated in noncancerous urothelia.

To estimate the degree of carcinogenetic risk
based on DNA methylation profiles in non-
cancerous urothelia, 83 BAC clones whose sig-
nal ratios discriminated noncancerous urothelia
obtained from patients with UCs from normal
urothelia with a sensitivity and specificity of
75% or more than 75% were identified. We
established the criteria for carcinogenetic risk
estimation by combining the cutoff values of the
signal ratios for these 83 BAC clones [s5]. We are
currently attempting to develop a methodology
for assessing the tendency of DNA methylation
in the 83 BAC regions in urine samples to make
such risk estimation applicable to healthy indi-
viduals. If it proves possible to identify indi-
viduals who are at high risk of urothelial carci-
nogenesis, then strategies for the prevention or
early detection of UCs, such as smoking cessa-
tion or repeated urine cytology examinations,
might be applicable.

Approximately 10-30% of patients with
UCs of the renal pelvis and ureter develop
intravesical metachronous UCs after nephro-
ureterectomy [69]. Therefore, such patients need
to undergo repeated urethrocystoscopic exami-
nations to detect intravesical metachronous
UC:s. To decrease the need for invasive urethro-
cystoscopic 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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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 A, and By,. The patients in cluster B,
frequently developed intravesical metachronous
UCs, whereas none belonging to cluster Ay,
did so [ss], indicating that DNA methylation

urothelia from  urothelia from invasive UCs

urothelia from  urothelia from  invasive UCs
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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
obtained 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

476

67
Epigenomics (2010) 2(3)

future science group



DNA methylation profiles in precancerous tissue & cancers

Figure 4. Significance of DNA methylation alterations at precancerous stages during
urothelial carcinogenesis. (A) Histological features of superflcai papillary UC and nodular invasive
UC. Superficial papillary carcinomas usually remain noninvasive, although patlents need to undergo
repeated UfE‘lthCVSIDSCOpIC resection because of recurrences. By contrast, the chmcai outcome of

nodular invasive car

mas is poor. (B) Scattergrams of the signal ratios in Noncancerous uro helia

obtained from patients with superficial UCs, noncancerous urothelia obtained from patients with

_invasive UCs, and invasive UCs themselves. Wilcoxon test revealed that the signal ratios of

131 bacterial artificial chromosome (BAC) clones differed significantly between noncancerous

urothelia obtained from patients with superficial UCs and noncancerous urothelia obtained from
patients with invasive UCs. If the average signal ratios in noncancerous urothelia obtained from
patients with invasive UCs were significantly higher than those i n noncancerous urothelia obtamed
from patients w1th superficial UCs (67 BAC clones), the averagesngnal ratios in invasive UCs
themselves were even higher than (42 BAC clones such as clone 1), or not significantly different from

(25 BAC clones such as clone 2), those in noncancero J

urothelia obtained from patients with

invasive UCs without exceptuon If the average signal ratios in noncancerous urothelia obtained from

patients with invasive UCs were significantly lower the

0se in noncancerous urothelia obtamed

from patients with superficial UCs (64 BAC clones), the average signal ratios in invasive UCs
themselves were even lower than (38 BAC clones such as clone 3), or not significantly different from
(26 BAC clones such as clone 4), those in noncancerous urathella obtamed from patients with
invasive UCs without exception. Therefore, DNA methylation profiles of noncancerous urothelia
obtained from patients with invasive UCs were inherited by the invasive UCs themselves.

iUC Urothelial carcinoma. -

not with a sensitivity and specificity of 100% [ss].
Thus, after validation using other technologies
such 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.

Prognostication of patients with
cancers based on DNA

methylation profiles

Some RCC:s relapse and metastasize to distant
organs, even if resection has been considered
complete. Recently, immunotherapy and novel
targeting agents have been developed for treat-
ment of RCC. However, unless relapsed or
metastasized tumors are diagnosed early by close
follow-up, the effectiveness of any therapy is very
restricted. Therefore, to assist close follow-up
of patients who have undergone nephrectomy
and are still at risk of recurrence and metasta-
sis, prognostic indicators have been explored.
Among the examined patients in the abovemen-
tioned cluster B.., 38% died 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 configuration, vascular involvement and
renal vein tumor thrombi [60]). We were able to
set the cutoff values of the signal ratios for 14
BAC clones to determine whether or not patients
in this cohort belonged to cluster B, with a
sensitivity and specificity of 100% [60].

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

HCC samples obtained from patients who had
suffered recurrence within 6 months and died
within a year after hepatectomy were defined as
a favorable-outcome group and a poor-outcome
group, respectively. Wilcoxon test revealed that
the signal ratios of 41 BAC clones differed sig-
nificantly between the two groups (n = 19). We
established the criteria for prognostication by
combining the cutoff values of signal ratios for
the 41 BAC clones (Ficure 3B) [65]. Multivariate
analysis revealed that satisfying the criteria for
32 or more BAC clones was a predictor of recur-
rence, and was independent of histological dif-
ferentiation, portal vein tumor thrombi, intra-
hepatic metastasis and multicentricity [65]. The
cancer-free and overall survival rates of patients
with HCC:s in the validation cohort (n = 44) sat-
isfying the criteria for 32 or more BAC clones
were significantly lower than those of patients
with HCC:s satisfying the criteria for less than
32 BAC clones [65]. Such prognostication using
biopsy or hepatectomy specimens may be able to
assist clinicians in devising therapeutic strategies
for patients with insufficient liver function.
Recently, new forms of systemic chemo-
therapy and targeted therapy have been devel-
oped for treatment of UCs. In order to start
adjuvant systemic chemotherapy immediately
in patients who have undergone surgery and are
still at high risk of recurrence and metastasis,
prognostic indicators have been explored. It is
expected that a combination of several CpG
islands of tumor-related genes would be use-
ful as epigenetic markers for prognostication of
UC:s [70]. In addition, when we applied BAMCA
to UCs, unsupervised 2D hierarchical clustering
analysis based on BAMCA data for UCs was
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Executive summary

Introduction

= Human cancer cells show a drastic change in DNA methylation status, that is overall DNA hypomethylation and regional
DNA hypermethylation.

= DNA methylation alterations are known to result in altered expression of tumor-related genes and chromosomal instability in
human cancers. 4

DNA methylation alterations during multistage carcinogenesis

= DNA methylation alterations play a significant role even at the precancerous stage, especially in association with chronic inflammation
and persistent infection with viruses, such as hepatitis B virus or hepatitis C virus.

* DNA methyltransferase 1 overexpression in cancers is frequently correlated with accumulation of DNA methylation of tumor-related
genes and poorer patient outcome.

Genome-wide DNA methylation analysis

= For genome-wide analysis, microarray platforms are used in combination with DNA methylation-sensitive restriction enzyme-based or
antimethyl-cytosine antibody affinity techniques, and new generation sequencing technologies are also being introduced.

= Bacterial artificial chromosome array-based methylated CpG island amplification (BAMCA) may be suitable for overviewing the DNA
methylation tendency of individual large regions among all chromosomes.

Genome-wide DNA methylation profiles at precancerous stages are inherited by cancers & determine tumor aggress:veness

= Distinct DNA methylation profiles in noncancerous tissue at the precancerous stage is basically inherited by the cancer developing in
each individual patient.

= DNA methylation alterations at the precancerous stage, which may not occur randomly but may foster further epigenetic and genetic
alterations, can generate more malignant 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 urothelial 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, hepatocellular carcinomas and
urothelial 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-wide DNA methylation profiling, translational epigenetics has come of age.

PREUM%NARY COMML}NICAI" 60| Arai 8 Kanai

able to group the examined patients into two
subclasses, clusters A and B ,. Among the
patients belonging to cluster B, 19% suffered
recurrence after surgery, whereas none belonging
to cluster A_; did so [55]. Wilcoxon test revealed
that the signal ratios of 20 BAC clones in UCs
differed significantly between 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 or lymphatic involvement were incapable of
such complete discrimination [ss]. The reliability
of such prognostication will need to be validated
in a prospective study.

Future perspective

The incidence of DNA methylation altera-
tions is generally high in various organs dur-
ing multistage carcinogenesis. Since even subtle
alterations of DNA methylation profiles at the
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 than mRNA and protein-expression pro-
files, which can be easily affected by the micro-
environment of cancer cells or precursor cells.
Genome-wide DNA methylation profiling can
provide indicators for carcinogenetic risk estima-
tion and prognostication using samples of urine,
sputum 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
validation will lead to further improvements of
diagnostic sensitivity and specificity.

Patients with cancers are frequently clustered
into subclasses showing both distinct genome-
wide DNA methylation profiles and distinct
clinicopathological characteristics (Ficure 1B).
Such clustering of cancers may provide clues
for clarification of the molecular mechanisms
establishing the distinct DNA methylation
profiles of each cluster and the identification of
target molecules for prevention and therapy in

on
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patients belonging to each cluster. Based upon
of genome-wide DNA methylation profiling,
translational epigenetics has clearly come of age.
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Purpose: We aimed to identify novel chemotherapy responsiveness biomarkers for osteo-
sarcoma (OS) by investigating the global protein expression profile of 12 biopsy samples from
OS patients.

Experimental design: Six patients were classified as good responders and six as poor
responders, according to the Huvos grading system. The protein expression profiles obtained
by 2-D DIGE consisted of 2250 protein spots.

Results: Among them, we identified 55 protein spots whose intensity was significantly
different (Bonferroni adjusted p-value<0.01) between the two patient groups. Mass spec-
trometric protein identification demonstrated that the 55 spots corresponded to 38 distinct
gene products including peroxiredoxin 2 (PRDX 2). Use of a specific antibody against PRDX 2
confirmed the differential expression of PRDX 2 between good and poor responders, while
PRDX 2 levels as measured by Western blotting correlated highly with their corresponding
2-D DIGE values. The predictive value of PRDX 2 expression was further confirmed by
examining an additional four OS cases using Western blotting.

Conclusions and dlinical relevance: These results establish PRDX 2 as a candidate for
chemotherapy responsiveness marker in OS. Measuring PRDX 2 in biopsy samples before
treatment may contribute to more effective management of OS.

Keywords:
2-D DIGE / Chemotherapy / Osteosarcoma / Peroxiredoxin 2

1970s, Rosen et al. noted that the response to the initial
chemotherapy for OS was predictive of long-term outcome

1 Introduction

Osteosarcoma (OS) is the most common primary malignant
bone tumor in children and adolescents [1, 2]. In the mid-
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[3]; others have subsequently confirmed this finding [4, 5].
During the past three decades, the standard treatment for
OS has been surgery and neo- and adjuvant chemotherapy.
Chemotherapy has improved the cure rate of patients with
localized OS from 15 to 20% achieved with surgery alone to
approximately 70% [6]. However, OS patients whose tumors
respond poorly to chemotherapy are at a higher risk of
relapse and poor outcome, and chemotherapy response has
always been the most important, and most consistently
reported, predictor for survival [7-13]. Therefore, it is

www.clinical.proteomics-journal.com



Proteomics Clin. Appl. 2010, 4, 560-567

imperative to identify chemotherapy responsiveness bio-
markers at the time of diagnosis and prior to the initiation of
therapy to detect chemotherapy-resistant tumors and to
modify the treatment regimen appropriately.

Response to chemotherapy following the induction
chemotherapy is evaluated using the Huvos grading
system, where the levels of tumor necrosis achieved reflect
the effectiveness of the given chemotherapy. Patients
with >90% tumor necrosis following induction therapy
are classified as good responders and patients with <90%
tumor necrosis as poor responders [2]. Although this
grading system is a powerful predictor of chemotherapy
responsiveness, it can only be determined after chemo-
therapy.

In recent years, high-throughput screening technologies
such as cDNA microarray technology have been used to
develop biomarkers to predict the response to chemother-
apy. A small number of comprehensive studies using these
technologies suggested the presence of a chemotherapy
resistance signature before treatment and identified a
number of genes that were involved in the process of
chemotherapy responsiveness in OS [14, 15]. However, none
of the identified genes and signatures has been used in a
clinical setting.

Emerging technologies that examine the overall features
of the expressed proteins, namely proteomics, have identi-
fied many candidate proteins associated with early diagnosis
[16], differential diagnosis [17], prognosis [18, 19], and
response to chemotherapy [20] in various diseases. However,
there is no proteomic study on predicting the response to
chemotherapy in OS to date.

In this study, using biopsy samples taken prior to ther-
apy, we found that peroxiredoxin 2 (PRDX 2) expression
significantly correlated with the response to chemotherapy
resistance of OS, and thus establishing PRDX 2 expression
as a novel biomarker in OS.

2 Materials and methods
2.1 Patients and clinical information

Sixteen OS cases, including 12 cases used for protein
expression profiling and Western blotting and four cases
used in the validation study using Western blotting, were
diagnosed and treated in the National Cancer Center
Hospital between 2003 and 2008. Biopsy samples prior to
any treatment were obtained from all 16 OS cases. The
clinical information of the patients is summarized in Table
1. These 16 cases were diagnosed as conventional type OS
that had developed in the extremities, in younger patients.
All cases were treated with the identical induction chemo-
therapy protocol that included ifosfamide (IFO), cisplatin
(CDDP) and doxorubicin (ADR), all of which are key drugs
in the recent protocols. According to the Huvos grading
system [2], chemotherapy responsiveness was defined based
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on histological observations on the resected specimens.
Using the Huvos grading system, the cases where a tumor
contained at least 90% of necrotic regions were defined as
good responders (Huvos 3/4), while cases in which the
necrotic regions covered <90% of the tumor area examined
(Huvos 1/2) were defined as poor responders. Samples were
snap frozen in liquid nitrogen and stored at —-80°C until use.
This project was approved by the ethical review board of the
National Cancer Center, after signed informed consent was
obtained from all patients. All cases were reviewed and
histopathologically diagnosed by certified pathologists (N. T.
and T. S.).
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Figure 1. Identification of proteins differentially expressed in OS.
(A) Schematic workflow of sample preparation for quantitative
analysis. Protein lysates are labeled with fluorescent dyes of
different wavelengths of excitation and emission. Cy3-labeled
samples are simultaneously mixed and divided into Cy5-labeled
samples. Then, the Cy3- and Cy5-labeled lysates are co-sepa-
rated by 2-D DIGE. The gel is scanned at two wavelengths, each
specific for each dye. (B) Scattergram of the expression profile of
OS tissues. Comparison of data from three independent
experiments revealed the high reproducibility of protein
expression profiling. (C) Representative 2-D image of proteins
detected in OS tissues. The 55 spots identified in this study are
circled and numbered. The spot numbers correspond to those in
Fig. 2, Table 2, and Supporting information Table 1.
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2.2 Protein expression profiling

Frozen samples were crushed to powder with a Multi-beads
shocker (Yasui Kikai, Osaka, Japan) with liquid nitrogen.
The frozen powder was then treated with urea lysis buffer
(6M urea, 2M thiourea, 3% CHAPS, 1% Triton X-100).
After centrifugation at 15000rpm for 30min, the super-
natant was recovered and used in the subsequent protein
expression studies.

2-D DIGE was performed as described previously [21]. In
brief, the internal control sample was prepared by mixing a
portion of all individual samples. Five micrograms of the
internal control sample and each of the individual samples
were labeled with Cy3 and CyS5, respectively (CyDye DIGE
Fluor saturation dye, GE Healthcare Biosciences, Uppsala,
Sweden) according to the manufacturer’s instructions. The
differently labeled protein samples were mixed and sepa-
rated by 2-D gel electrophoresis. The first-dimension
separation was achieved using IPG DryStrip gels (24cm
length, pI range between 4 and 7, GE Healthcare Bio-
sciences). The second-dimension separation was achieved by
SDS-PAGE on large-format gels (38cm length, Bio-craft,
Itabashi, Tokyo, Japan) [21]. The gels were scanned using
laser scanners (Tyhoon Trio, GE Healthcare Biosciences) at
appropriate wavelengths (Fig. 1A). For all spots, the inten-
sity of the Cy5 image was normalized by that of the Cy3
image in the identical gel so that gel-to-gel differences were
compensated, using the Progenesis PG240 software
(Nonlinear Dynamics, Newcastle upon Tyne, UK). System
reproducibility was verified by comparing the protein

Proteomics Clin. Appl. 2010, 4, 560-567

profiles obtained from three independent separations of
the same sample (case 1, Table 1). Scatter plot analysis
revealed that the standardized intensity of more than
96.8% of the spots ranged within a two-fold difference
(Fig. 1B, R=10.9105).

2.3 Data analysis

The numerical data in the XML files were imported to
Expressionist software (GeneData, Basel, Switzerland) for
scatter-plotting and hierarchical clustering. The Kruskal—
Wallis test and Bonferroni adjustment were used to identify
the protein spots that showed different intensities between
the good and the poor responders.

2.4 Protein identification by mass spectrometry

The proteins corresponding to the detected spots were
identified using mass spectrometry, according to our
previous report [21]. In brief, 100 pg of Cy5- or Cy3-labeled
proteins were separated by 2-D PAGE, recovered as gel
plugs and digested with modified trypsin (Promega, Madi-
son, WI, USA). The trypsin digests were subjected to LC
(Paradigm MS4 dual solvent delivery system, Michrom
BioResources, Auburn, CA) and MS using a Finnigan LTQ
linear ion trap mass spectrometer (Thermo Electron, San
Jose, CA, USA) equipped with a nano-electrospray ion
source (AMR, Megro, Tokyo, Japan). The MASCOT software

Table 1. Clinicopathologic features of the cases frozen samples of which were examined by proteomics

Case Age Sex Histological Site Huvos Metastasis at Preoperation Dose of chemotherapy
no. (years) subtype grading diagnosis chemotherapy IFO (g)/CDDP (mg)/ADR
agents (mg)

1 38 Female Osteoblastic Distal femur 3 - IFO, CDDP/ADR 14/100/60

2 16 Male Fibroblastic Proximal tibia 1 - IFO, CDDP/ADR 14/120/60

3 14 Male  Osteoblastic Distal femur 1 Metastasis IFO, CDDP/ADR 14/120/60
(skip)

4 23 Female Osteoblastic Proximal humerus 1 Metastasis IFO, CDDP/ADR 14/120/60
(lung)

5 1 Male  Osteoblastic Proximal tibia 1 - IFO, CDODP/ADR  '14/120/60

6 25 Male  Osteoblastic Diaphesis of 3 - IFO, CDDP/ADR 16/120/60

humerus

7 15 Female Teleangiectatic Distal femur 4 - IFO, CDDP/ADR 14/120/60

8 13 Male  Osteoblastic Proximal tibia 1 - IFO, CDDP/ADR 14/120/60

9 18 Male  Osteoblastic Distal tibia 3 - IFO, CDDP/ADR 14/120/60

10 16 Male  Chondroblastic Proximal tibia 4 - IFO, CDDP/ADR 14/120/60

1 14 Male  Chondroblastic Proximal femur 1 Metastasis IFO, CDDP/ADR 14/120/60
(lung)

12 8 Male  Osteoblastic Proximal humerus 3 - IFO, CDDP/ADR 14/120/60

13 20 Male  Osteoblastic Distal femur 3 - IFO, CDDP/ADR 14/120/60

14 7 Female Osteoblastic Distal femur 3 - IFO, CDDP/ADR 14/120/60

15 1 Female Chondroblastic distal femur 1 - IFO? 142

16 14 Male  Osteoblastic distal femur 1 - IFO, CDDP/ADR 14/120/60

a) Severe myelosuppression and could not continue IFO, CDDP/ADR protocol.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(version 2.1, Matrix Science, London, UK) was used to
search for the mass of the peptide ion peaks against the
Swiss-Prot database (Homo sapiens, 12867 sequence in
Sprot_47.8 fasta file).

2.5 Western blotting

Protein samples were separated by SDS-PAGE. The sepa-
rated proteins were subsequently blotted on a nitrocellulose
membrane. The membrane was incubated with the poly-
clonal antibody against PRDX 2 (1:1000 dilution, Protein
Tec Group, Chicago, IL, USA). The membrane was reacted
with HRP-conjugated secondary antibody (1:1000 dilution,
GE Healthcare Biosciences, Chicago, IL, USA). PRDX 2 was
detected using an enhanced chemiluminesence system (GE
Healthcare Biosciences, Chicago, IL, USA) and the LAS
3000 luminescent image analyzer (Fujifilm, Tokyo, Japan).

3 Results

We generated and compared the protein expression profiles
between six good responders (Huvos grade 3/4) and six poor
responders (Huvos grade 1) using 2-D DIGE. The clinico-
pathological parameters other than the responsiveness were
not significantly different between these two groups. We
detected 2250 protein spots that appeared in all the images
of the Cy3-labeled internal control sample (Fig. 1C). The use
of a large format 2-D system enabled to observe a relatively
large number of protein spots. We identified 55 protein
spots that are differentially expressed between the good and
poor responders, performing a Kruskal-Wallis test with an
applied Bonferroni adjusted p-value of <0.01. The locali-
zation of the 55 spots on the 2-D image is shown in Fig. 1C,
whereas their intensity is shown in Fig. 2.

Mass spectrometric analysis resulted in the identification
of 38 distinct gene products corresponding to the 55
protein spots (Fig. 2, Table 2, Supporting information
Table 1).

We examined the correlation between the identified
proteins and the prognostic information using several
antibodies. After trials, we found that the use of a specific
antibody against PRDX 2 confirmed the higher expression
of PRDX 2 in the biopsy samples than from poor respon-
ders. In 2-D DIGE experiments, the PRDX 2 expression
level inversely correlated with response to chemotherapy
(Fig. 2), and the PRDX 2 levels measured by 2-D DIGE and
Western blotting highly correlated (Fig. 3A). In an addi-
tional four cases, Western blotting showed that the expres-
sion of PRDX 2 was higher in the poor responders when
compared with the good responders (Fig. 3B), thus
confirming the results using the initial set of cases. Aberrant
expression of PRDX 2 has been implicated in certain types
of cancer such as human breast cancer [22]. PRDX 2
inhibited apoptosis, probably rendering tumor cells resistant
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Figure 2. Hierarchical clustering of the 12 OS cases examined
based on the intensity of the 55 protein spots detected. The
cases are color-coded as yellow (good responder) or blue (poor
responder) as indicated in the panel. The spot numbers and the
protein names related proteins are shown on the right side.

to chemotherapeutic agents [23-25]. However, its associa-
tion with OS has not been reported previously.

4 Discussion

High-throughput screening technologies such as the cDNA
microarray technology have recently been employed to
develop chemotherapy responsiveness biomarkers in OS.
However, proteomic studies have not been performed using
OS biopsy samples to date. Proteomic studies have unique
advantages over other so-called -omics studies. The
proteome is a functional translation of the genome, directly
regulating cell phenotypes and is thus a rich source of
biomarkers. With this notion, we have established a gel-
based proteomics system for cancer research [21] and
applied it to the OS proteomic study presented here in the
first report using a proteomic approach to develop chemo-
therapy responsiveness biomarkers for OS.
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Table 2. List of proteins identified by mass spectrometry

Proteomics Clin. Appl. 2010, 4, 560-567

Spot no.?! Prot_acc® Identified protein® Prot_pi® Prot_mass® Prot_score?
500 ANXA6_HUMAN Annexin A6 5.42 76168 628
1725 CLUS_HUMAN Clusterin precursor 5.89 53031 109
563 GRP75_HUMAN Stress-70 protein 5.87 73920 930
1688 CLC11_HUMAN C-type lectin domain family 11 member A 5.06 36015 198
57 VIME_HUMAN Vimentin 5.06 53676 373
1 VIME_HUMAN Vimentin 5.06 53676 775
2003 HBB_HUMAN Hemoglobin subunit B 6.75 16102 191
2477 TRY3_HUMAN Trypsin-3 precursor 7.46 33276 114
1062 K2C1_HUMAN Keratin, type Il cytoskeletal 1 8.16 66 149 247
2360 ACTN1_HUMAN a-Actinin-1 5.25 103563 185
1687 HBB_HUMAN Hemoglobin subunit B 6.75 16102 165
17 PNPH_HUMAN Purine nucleoside phosphorylase 6.45 32325 187
49 RCN3_HUMAN Reticulocalbin-3 4.74 37470 175
848 ALBU_HUMAN Serum albumin precursor 5.92 71317 135
2004 HBB_HUMAN Hemoglobin subunit 6.75 16102 152
1546 PSME1_HUMAN Proteasome activator complex subunit 1 5.78 28876 133
1502 CNDP2_HUMAN CNDP dipeptidase 2 5.66 53187 435
26 VIME_HUMAN Vimentin 5.06 53676 887
1990 HSP71_HUMAN Heat shock 70 kDa protein 1 5.48 70294 590
323 ENOA_HUMAN a-Enolase 7.01 47 481 260
2459 ENOA_HUMAN a-Enolase 7.01 47481 316
120 NDUS1_HUMAN NADH-ubiquinone oxidoreductase 5.89 80443 94
1720 HSP7C_HUMAN Heat shock cognate 71kDa protein 5.37 71082 957
575 GRP75_HUMAN Stress-70 protein 5.87 73920 372
1565 HSP7C_HUMAN Heat shock cognate 71kDa protein 5.37 71082 346
1862 TRY3_HUMAN Trypsin-3 precursor 7.46 33276 97
53 RSSA_HUMAN 40S ribosomal protein SA 4.79 32947 462
831 HBB_HUMAN Hemoglobin subunit 6.75 16102 126
2127 LMNA_HUMAN Lamin-A/C 6.57 74380 185
1689 PRDX2_HUMAN PRDX 2 5.66 22049 377
139 HPTR_HUMAN Haptoglobin-related protein 6.42 39496 128
1656 TRY3_HUMAN Trypsin-3 precursor 7.46 33276 134
1800 RD23A_HUMAN UV excision repair protein RAD23 4.56 39642 277
265 EF1G_HUMAN Elongation factor 1-y 6.25 50429 329
2062 PRPS2_HUMAN Ribose-phosphate pyrophosphokinase Il 6.15 35146 159
269 HBB_HUMAN Hemoglobin subunit B 6.75 16102 270
2345 TBB2C_HUMAN Tubulin B-2C chain 4.79 50255 446
2012 IFAA1_HUMAN Eukaryotic initiation factor 4A-| 5.32 46353 914
94 ATPB_HUMAN ATP synthase subunit 5.26 56525 220
13 TPD54_HUMAN Tumor protein D54 5.26 22281 346
455 ALBU_HUMAN Serum albumin '5.92 71317 166
64 NSF_HUMAN Vesicle-fusing ATPase 6.52 83021 355
1749 LUM_HUMAN Lumican 6.16 38747 144
2324 TBB5_HUMAN Tubulin B-chain 4,78 50095 815
98 TBAK_HUMAN Tubulin a-ubiquitous chain 4.94 50804 142
1833 DSG1_HUMAN Desmoglein-1 4.9 114670 334
2346 TBB2A_HUMAN Tubulin B-2A chain 4.78 50274 372
36 ALBU_HUMAN Serum albumin 5.92 71317 236
2300 TPD54_HUMAN Tumor protein D54 5.26 22281 288
295 2AAA_HUMAN PR65-a isoform 5 66 065 263
341 RD23A_HUMAN UV excision repair protein RAD23 4.56 39642 146
2326 CAH1_HUMAN Carbonic anhydrase 1 6.59 28909 545
209 HPTR_HUMAN Haptoglobin-related protein 6.42 39496 149
308 CAH1_HUMAN Carbonic anhydrase 1 6.59 28909 516
2303 CO3A1_HUMAN Collagen -1 6.21 139733 164

a) Spot numbers refer to Figs. 1C and 2.
b) Proteins were derived from Swiss-Prot and the National Center for Biotechnology Information nonredundant databases.
¢) Theoretical p/ and molecular weight obtained from Swiss-Prot.

d) MASCOT score for the identified proteins based on the peptide ion score.
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