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islands. For comparison with their DNA methylation status, we
also examined copy number alteratxons by array-based compara-
tive genomic hybridization. By unsupe iised hierarchical clus-
tering analysis based on copy number alterations, RCCs were
clustered into the two subclasses, clusters Arg and Brg- Loss of
chromosome 3p and gain of chromosomes 5q and 7 were fre-
quent in both clusters Arg and Byg. Loss of ¢
4,9, 13q; and l4q was frequent only in Cluster
Cluster Ar.”* RCCs showing higher histologi
vein tumor thrombi, vascular involvement and h
cal TNM stages were accumulated in Cluster
rence-free and overall survival rates of patlen
were _significantly lower than those of pati
Arg.7? A subclass of Cluster By based on
completely included in Cluster Brg showing
copy number alterations. Genetic and eplgenetr
not mutually exclusive during renal carcinogene
lar DNA methylation profiles may be closely related to achromo-
somal instability. DNA methylation alterations the

precancerous stage, which may not occur randomly but may fos-

ter further epigenetic and genetic alterations, can generate more
malignant cancers and ev ermine patient outcome (Fig. 3).
Carcinogenetic risk estimation and prognostication based on
DNA methylation status. In samples of non-cancerous liver tis-
sue obtained from patients with HCCs, many BAC clones show
DNA hypo- or hypermethylatmn in comparison with normal
liver tissue from patients without HCCs (Fig. 4a).”® The effec-
tiveness of surgical fesection for HCC is limited, unless the dis-
ease is dxag 0S¢
surveillance at the precancerous stage is a priority for patients

with HBV. or HCV infection. To reveal the baselme liver histol- sat]
specimens is car-  Such

ogy, mxcroscoplc examination of hver b

lish an indicator for carcinogenetic
omitted P entxally 1ns1gmﬁcant‘ BAC cle

ous stage in comparison to normal liver tissue and was inherited
by HCCs themselves from the precancerous stage (Fig. 4b).
Among the BAC clones studied, a bioinformatics approach fur-
ther identified the top 25 for which DNA methylation status was
able to discriminate non-cancerous liver tissue from patients
with HCC:s in the learning cohort from normal liver tissue with

sufficient sensitivity and specnﬁcuy By two-dimensional
hierarchical clustering analysis using these 25 BAC clones, sam-
ples of normal liver tissue and samples of non-cancerous liver
tissue obtained from patients with HCCs in the learning cohort

were successfully subclassxﬁed into different subclasses without

any error (Flgff 4c). The cntena established using a combination
1€ ethylatio us of the 25 BAC clones (Fig. 4d)
iss) _patients with HCCs
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and specxﬁcity in the validation cohort were both 96%;, and thus

our criteria were successfully vahdated ;

It was confirmed that there were no s1gm,; nt dxfferences in
the number of BAC clones sansfymg our criteria between sam-
ples of non-cancerous liver tissue showing chronic hepatitis and
samples of non-cancerous liver tissue showing cirrhosis, indicat-
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- high risk of recurrence and metastasi

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

_but w1thout HCCs than in samples of non—cancerous liver tissue

m patients: with HCCs.Y Therefore, our criteria
may e appl iC able for class1fymg liver tissue samples. obtained

date the rehablhty of such risk estimation prospectlvely using
liver biopsy specimens obtamecl pnor to mterferon therapy from

stication of patlents with
who had survived more
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xon test revealed that the
ered significantly between
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es successfully subclassified
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group into. different subclasses without any error (Fig. 5a). We
also established cut-off values for the 41 BAC clones that
allowed discrimination of samples between the poor-outcome

To establish crite
HCCs, in the learnin
than 4 years after he
recurrence within 6
tomy were defined
outcome group, res
signal ratios of j
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~ and favorable-outcome groups with sufficient sensitivity and

analysis revealed that satisfy-
AC clones was a predictor of
y ndependent of parameters that
ve prognostic significance,”® such as
' of portal vein tumor
thrombi, intrahepatic metastasis, and multicentricity.®® The
cancer-free and overall survival rates of patients with HCCs sat-

spec:ﬁcny (Flg Sb) Multwanate
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- cohort were mgmﬁcantlylower than those of patlents with

ion profiles of non-cancerous urothelia

2 1y
__obtained from patients with nodular invasive UCs showmg an

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

_ might be applicable.

In order to start adjuvant systermc chemotherapy 1mmedxately
in patients who have undergone total tomy and are still at
prognostic indica-

tors have been explored. Subclas ased on unsuper-
vised two-dimensional hierarchical clustering analysis using
BAMCA data for UCs was significantly correlated with recur-
rence after surgery due to metastasis to pelvic Iymph nodes or
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Fig. 4. Risk estimation of hepatocellular carcinoma
(HCC) development based on DNA methylation
status. (a) Examples of scan images and
scattergrams of signal ratios in normal liver tissue
obtained from patients without HCCs (C) and non-
cancerous liver tissue obtained from patients with
HCCs (N). In N samples, many bacterial artificial
chromosome (BAC) clones showed DNA hypo- or
hypermethylation compared to C samples.’ (b)
Four patterns of DNA methylation alterations seen
in BAC clones during multistage hepatocarcino-
genesis: (i) DNA methylation alterations occurred at
the chronic hepatitis and liver cirrhosis stage, and
DNA methylation status did not alter in HCCs from
the chronic hepatitis and liver cirrhosis stage; (ii)
DNA methylation alterations occurred at the
chronic hepatitis and liver cirrhosis stage and
further altered in HCCs; (iii) although DNA
methylation alterations occurred at the chronic
hepatitis and liver cirrhosis stage, the DNA
methylation status returned to normal in HCCs; and
(iv) DNA methylation alterations occurred only in
HCCs. In order to establish criteria for carcino-
genetic risk estimation, we focused on BAC clones
whose DNA methylation status was inherited by
HCCs from the precancerous stage (groups i and ii),
whereas group iii may only reflect inflammation
and/or fibrosis, and group iv may participate only
in the malignant progression stage. (c) Two-
dimensional hierarchical clustering analysis using
BAC clones that were selected as the top 25 for
which DNA methylation status was able to
discriminate N from C with sufficient sensitivity and
specificity by Wicoxon test and the support vector
machine algorithm.”® C and N samples in the
learning cohort were successfully subclassified into
different subclasses without any error.7® (d)
Scattergrams of the signal ratios in C and N samples
in the learning cohort for representative BAC
clones, Clone H1 and Clone H2. Using the cut-off
values (CV) in each panel, N samples in the learning
cohort were discriminated from C_samples with
sufficient sensitivity and specificity.”> Based on a
combination of DNA methylation status for the 25
BAC clones, the criteria for carcinogenetic risk
estimation were established. Using these criteria,
the sensitivity and specificity for diagnosis of N
samples in the learning cohort as being at hi)gh risk
of carcinogenesis were both 100%.7¥ The
sensitivity and specificity in the validation cohort
were both 96%, and thus the criteria were
successfully validated.”>
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Fig. 5. - Prognostication of patients with HCC development based on
DNA methylation status. (a) Two-dimensional hierarchical clustering
analysis using 41 bacterial artificial chromosome (BAC) clones selected
as those for which DNA methylation status was able to discriminate a
poor-outcome group (P), who suffered recurrence within 6 months
and died within a year after hepatectomy, from a favorable-outcome
group (F), who survived for more than 4 years after he?atectomy,
with sufficient sensitivity and specificity by Wilcoxon test.’> F and P
patients in the learning cohort were successfully subclassified into
different subclasses without any error.”’® (b) Scattergrams of the
signal ratios in F and P patients in the learning cohort for
representative BAC clones, Clone H26 and Clone H27. Using the
cut-off values (CV) in each panel, P patients in the learning cohort
were discriminated from F patients with 100% sensitivity and
specificity.”> Based on a combination of the DNA methylation status
of the 41 BAC clones, criteria for prognostication were established.
(c) The cancer-free and overall survival rates of patients with HCCs in
the validation cohort. Patients with HCCs satisfying the criteria for 32
or more BAC clones showed significantly poorer outcome than
patients with HCCs satisfying the criteria for less than 32 BAC
clones.®

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

Kanai

It is well known that patients with UCs of the renal pelvis
and ureter frequently develop metachronous UC in the
urinary bladder after nephroureterectomy. Therefore, such
patients need to undergo repeated urethrocystoscopic examin-
ations for detection of intravesical metachronous UCs. To
decrease the need for such invasive urethrocystoscopic exam-
inations, indicators for intravesical metachronous UCs are
needed. DNA methylation profiles of non-cancerous urothelia
obtained by nephroureterectomy from patients with UCs of
the renal pelvis or ureter, which may be exposed to the same
carcinogens in the urine as non-cancerous urothelia from
which metachronous UCs originate, were correlated with the
risk of intravesical metachronous UC development.”® 1In
non-cancerous urothelia from nephroureterectomy specimens,
we are able to identify BAC clones for which DNA methyla-
tion status was able to completely discriminate patients with
UCs of the renal pelvis or ureter who developed intravesical
metachronous UCs from patients who did not.’® After pro-
spective validation, combination of such BAC clones may be
an optimal indicator for the development of intravesical meta-
chronous UC.

Perspective

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

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

BAC bacterial artificial chromosome

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

DNMT DNA methyltransferase

HBV hepatitis B virus

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

I t is known that DNA hypomethylation results in chromo-
somal instability as a result of changes in chromatin structure,
and that DNA hypermethylation of CpG islands silences tumor-
related ,c%enes in cooperation with histone modification in human
cancers.\' Accumulating evidence suggests that alterations of
DNA methylation are involved even in the early and the precan-
cerous stages.(6’7) On the other hand, in patients with cancers,
aberrant DNA methylation is significantly ' associated 'with
poorer tumor differentiation, tumor aggressiveness, and poorer
patient outcome.®” Therefore, alterations of DNA methylation
may play a significant role in multistage carcinogenesis.

With respect to urothelial carcinogenesis, we have reported
accumulation of DNA methylation on C-type CpG islands in a
cancer=specific but not age-dependent manner, and protein over-
expression of ‘DNA miethyltransferase (DNMT) 1, a major
DNMT, even in noncancerous urothelia with no apparent histo-
logical changges obtained from patients with urothelial carcino-
mas (UCs). ) Moreover, accumulation of DNA methylation on
C-type CpG islands associated with DNMT]! protein overexpres-
sion: was more frequently evident in aggressive nodular invasive
UCs®19 resulting in poorer patient outcome than in superficial
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papillary . UCs, which: usually remain: noninvasive even after
repeated urethrocystoscopic resection.' ') Since aberrant DNA
methylation is one of the earliest molecular events during uro-
thelial carcinogenesis and also participates in tumor aggressive-
ness, it may be possible to estimate the future risk of developing
more malignant' UCs. However, only a few previous studies
focusing on UCs"'» have employed recently  developed ‘array-
based technology for assessing genome-wide DNA 'methylation
status, "9 and such studies have focused on identification of
tumor-related genes that are silenced by DNA methylation.!!®
DNA methylation profiles, which could become the optimum
indicators fot carcinogenetic risk estimation and prognostication
of UCs, should therefore be explored -using  array-based
approaches.

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

Materials and Methods

Patients and tissue samples. Seventeen samples of noncancer-
ous urothelia (N1-N17) and 40 samples of UCs (T1=T40) of the
urinary bladder, ureter, and renal pelvis: were obtained from
specimens that had been surgically resected by radical cystecto-
my (12 patients) or nephroureterectomy. (28 patients) at ‘the
National Cancer Center Hospital, Tokyo, Japan. The patients
comprised 31 men. and nine women whose mean age was
69.03 + 9,77 (mean * SD) years (range, 49-85 years). Micro-
scopic examination revealed no remarkable histological changes
in the noncancerous urothelia. The patients from whom noncan-
cerous urothelia were obtained comprised 11 ‘men and six
women with a mean age of 70.41 + 9.33 (mean = SD) years
(range, 49-85 years). There were 17 superficial UCs (two pTa
and 15 pT1 tumors) and 23 invasive UCs (six pT2, 16 pT3, and
one pT4 tumor) according to the criteria proposed by World
Health Organization classification.?" For comparison; 18 sam-
ples. of normal urothelia obtained from patients without UCs
(C1-C18) were used: Fourteen, three, and one patient underwent
nephrectomy for renal cell carcinoma, nephrectomy for retro-
peritoneal sarcoma around the kidney, and partial cystectomy
for urachal carcinoma, respectively. The patients from whom
normal urothelia were obtained comprised 13 men and five
woinen with a-mean age of 61.17 + 15.16 (mean * SD) years
(range, 27-82 years). This study was approved by the Ethics
Committee of the National Cancer Center, Tokyo, Japan and has
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been performed in accordance with the Declaration of Helsinki
in '1995.All patients gave their informed consent prior to theit
inclusion in this study.

BAMCA. High-molecular-weight DNA. from fresh frozen tis-
sue samples was extracted using phenol-chloroform, followed
by dialysis. Because DNA methylation status is known to be
organ-specific,?? the reference DNA for analysis of the devel-
opmental stages of UCs shotild be obtained from the urothelium,
and not from other organs or peripheral blood. Therefore, a mix-
ture of normal urothelial DNA obtained from [l male patients
(C19-C29) and six female patients (C30-C35) without UCs was
used as a reference. for analyses: of male and female test DNA
samples; respectively. DNA methylation status was analyzed by
.BAMCA using a custom-made array (MCG Whole Genome
Array-4500) harboring 4361 BAC clones located throuﬁhout
chromosomes 1-22, X and Y,®? as described previously.
Briefly, 5-pg aliquots of test or reference DNA were first
digested with 100 units: of the methylation-sensitive restriction
enzyme Sma I and subsequently with 20 units of the methyla=
tion-insensitive : Xma I.. Adapters. were ligated: to the Xma
I-digested sticky ends, and PCR was performed with an adapter
primer set. Test and reference. PCR products were labeled by
random priming with: Cy3- and Cy5-dCTP (GE Healthcare,
Buckinghamshire, UK), respectively, and precipitated together
with ethanol in the presence of Cot-I DNA. The mixture was
applied to array slides and incubated at 43°C for 72 h. Arrays
were scanned with a GenePix Personal 4100A (Axon: Instru-
ments, Foster City, CA, USA) and analyzed using GenePix Pro
5.0 imaging software (Axon Instruments) and Acue 2 software
(Mitsui Knowledge Industry, Tokyo, Japan). The signal ratios
were normalized in each sample to make the mean signal ratios
of all BAC clones 1.0.

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

Results

Genome-wide DNA methylation alterations during multistage
urothelial = carcinogenesis. Figure 1(b,c) shows  examples of
scanned array images and scattergrams of the signal ratios (test
signal/reference  signal), respectively, for normal urothelium
from a patient without UC (panel C), and both noncancerous
urothelium (panel N) and cancerous tissue (panel T) from a
patient with UC. In all normal urothelia (C1=C18), the signal
ratios of 97% of the BAC clones were between 0.67 and 1.5 (red
bars in Fig. 1c). Therefore, in noncancerous urothelia obtained
from patients with UCs and UCs, DNA methylation status corre-
sponding to a signal ratio of less than 0.67 and more than 1.5
was defined as DNA hypomethylation and DNA hypermethyla-
tion of each BAC clone compared to normal urothelia; respec-
tively, as in our previous study.?® In noncancerous urothelia
obtained from patients with UCs, many BAC clones showed
DNA hypo-' or hypermethylation (panel N of Fig. lc). In UCs
themselves, more BAC clones showed DNA hypo- or hyperme-
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thylation, and the degree of DNA hypo- or hypermethylation,
that is ‘deviation .of the signal ratio from 0.67 or 1.5; was
increased (panel T of Fig. Ic) in comparison with noncancerous
urothelia obtained from patients with:UCs. The average number
of BAC clones showing DNA hypomethylation increased signif-
icantly from noncancerous urothelia obtained from patients with
UCs (24.53 +31.48) to. UCs: (23678 £ 92.78; P = 4.37e-9).
The average number of. BAC clones: showing DNA hypermethy-
lation - increased ' significantly’ from noncancerous. urothelia
obtained - from. patients with UCs (29,18 + 39.84) - to: UCs
(289.13 ' +:82:.42; P = 7.35¢-9).: Principal component - analysis
based on. BAMCA data (signal: ratios) revealed progressive
DNA' methylation alterations’ from normal urothelia, to noncan-
cerous urothelia obtained from patients with UCs, and to UCs
(Fig. 1d).

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

The Wilcoxon test (P < 0.01) revealed that the signal ratios:
of 131 BAC clones differed significantly between noncancerous
urothelia obtained from patients with superficial UCs (pTa and
pThH) and noncancerous urothelia obtained from patients with
invasive UCs (pT2 or more). If the average signal ratios in non-
cancerous urothelia obtained from patients with invasive UCs
were significantly higher than those in noncancerous urothelia
obtained from patients with superficial UCs (67 BAC clones),
the average signal ratios in the invasive UCs themselves were
even higher than (42 BAC clones, e.g. RP11-79K14 and RP11-
29C11 in Fig. 2b) or not significantly different from (25 BAC
clones, e.g. RP11-3A9 and RP11-73G16 in Fig. 2b) those in
noncancerous. urothelia obtained from patients ‘with invasive
UCs, without exception. If the average signal ratios in noncan-
cerous urothelia obtained from patients with invasive UCs were
significantly lower than those in noncancerous urothelia
obtained: from patients: with superficial UCs (64 BAC clones);
the average signal ratios in the invasive UCs themselves were
even lower than (38 BAC clones, e.g. RP11-210F15 and RP11-
368013 in Fig. 2b) or not significantly different from (26 BAC
clones, e.g. RP11-442N24 and RP11-65C22 in Fig. 2b) those in
noncancerous. urothelia obtained from patients with invasive
UCs, without exception, that is DNA methylation: status of the
131 BAC clones in noncancerous urothelia obtained - from
patients with invasive UCs was inherited by the invasive UCs
themselves. '

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

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

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

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

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

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

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

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

The Wilcoxon test (P < 0.01) revealed that the signal ratios
on 11 BAC clones in noncancerous urothelia obtained
from patients with UCs of the renal pelvis or ureter differed
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Fig. 5. DNA methylation profiles in noncan-
cerous urothelia obtained from patients with
urothelial carcinomas (UCs) of the renal pelvis or (b)
ureter associated with intravesical metachronous
UC development. (a) Scattergrams of the signal

ratios in noncancerous urothelia obtained from 7

patients who did not develop intravesical
metachronous UCs (n=9) and noncancerous
urothelia obtained from patients who developed
intravesical metachronous UCs (n=4) on
representative bacterial artificial chromosome
(BACQ) clones, RP11-721G11, RP11-104N11, and
RP11-402N14. Using the cut-off values (CV)
described in each panel, metachronous UC-
positive patients were discriminated from
metachronous UC-negative patients with 100%
sensitivity and specificity. (b) Histogram showing
the number of BAC clones satisfying the criteria 1
listed in Table S3 in all 13 patients with UCs of the

renal pelvis or ureter from whom noncancerous : 0

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

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

Discussion

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

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

Many researchers in the field of cancer epigenetics have used
promoter arrays to identify the genes that are methylated in can-
cer cells."*!® However, the promoter regions of specific genes
are not the only target of DNA methylation alterations in human
cancers. DNA methylation status in genomic regions that do not
directly participate in gene silencing, such as the edges of CpG
islands, may be altered at the precancerous stage before the
alterations of the promoter regions themselves occur.®? Geno-
mic regions in which DNA hypomethylation affects chromo-
somal instability may not be contained in promoter arrays.
Moreover, aberrant DNA methylation of large regions of chro-
mosomes, which are regulated in a coordinated manner in
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human cancers due to a process of loné range epigenetic silenc-
ing, has recently attracted attention.’ Therefore, we used a
custom-made BAC array®? that may be suitable for gaining an
overview of the DNA ‘methylation status of individual large
regions among all chromosomes (Table S4), and for- obtaining
reproducible diagnostic indicators. In fact we have successfully
obtained optimal indicators for: carcmogenetlc risk: estimation
and prognostication of renal cell carcinomas®> and hepatocellu-
lar carcinomas®® by BAMCA using the same array as that
employed in this study. On the other hand, we must pay atten-
tioni to the quantitative accuracy of BAMCA, because if is a
PCR-based method differing from other genome-wide DNA
methylation analyses not using: PCR; such as the methylated
DNA immunoprecipitation-microarray. In order to validate the
results of BAMCA, we quantitatively evaluated the DNA meth-
ylation status of each Xma I/Sma I site yielding labeled prod-

ucts which are effective in BAMCA on representative BAC

clones, by pyrosequencing. As shown in the example in
Figure S1 and Table S5, pyrosequencing validated the BAMCA
data on the representative BAC clone.

The present DNA methylation analysis revealed that stepwise
DNA methylation alterations during urothelial carcinogenesis
occurred in a ge

ome-wide DNA methylation status of noncancerous urothelia,
and as a result, 17 patients were subclassified into Clusters An

and By, Corresponding UCs showing deeper invasion were
found to be accumulated in Cluster By. Genome-wide DNA
methylation profiles of noncancerous urothelia obtained from
patients with invasive UCs were inherited by the invasive UCs
themselves (Fig. 2b). DNA methylation profiles of noncancer-
ous urothelia obtained from patients with superficial UCs were
not always inherited by superficial UCs (data not shown), corre-

sponding to the alternative mallgnant progression of supetficial
papillary carcinoma to nodular invasive carcinoma, via papillo-
nodular carcinoma. Genome-wide DNA methylation alterations
that were correlated with the development of more malignant
invasive cancers were already accumulated in noncancerous
urothelia, suggesting that DNA methylation alterations at the
precancerous stage may not occur randomly but are prone to
further accumulation of genetic and epigenetic alterations and
generate more malignant cancers.

The present genome-wide analysis revealed DNA methyla-
tion profiles that were able to completely discriminate noncan-
cerous urothelia obtained from patients with UCs from normal
urothelia and diagnose them as having a high risk of urothelial
carcinogenesis with a sensitivity and specificity of 100%. We
are currently attempting to develop methodology for aSsessmg
the tendency for DNA methylatlon in the 83 BAC regrons in
urine samples with a view to application for screening of
healthy individuals. If it proves possible to identify individuals
who are at high risk of urothelial carcinogenesis, then strategies
for the prevention or early detection of UCs, such as smoking
cessation or repeated unne cytology exammanons, mlght be
applicable.

Even after surgery w1th curatlve mtent some UCs relapse
and metastasize to lymph nodes or distant organs.®> ) Recently,
new systemic chemotherapy and targeted therapy have been
developed for treatment for 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. The pres-
ent genome-wide analysis revealed DNA methylation profiles
that were able to discriminate patients who suffered recurrence
after surgery from patients who did not with a sensitivity and
specificity of 100% (Fig. 4b), whereas a high histological
grade,?Y jnvasive growth (pT2 or more), and vascular or
lymphatic involvement, which are known to have a prognostic
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ome-wide manner (Fig. 1). We then performed
unsupervised hierarchical clustering analysis based on the gen-

impact,®”*® were incapable of such complete discrimination
(data not shown). Therefore; a combination of the 20 BAC
clones can have significant prognostic value for patients with
UCs. Since a sufficient quantity of good-quality DNA can be -
obtained from each surgical specimen, our array-based analy-
sis that overviews aberrant. DNA ‘methylation of each BAC
region is. immediately applicable to routine laboratory examin-
ations for prognostication after surgery. The reliability of such
prognostication’ will need to. be validated in a prospective
study.

As mentioned above; UCs are remarkable because of their
multicentricity. Approximately - 10-30% of patients with  UCs
of the renal pelvis and ureter develop intravesical metachro-
nous UCs after nephroureterectomy.®* Therefore, such
patients have to undergo repeated urethrocystoscopic examina-
tions to detect intravesical metachronous UCs. To decrease the
need for invasive urethrocystoscopic examinations and assist
close follow-up of such patients after nephroureterectomy,
indicators for ' intravesical metachronous UCs have been
needed. All of our patients who developed intravesical meta-
chronous UCs after nephroureterectomy belonged to Cluster
Buyp, indicating that DNA methylation profiles of noncancerous
urothelia obtained by nephroureterectomy from patients with
UCs of the renal pelvis or ureter, which may be exposed to the
same carcinogens in the urine as noncancerous urothelia from
which metachronous UCs originate, are correlated with the risk
of intravesical metachronous UC development The present
genome-wide analysis revealed DNA methylatlon profiles that
were able to completely discriminate patients with UCs of the
renal pelvis or uréter who developed intravesical metachronous
UCs from patients who did not, in noncancerous urothelia from
nephroureterectomy specimens. A combination of the present
11 BAC clones may be an optimal indicator for the develop-
ment of intravesical metachronous UC. The relrabxhty of such

- prognostication will agam need to be valxdated ina prospectxve

study.

With respect to background factors of genome—wxde DNA
methylatxon alterations during urothelial carcinogenesis, smok-
ing history did not correlate significantly with the numbers of
BAC clones showing DNA hypo- or hypermethylation in non-
cancerous urothelia obtained from patients with UCs and in
UCs, or with clustering (Cluster Ay vs Cluster By and Cluster
A vs Cluster By) (Table S6). In addttmn, immunohistochemi-

~cally examined DNMT protein expression levels did not cor-

relate significantly with the numbers of BAC clones showing
DNA hypo- or hypermethylation in noncancerous urothelia
obtained from patients with UCs and in UCs, or with cluster-
ing (Cluster Ay vs Cluster By and Cluster Ay vs Cluster By)
(Table S7), indicating that expression levels of DNMTI did
not by themselves simply determine DNA methylation pro-
files. However, our previous study revealed remarkable pro-
tein overexpression of DNMTI1 in noncancerous urothelia
obtained from patients with UCs as compared to normal urot-
helia.® Therefore, undefined cofactors may recruit DNMTI
or other proteins regulating DNA methylation status to aber-
rant target sequences and may participate in DNA smethylation
alterations in noncancerous urothelia obtained from patients
with UCs. Further studies are needed to elucidate molecular
mechanisms of DNA methylatlon alterattons in such ‘noncans
cerous urothelia. ,

Morcover, when the DNA methylatron status for CpG

lslands of pl6, human MutlL hemologue | (RMLH]I), thrombo-

spondin-1 (THBS-1), and death-associated protein kinase
(DAPK) genes and the methylated in tumor (MINT)-1, -2, -12,
-25, and -31 clones were examined in noncancerous urothelia
obtained from patients with UCs and in UCs by methylation-
specific PCR and combined bisulfite restriction enzyme
analysis as in our previous study,®>? the incidence of DNA
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methylation on:each:CpG-island and the.average number of
methylated CpG islands’ did not correlate ‘significantly with the
numbers of BAC clones showing DNA' hypo-or hypermethyla-
tion in: noncancerous; urothelia obtained from patients with
UCs and in UCs, or with clustering (Cluster. Ay vs Cluster By
and Cluster Ay vs Cluster Bt): (Table S8). Therefore, molecular
mechanisms for alterations of genome-wide DNA' methylation
profiles may differ from those for regional DNA hypermethyla-
tion on CpG islands.

Although BAMCA mainly provides an overview of the
DNA methylation status of individual large regions among all
chromosomes as mentioned above, it may also be able to
identify genes for which expressions’ are regulated by -DNA
methylation, since there are promoter regions of specific genes
including CpG islands on BAC clones showing clinicopatho-
logically ~ significant DNA  hypo-  or -~ hypermethylation
(Table S4). Expression-levels and the' DNA methylation: status
of these genes, as well as the functions of the proteins coded
by such genes, will be examined in a future investigation. If
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The aim of this study was to establish new biliary tract carcinoma
(BTC) cell lines and identify predictive biomarkers for the potential
effectiveness of gemcitabine therapy. Surgical specimens of BTC
were transplanted directly into immunodeficient mice to establish
xenografts, then subjected to in vitro cell culture, The gemcitabine
sensitivity of each cell line was determined and compared with the
genome-wide gene expression profile. A new predictive biomarker
candidate was validated using an: additional cohort of gemcita-
bine-treated BTC cases. From 55 BTC cases, we established 19
xenografts and six new cell lines. Based on their gemcitabine
sensitivity, 10 BTC cell lines (including six new and four publicly
available ones) were clearly: categorized: into two groups, and
MAGEH1 mRNA expression in the tumor cells showed a significant
negative correlation with their sensitivity to gemcitabine. Immu-
nohistochemically, MAGEHT protein was detected in three (50%)
out of six sensitive cell lines, and four (100%) out of four resistant
cell lines. In the validation cohort of gemcitabine-treated recur-
rence  cases, patients were categorized into “effective’’ and
“non-effective’” groups according to: the RECIST guidelines for
assessment of chemotherapeutic effects. MAGEH1 protein expres-
sion was detected in two (40%) out of five “‘effective” cases and
all four (100%) “non-effective’ cases. We have established a new
BTC bioresource that covers a wide range of biological features,
including drug sensitivity, and is linked with clinical information.
Negative expression of MAGEH1 protein serves as a potential pre-
dictive marker for the effectiveness of gemcitabine therapy in BTC.
(Cancer Sci 2010; 101: 882-888)

B iliary tract carcinoma (BTC) has a poor prognosis, and
most cases are diagnosed at advanced stages when patients
present with ‘overt symptoms. Previous studies have reported
that sur; glcal resection is the only curative treatment for BTC

p.mcnts, and no standard chemotherapy regimens have been
established for mopemble cases or cases of recurrence after sur-
gical rescetion. S Exceptionally. gemcitabine (2'-deoxy-2/-dif-
Iuoxodeo‘iycytldme), a deoxycytidine analog with structural and
metabolic similarities to cytarabine, has heen reported tabe clin-
ically effective and is considered a first-line chemotherapy for
= BTC: although-its associated response rates (8-60%) and med-
jan overall survival (6.3-16 months) are not s‘msmutmy LI
has been reported that both intrinsic and acquired: resistance are
important factors in the f‘ulure ot gemcitabine  treatment. in
patients with pancreatic cancer.’ ) However, there have been
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few attempts to clarify the molecular mechanisms of gemcita-
bine resistance; and no data are currently available for BTC.

One factor preventing better understanding of drug resistance
at the cellular. and molecular Jevels in BTC is that only a few
BTC cell lines are available for such analyses. Additionally, the
construction: and- utility of "an-animal experimental model 'is
essential for validating the in vitre. data for these cell lines, but
no-such model has' been established. Therefore, there is an
urgent ‘need to establish BTC cell lines from a wide range of
clinical cases and apply them for translational tesearch aimed at
connecting basic: research with- clinical  frials. In" the present
study, we successfully prepared: 19 xenograft models from surgi-
cally resected BTC samples, and established six new cell [ines.
Using these new resources; we searched for molecular biomar-
kers associated with: gemcitabine sensitivity. We also validated
the - efficacy: of one candidate molecule,, MAGEHI. as a
surrogate biomarker of gemcitabine tesponse by immunohisto-
chemical analysis of an additional clinical cohort of gemcita-
bine-treated BTC.

Materials and Methods

Establishment of xenografts and tumor cell lines. The study
included 55 patients with BTC who underwent radical surgery
with ‘curative intent: at the National Cancer Center Hospital
(Tokyo. Japan) between 2005 and 2008. The main tumor nodule
was located in the lower, middle. and: upper thirds of the extra-
hepatic bile duct, the hilar bile duct, and intrahepatic area in 4
11, 2, 4, and 34 patients. respectively. Tamor specimiens were
transported to the Surgical Pathology department immediately
after surgical resection, and tissue in excess of that needed for
diagnosis was used: for this study. The tumor tissues were
washed in physiological saline. cut into small pieces (2=4 mm?
fragments). then implanted  subcutaneously into: SCID mice.
Congenital athymic  female  C.BI17/Tcr-scid(scid/scid)  mice
(CLEA ‘Japan; Tokyo. Japan), 5=7 weeks old, were bred and
housed under specific pathogen-free conditions at the National
Cancer Center Research Institute Animal Center. Tumor growth
to-asize: of -2 cmyafter maintaining - the - animals  for
1-2 months was: regarded as engraftment; and the tumors were
passaged a maximum of three to five times. Xenografts: in
mice were passaged similarly to' the transplantation of surgical
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specimens, and the tumors: were subjected to.cell culwre: after
each passage. For establishment - of cell lines. the Xenograft
tumor tissues were washed in. Isozin (Meiji. Tokyo, Japan). and
physiological saline, cut into small pieces, then plated into 6. ¢m
dishes containing RPMI medium supplemented with 10% FC).
2 mM L-glatamine, . 100 mg/mL streptomycin - sulfate; and
100 ID/mL penicillin' G sodium: Some surgical specimens were
directly subjected to cell line preparation. Contaminating fibro-
blasts: were periodically removed by wiping tnder’ microscopic
observation. The cells were incubated at 37°C in 5% CO; in air,
and the medium was changed once or twice a week. A solution
of 0.05% trypsin and 0.53 mM EDTA (1X: Gibco™/Invitrogen
Corporation, Carlsbad.: CA. USA) was used for passaging the
cells (1:3 split). Each cell line underwent repeated passige more
than 20 times. Established cell lines were implanted subcutane-
ously into SCID mice to mike xenografts for further analyses.

Mice were kept at the Animal Care and Use Facilities of the
National Cancer Center (Tokyo, Japan) under specific pathogen-
free conditions. All experiments were approved by the Animal
Care and Ethics Committee of the National Cancer Center. This
study was: approved: by the Ethical: Committee of the: National
Cancer Center.

Biliary tract carcinoma cell lines obtained from cell banks. Four
human BTC cell lines derived from Japanese patients (TKKK:
OZ. TGBC24TKB, and HuCCT1) were purchased from Riken
Bioresource Center (Tsukuba, Japan) or. from the Japanese Col-
lection of Research Bioresowrces (Osaka. Japan).. The TKKK
cell line was derived from intrahepatic cholangiocarcinoma. and
the OZ, TGBC24TKB, and HuCCT1 cell lines from extrahepatic
bile duct carcinoma.

Chemicals. Gemcitabine was obtained from Eli Lilly Pharma-
ceuticals (Indianapolis. IN, USA). All other chemicals were of
analytical grade and commercially available.

Cytotoxicity assays for gemcitabine. The cytotoxicity of gem-
citabine for each cell line was assessed by a modified 3-(4,5-
dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulf-
ophenyl)-2H-tetrazolium, inner salt assay with CellTiter 96
AQueous One Solution Reagent (Promega, Madison,. WI,
USA). Tumor cells (2000 cells/well) inthe. exponential
growth phase were grown in. 96-well plates. Twenty-four
hours. after plating, the cells were incubated in the presence of
each concentration (0 (control)-100 pM) of gemcitabine for
another 72 h at 37°C in’a humidified atmosphere of 5% CO;
in: air. "After treatment. 20 pL- CellTiter 96 AQueous One
Solution Reagent was dropped into cach well in the plates and
the absorbance at 490 nm: was recorded. Absorbance values
were expressed as a percentage of untreated controls, and
ICsq was calculated.

Gene expression analysis. Total RNA was extracted from 10
BTC cell lines using an RNeasy Micro Kit (Qiagen, Velencia,
CA,; USA) in accordance with the manufacturer’s instructions.
The total RNA yields and purity were determined spectrophoto-
metrically by measuring the absorbance of aliquots at 260 and
280 nm. cDNA and Cy3-labeled ¢cRNA were synthesized using
a Quick Amp Labeling Kit (Agilent Technologies. Santa Clara,
CA. USA). The labeled cRNA probe was hybridized to an oligo-
nucleotide - microarray  (Whole Human Genome 44K . Array;
Agilent Technologies) covering more than 41 000 human tran-
scripts. Array  hybridization  and washing  were carried  out
according to the recommended protocols, and microarrays were
scanned vsing a DNA: Microarray Scanner (Agilent Technolo-
gies) and: analyzed: using Gene Spring software (Agilent Tech-
nologies).

Quantitative RT-PCR. One microgram of total RNA was con-
verted to.cDNA using a Transcriptor First Strand cDNA Synthe-
sis- Kit- (Roche; Basel. Switzerland): in “accordance . with: the
manufacturer’s. instructions. Quantitative’ RT-PCR (qRT-PCR)
was carried-out using: LightCycler 480 (Roche) in” accordance
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with: the. manutactuier’s instructions.. For standardization of the
amount- of 'RNA; ‘expression  of GAPDH: in-each sample was
quantified. (Primers are shown in Table S1.)

Mutation: analysis of p53 and KRAS genes. Each exon of the
P33 and KRAS genes (exons 5-8 of p53 and.exons 1-2 of KRAS)
was amplified from genomic DNA of each cell line and gel-puri-
fied. Direct sequencing was carried out using'a BigDye Termi-
nator v3.1 Cycle Sequencing Kit (Applied: Biosystems, Foster
City. California, USA). (Primers are shown in Table S1.)

Assessment of response to gemcitabine in cases of recurrent
BTC. Among the. 100 patients who underwent surgery for BTC
between September. 26, 2003, and October 2, 2007, 34 devel-
oped recurrent tumors and received chemotherapy. and were fol-
lowed for 6 months or longer. Among these patients, 24 who
were treated with gemcitabine alone were sclected for this study.
The 'mean  duration - of - postoperative - follow-up  in. these 24
patients was 627 days: We further excluded 15 patients from the
analysis because: (i) the drug-administration period was’ less
than'1 month in three patients; (i1} the diagnosis of tumor recur-
rence was not consistent between the oncologist and the radiolo-
gist in three patient$; (iii) we were ‘unable to obtain an accuratc
judgement of the efficacy "of gemcitabine treatment  in’ five
patients; (iv) the histological diagnosis was an uncommon: type
of adenocarcinoma (bile duct cystadenocarcinoma; solid adeno-
carcinoma, and combined carcinoma) in three patients; and
(v) preoperative therapy (radiation therapy) had been carried out
in one patient. The effect of chemotherapy was assessed by an
oncologist ‘and: a radiologist (T.O. and H.O.. respectively) in
accordance with the RECIST. guidelines for assessment of che-
motherapeutic. effects.”” None of the patients was judged as
showing a complete response or a partial response. The effect of
cheniotherapy . was categorized as ‘‘effective’’ ‘or *‘non-effec-
tive’'. The ‘‘effective’’ group included patients whose efficacy
state was stable disease for 6 months or more during chemother-
apy. The *‘non-effective’’: group included patients whose effi-
cacy state was stable disease for 5 months or less, or progressive
discase during chemotherapy.

Immunohistochemical = reactivity  of = MAGEH1 in human
tumor xenografts and surgically resected specimens. Immuno-
histochemical analysis of MAGEH]! expression on formalin-
fixed. paraffin-embedded sections of tumor xenograft tissucs
and: surgical specimens was done  using the polymer-based
method (Envision+Dual Link - System-HRP; - Dako. Glostrup,
Denmark) in accordance with. the manufacturer’s instructions.
For antigen retrieval; the sections were autoclaved in 10 mM
citrate buffer (pH 6.0) at 121°C for 10 min. We used: a rabbit
anti-MAGEH! polyclonal antibody (ab64784; Abcom, Cam-
bridge, Massachusetts, USA) at a dilution of 1:500. Staining
intensity  was  independently evaluated by two  pathologists
(H.O. and T.S.) without knowledge of the clinical data. Using
the expression in normal hepatocytes or pancreatic duct epithe-
lial cells as a positive control. we classified cases as MAGEH -
positive. when more than: 50% of tumor: cells were positively
stained. If the tumor showed varying degrees of differentiation;
staining intensity was evaluated in the area with the most
dominant type of differentiation.

Statistical analysis. The unpaired f-test was used for assess-
ment of the microarray data. Microarray and qRT-PCR: data
were analyzed by Pearson’s correlation test.

Results

Establishment and characterization of BTC xenografts and cell
lines. To establish useful BTC resources; we subcutaneously
transplanted 55 BTC samples (4, 11, 2. 4. and 34 cases of lower,
middle. and upper thirds of the extrahepatic bile duct carcinoma.
hilar bile duct carcinoma, and intrahepatic cholangiocarcinoma,
respectively): into 435 immunocompromised ~ (SCID) - mice.
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Table 1. Clinicopathological features of original biliary tract tumors

Xenograft Pathological diagnosis of original tumor
1 (a(a(d
2 CCE
3 Cccc
4 Middle BDCa
5 Lower BDCa
6 Hilar BDCa
7 ccc
8 ccc
9 ccc
10 Cccc
1 Cccc
12 ccc
13 Middle BDCa
14 ccc
15 Hilar BDCa
16 Middle BDCa
17 ccc
18 Middle BDCa
19 CCcC

Age (years),Sex

70/F
71/F
59/M
58/F
77/F
48/M
54/F
56/M
73/M
54/M
45/F
72/M
54/M
69/M
70/M
67/M
78/M
66/F
66/M

Histolog
Adeno,

ic type

mod

Adeno, mod

Adeno,
Adeno,
Adeno,

mod
mod
mod

Adeno, well

Adeno,
Adeno,
Adeno,
Adeno,
Adeno,
Muc

Adeno,
Adeno,
Adeno,
Adeno,
Adeno,
Adeno,
Adeno,

mod
mod
mod
mod
mod

mod
mod
mod
mod
mod
mod
mod

Prognosis (Survival [days])

Death (402)
Death (175)
Alive (219)
Death (299)
Alive (316)
Death (500)
Death (181)
Death (319)
Death (53)
Alive (655)
Alive (623)
Alive (647)
Alive (535)
Death (174)
Alive (355)
Alive (450)
Alive (299)
Alive (198)
Death (168)

Cell line

NCC-CC1
NCC-CC3-1/-2
NCC-CC4-1
NCC-BD1
NCC-BD2
NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Adeno, adenocarcinoma; CCC, cholangiocellular carcinoma; F, female; hilar BDCa, hilar bile duct carcinoma; lower BDCa, lower third of
extrahepatic bile duct carcinoma; M, male; middle BDCa, middle third of extrahepatic bile duct carcinoma; mod, moderately differentiated;

muc, mucinous adenocarcinoma; well, well differentiated; NA, not applicable.

Table 2. Mutation status of p53 and KRAS genes of established novel biliary tract carcinoma cell lines

KRAS (exons 1-2)

p53 (exons 5-8)

Cell line

Nucleotide change Amino acid change Nucleotide change Amino acid change
NCC-BD1 G37C G13C C457T, A463C,G467C P153S, T155P, R156P
NCC-BD2 WT WT Homozygous deletion No product
NCC-CC1 G35T G112V G524A R175H
NCC-CC3-1 G35A G12D WT WT
NCC-CC3-2 G35A G12D WT wT
NCC-CC4-1 WT WT WT WT

NCC-BD1
Cell line
Resected specimen

Xenograft specimen

(cell line)

Fig. 1. Cell morphology and tumor histology of primary specimen/xenograft of established new biliary tract carcinoma cell lines. In vitro cell
morphology and tumor histology (H&E staining) of resected primary specimens, xenografts of primary tumor samples and xenografts of cell lines
are shown. Scale line = 200 pm.
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segregated into two groups (Gem-sensitive and
Gem-resistant) with distinct Gem sensitivity.

Nineteen xenograft models (1, 4, 0. 2, and 12 cases of lower,
middle, and upper thirds of the extrahepatic bile duct carcinoma,
hilar bile duct carcinoma, and intrahepatic cholangiocarcinoma,
respectively) were obtained. and six cell lines including two
subclones were established through xenograft models (five cell
lines) or directly from a surgical specimen (one cell line). The
cell lines were designated as NCC-BD1, NCC-BD2, NCC-CC1,
NCC-CC3-1, NCC-CC3-2, and NCC-CC4-1, respectively. Four
cell lines were derived from intrahepatic BTC and two from
extrahepatic BTC (Table 1). Other clinicopathological features
of the patients from whom the cell lines were obtained are sum-
marized in Table 1.

Mutation analysis of the KRAS and p53 genes revealed fre-
quent (3/5, 60%) alterations in them. It also confirmed that these
new cell lines were of human origin and that two subclones,
NCC-CC3-1 and NCC-CC3-2, shared the same KRAS mutation
(Table 2). The morphology and histology of the established cell
lines and primary tumors. and xenografts of primary tumor and
cell lines, are shown in Figure 1. As NCC-BD2 cells were
unable to form tumors in mice, we used a cell block of this cell
line. Comparing the morphological features between primary
tumors and cell lines, we observed considerable conservation of
tumor histology (Fig. 1), suggesting that the established cell
lines could be considered representative of cach original pri-
mary. '

Classification of 10 BTC cell lines by gemcitabine sensi-
tivity. We then attempted to evaluate whether these new cell
lines could be used for revealing novel biomarkers for drug sen-
sitivity. For this purpose, we first determined the gemcitabine
sensitivity of 10 BTC cell lines including four commercially
available BTC cell lines. The relative survival ratios of the 10
BTC cell lines in response to various doses of gemcitabine are
shown in Figure 2. The ICs value for each cell line was calcu-
lated, and the results are summarized in Table 3. Interestingly.
as can be seen in Figure 2, on the basis of drug sensitivity, we
were able to classity these cell lines into two groups: a gemcita-
bine-sensitive group that included NCC-BDI, NCC-CC3-1,
NCC-CC3-2, NCC-CC4-1, HuCCTI, and TGBC24TKB cells
(the ICsq values being 0.6, 0.03, 0.06, 0.03. 0.2, and 0.03 uM
respectively) and a gemcitabine-resistant group that included
NCC-BD2, NCC-CCI, TKKK, and OZ cells, whose ICs, values
were beyond the range of our measurement (>100 pM). As all of
the newly established cell lines were from chemotherapy-naive
tumors, this result suggests that BTC cells possess intrinsic
molecular mechanism associated with gemcitabine sensitivity.

Significant differences in mRNA expression between groups
sensitive and resistant to gemcitabine. To further elucidate the
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Concentration of Gem (pm)

molecular differences between the groups sensitive and resis-
tant to gemcitabine, we investigated the genome-wide mRNA
expression in all the cell lines. By comparing the sensitive
group with the resistant group, we isolated genes that showed
significant differences in expression between the two (Table 4).
These included genes associated with cell signaling (SEC23A.
RRAS2, and BMPS8B) or telomere maintenance (TERFI), or
genes whose functions were unknown (NOLI0, CCDC117, and
ZSWIMG6). All were candidate biomarkers associated with gem-
citabine sensitivity, and among them we focused on MAGEH |
(melanoma antigen family H 1) because: (i) mRNA expression
of MAGEHI in the resistant group was more than five times
higher than in the sensitive group; (ii) MAGEHI is a trans-
membrane protein that is easily accessible to antibody; and
(iii) there was a significant difference in its expression between
the two groups (P = 0.000093). We then validated the differ-
ential expression of MAGEHI between the two groups by
gRT-PCR. As shown in Figure 3, the data for MAGEHI
expression obtained by qRT-PCR, which was normalized with
GAPDH expression, was highly correlated with DNA micro-
array data (coefficient of correlation, 0.847) and also differed
significantly (P = 0.009) between the sensitive and resistant
groups.

MAGEH1 expression in gemcitabine-treated BTC cases. Finally,
we tested whether MAGEH expression is correlated with clini-
cal response to gemcitabine treatment by immunohistochemical
analysis of clinical cases. Before analyzing the clinical samples,
we tested the anti-MAGEH! antibody in xenograft tumor sam-
ples. Three cell lines (50%) out of the six sensitive cell lines and

Table 3. Gemcitabine 1Cs, values and assessment of reactive

cytotoxicity of biliary tract carcinoma cell lines

Cell line 1Csp (M) Drug sensitivity
NCC-BD1 0.60 S
NCC-BD2 >100 R
NCC-CC1 >100 R
NCC-CC3-1 0.03 S
NCC-CC3-2 0.06 S
NCC-CC4-1 0.03 S
TKKK >100 R
0oz >100 R
Hucct1 0.20 S
TGBC24TKB 0.03 S
R, resistant; S, sensitive.
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Table 4. List of genes differentially expressed between gemcitabine sensitive and resistant groups of biliary tract carcinoma cell lines

Gene symbol Average expression (R) Average expression (S) Ratio (R/S) P-valuet Chromosome locus
TIMELESS 1.866235575 0.858141402 2.174741332 1.45E-05 12q12-q13
SEC23A 1.601411675 0.796303448 2.011057064 2.34E-05 14921.1
MAGEH1 2.100036325 0.397001692 5.289741503 9.28E-05 Xp11.21
NOL10 1.482213925 0.854618707 1.734356987 0.000201766 2p25.1
RRAS2 0.221456871 1.54467481 0.143367956 0.000429397 11p15.2
BMP8B 1.7544659 0.572194878 3.066203432 0.000440394 1p35-p32
TERF1 1.422439425 0.778783987 1.826487767 0.000451224 8q13
SEC23A 1.5599122 0.633786226 2.461259234 0.0004951 14921.1
CCDC117 1.71272665 0.699035142 2.45012954 0.000557389 22q12.1
C14orf107 0.490823853 1.299093433 0.377820286 0.000632072 14g22.3
ZSWIM6 0.508965063 1.33793895 0.380409781 0.000753833 5121
RPL34 0.52856332 1.102003908 0.479638335 0.000934328 4925

tObtained using the unpaired t-test. R, resistant group; S, sensitive group.
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Fig. 3. (A) MAGEH1 mRNA expression in 10 biliary tract carcinoma cell lines. Relative expression of MAGEH1 mRNA compared to GAPDH
expression in each cell line was quantified by microarray (blue columns) and quantitative RT-PCR (red columns). MAGEH1 expression was
significantly different between gemcitabine (Gem)-sensitive and Gem-resistant groups. (B,C) Immunohistochemical analysis of MAGEH1 protein
in xenograft specimens of 10 biliary tract carcinoma cell lines. Tumor histology (H&E staining) of xenograft specimens of cell lines, split into
Gem-sensitive (B) and Gem-resistant (C) groups, and MAGEH1 protein expression detected by anti-MAGEH1 antibody in the same area are

shown. All three cell lines that lacked MAGEH1 expression belong to the Gem-sensitive group. Scale line = 200 pm.

all four cell lines (100%) in the resistant group were positive for
MAGEHI expression (Fig. 3).

We selected nine recurrent BTC cases treated with gemcita-
bine alone, which were fully evaluated for drug effects by imag-
ing diagnosis. as described in the ‘‘Materials and Methods™’
section, and whose tumor samples had been sufficiently exam-
ined and pathologically diagnosed. After clinical evaluation, we
identified five *‘effective’ cases and four *‘non-etfective™ cases
(Table S2). We examined MAGEH [ protein expression in surgi-
cal specimens of the primary tumor in these nine cases. As
shown in Figure 4, two (40%) of five ‘“‘effective’’ cases were
positive, and all four *‘non-effective’” cases (100%) were posi-
tive.

Discussion

Elucidation of the molecular mechanisms determining the bio-
logical characteristics of cancer cells is one strategy for improv-
ing the clinical outcome of BTC patients, but only a few BTC
cell lines serving as potent biological tools and animal models
with properties resembling those of human cancer have been
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established. In this study. we succeeded in establishing six novel
BTC cell lines including various subtypes and 19 BTC xenograft
models after trying 55 cases. Despite carrying out multiple
transplantations. we did not observe any marked discrepancy in
cell morphology between the original tumors and the cell
lines/xenografts, suggesting that this model could be stable and
useful for biological studies. Morcover, we were able to fully
combine the corresponding clinical information for patients and
pathological archive specimens of primary tumors and Xeno-
grafts for both primary tumors and cell lines with biological data
on the cell lines for both basic and preclinical rescarch. To add
more clinically relevant functional data. we examined the gem-
citabine sensitivities of these cell lines.

Previously, several predictive markers for the effects of gem-
citabine chemotherapy have been reported in various types of
tumor, including equilibrative nucleoside transporter-|
(hENT1).""” ribonucleotide reductase subunit M2 (RRM2).('"
and heat shock protein 27 (HSP27)"'? for pancreatic carcinoma.
ribonucleotide reductase subunit M1 (RRM1)"'* for non-
small-cell lung cancer (NSCLC), hENT! for ampulla of Vater

carcinoma,""®” carcinoembryonic antigen-related cell adhesion
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