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NC: Non-cancer; GB: Gallbladder cancer; BC: Biliary cancer; pancreatic cancer (PC) 1, PC5, PC7 and PC8 and PC13 are identical in Tables 1 and 2. MP:

Methylation-positive; MN: Methylation-negative.

number of samples analyzed was limited. It is possible
that some of the pancreatic fluid samples did not contain
sufficient concentrations of cancer DNA". Given the
relatively poor diagnostic yield of cytology in this set-
ting, a problem that is likely to be related to the highly
scirthous natute of pancreatic ductal adenocarcinomas,
sample adequacy is likely to be one of the limiting fac-
tors in the molecular analysis of these samples?. Serum
LINE-1 hypomethylaton has been reported to be a po-
tential prognostic marker for hepatocellular carcinoma®.
It would be interesting to analyze serum LINE-1 meth-
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ylation levels in patients with pancreatobiliary cancers.
CpG island hypermethylation of tumor-associated
genes was detected at various frequencies in pancreato-
biliary cancers using pancreatobiliary fluids. Although
genome-wide hypomethylation and regional hypermeth-
ylation of 5’ CpG islands are common features of neo-
plasias, the link between the two remains controversial'”,
In the current study, we did not find a significant correla-
ton between 5° CpG island hypermethylation of tumor-
associated genes and global hypomethylation.
Hypermethylation of the UCHL7 gene was cancer-
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Figure 3 Analysis of methylation levels of ubiquitin carboxyl-terminal esterase L1 and runt-related transcription factor 3 using pancreatobiliary fluids.
Comparison of the ubiquitin carboxyl-terminal esterase L1 (UCHL1) (A} and runt-related transcription factor 3 (RUNX3) (B) methylation levels in pancreatic fluids
between pancreatic cancer and noncancerous pancreatic disease; Comparison of the UCHL1 (C) and RUNX3 (D) methylation levels in biliary fluids between pancrea-
fobiliary cancer and noncancerous pancreatobiliary disease. PMR: Percentage of methylated reference.
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Figure 4 Reactivation of ubiquitin carboxyl-terminal esterase L1 by 5-AZA-2'-deoxycytidine and/or Trichostatin A treatment in pancreatic and biliary can-
cer cell lines. A: PK-1 cells; B: PK45P cells; C: TGBC1TKB cells. To examine the roles of CpG methylation and histone deacetylation in the silencing of ubiquitin
carboxyl-terminal esterase L1, cancer cells were treated with 2 or 5 umol/l. 5-AZA-2"-deoxycytidine (5-AZA-dC) for 72 h or 100 nmol/L Trichostatin A (TSA) for 24 h.
The cells were also treated with 2 umol/L 5-AZA-dC for 72 h, followed by 100 nmol/l. TSA for an additional 24 h.

@5:«%‘”

specific and most frequently detected in pancreatobiliary
cancers. Hypermethylation of the UCHLYT gene in pan-
creatic and biliary fluids was the most useful single mark-
er of pancreatic and pancreatobiliary cancers, respectively.
Hypermethylation of the UCHLT and RUNX3 genes in
pancreatic and biliary fluids was the most useful com-
bined marker for pancreatic and pancreatobiliary cancets,
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respectively. Epigenetic inactivation of UCHLI1 has been
reported in a vatiety of human cancers®. Epigenetic in-
activation of RUNX3 is known to play an important role
in the pathogenesis of pancreatobiliary cancer™?,
LINE-1 and SAT2 methylation levels have been re-
ported to be significantly lower in extrahepatic cholangjo-

carcinoma than in normal duct and biliary intraepithelial
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ncoplasias (BilINs). BilINs showed a decrease of SAT?2
methylation levels, but no decrease of LINE-1 methyla-
tion levels was found compared to those in normal sam-
ples®. Most of the cancer-specific CpG island hypet-
methylation is thought to occur in the BilIN stage, before
LINE-1 hypomethylation. Our results also suggest that
CpG island hypermethylation analyzed in pancreatobili-
ary fluids is more useful than LINE-1 methylation for the
detection of pancreatobiliary cancer.

Importantly, the methylation patterns of 10 tumor-
associated genes wete similar in both the pancreatic and
biliary fluids from the same patients with pancreatic can-
cet. Moreover, the methylation patterns of the UCHL7
and RUNX3 genes were identical in both the pancreatic
and biliaty fluids from the same patients. These results
further support the notion that hypermethylation of
UCHL1 and RUNX3 in pancreatobiliary fluids is a useful
matker for the detection of pancreatobiliary cancer.

To confirm the role of epigenetic alterations in tran-
scriptional repression of the UCHLT gene, we treated
pancreatobiliaty cancer cell lines, in which UCHL1 was
methylated, with 5-AZA-dC alone or in combination with
TSA. Treatment with 5-AZA-dC restored the UCHL1
expression in cancer cell lines. Moreover, combined treat-
ment with 5-AZA-dC and TSA restored UCHL1 expres-
sion synesgistically, indicating that CpG methylation and
histone deacetylation play important roles in silencing the
UCHLT gene.

Not only the clinical utility but also the pathobiologi-
cal effects of nucleic acids in circulation (nucleosomes,
DNA, RNA, mictoRNA ez.) are receiving increasing atten-
tion””, Further analysis is necessary to clarify the possible
detrimental effects of nucleic acids in the tumor microen-
vitonment, including the contribution of methylated DNA
in pancreatobiliary fluids to disease progression.

In conclusion, our results suggest that hypermethyl-
ation of the UCHLY gene plays a key role in the patho-
genesis of pancreatobiliary cancers and that detection of
hypermethylation of UCHL1 and RUNX3 in pancrea-
tobiliary fluids is useful for the diagnosis of these malig-
nancies. Our MethyLight panel (UCHL1 and RUNX3) is
simple and accutate for differentiating between neoplastic
and non-neoplastic samples and compares favorably with
other quantitative MSP panels and with the identification
of mutant KRAS ot telomerase, which have been used
previously to differentiate between malignant and benign

. (39,40}

pancreatic samples” . Moreover, newer assays that can
detect low concentrations of mutations in pancreatic
juice™, as well as novel assays and technologies, are likely
to improve the detection of low concentrations of mu-
tant DNA for cancer diagnosis in the future. Although
we focused on epigenetic alterations in the current study,
a combination of highly specific epigenetic and genetic
markers might provide the best diagnostic utility.

Background

Despite recent advances in diagnosis and treatment, the prognosis of patients
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with pancreatobiliary cancer is still poor. Elucidation of the biological character-
istics of these carcinomas has become necessary to improve the prognosis of
patients and to devise better treatment strategies.

Research frontiers

Roles of epigenetic alterations in pancreatobiliary cancer are receiving increas-
ing attention. Two contradicting epigenetic alterations often coexist in cancer:
global or genome-wide hypomethylation, which is mainly observed in repetitive
sequences within the genome, and regional hypermethylation, which is fre-
quently associated with CpG islands within gene promoters. Long interspersed
nuclear element-1 (LINE-1) methylation status and its relationship with the
hypermethylation of CpG islands in pancreatic and biliary fluids taken from pa-
tients with pancreatobiliary cancer is not known.

Innovations and breakthroughs

This is the first study to report that pancreatobiliary cancers exhibit a pattem of
genome-wide hypomethylation that can be detected using pancreatic and biliary
fluids. CpG istand hypermethylation of tumor-associated genes was detected at
various frequencies. Hypermethylation of the ubiguitin carboxyl-terminal ester-
ase L1 (UCHL1) gene may play a key role in the pathogenesis of pancreatobili-
ary cancers.

Applications

Hypermethylation of UCHL1 and runt-related transcription factor 3 in pancrea-
tobifiary fluids might be useful for the diagnosis of pancreatobiliary cancers. A
combination of highly specific epigenetic and genetic markers might provide the
best diagnostic utility.

Terminology

LINEs are 6-8 kb long, GC-poor sequences encoding an RNA-binding protein
and a reverse transcriptasefendonuclease; these sequences constitute approxi-
mately 20% of the human genome. LINE-1 elements are most abundant, and
over half a million copies of these elements are present in the human genome;
UCHL1, which is also known as PARK5/PGP.5, is a member of the ubiquitin
carboxy terminal hydrolase family targeting the ubiquitin-dependent protein
degradation pathway. With both ubiquitin hydrolase and dimerization-dependent
ubiquitin ligase activities, UCHL1 plays important roles in muitiple cellutar
processes. UCHL1 is a tumor-suppressor gene that is inactivated by promoter
methylation or gene deletion in several types of human cancers.

Peer review

The presence of such high amounts of methylated DNA in pancreatobiliary fiuid
is intriguing. The study has translational significance.
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Article info Abstract
Article history: Background: Dysregulation of microRNAs (miRNAs) has been implicated in bladder
Accepted November 13, 2012 cancer (BCa), although the mechanism is not fully understood.

Objective: We aimed to explore the involvement of epigenetic alteration of miRNA

Published online ahead of A
expression in BCa.

print on November 23, 2012 Design, setting, and participants: Two BCa cell lines (T24 and UM-UC-3) were treated
with 5-aza-2'-deoxycytidine (5-aza-dC) and 4-phenylbutyric acid (PBA), after which
Keywords: their miRNA expression profiles were analyzed using a TagMan array (Life Technologies,
Biomarker Carlsbad, CA, USA). Bisulfite pyrosequencing was used to assess miRNA gene methyla-
tionin 5 cancer cell lines, 83 primary tumors, and 120 preoperative and 47 postoperative
Bladder cancer urine samples.
DNA methylation Outcome measurements and statistical analysis: Receiver operating characteristic
MicroRNA (ROC) curve analysis was used to assess the diagnostic performance of the miRNA gene
Urinary test panel.

Results and limitations: Of 664 miRNAs examined, 146 were upregulated by 5-aza-dC
plus PBA. CpG islands were identified in the proximal upstream of 23 miRNA genes,
and 12 of those were hypermethylated in cell lines. Among them, miR-137, miR-124-2,
miR-124-3, and miR-9-3 were frequently and tumor-specifically methylated in primary
cancers (miR-137: 68.7%; miR-124-2: 50.6%; miR-124-3: 65.1%; miR-9-3: 45.8%).
Methylation of the same four miRNAs in urine specimens enabled BCa detection with
81% sensitivity and 89% specificity; the area under the ROC curve was 0.916. Ectopic
expression of silenced miRNAs in BCa cells suppressed growth and cell invasion.
Conclusions: Our results indicate that epigenetic silencing of miRNA genes may be
involved in the development of BCa and that methylation of miRNA genes could be a
useful biomarker for cancer detection.
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1. Introduction

MicroRNAs (miRNAs) are a group of small noncoding RNAs
that negatively regulate the translation and stability of
partially complementary target mRNAs. In that way, they
play important roles in a wide array of biologic processes,
including cell proliferation, differentiation, and apoptosis
[1]. Increasing evidence suggests that dysregulation of
miRNA expression contributes to the initiation and
progression of human cancer [2,3]. Altered miRNA expres-
sion is thought to play an important role in the pathogenesis
of bladder cancer (BCa) and in certain tumor phenotypes.
For instance, high-grade BCa exhibits upregulation of
several miRNAs, including miR-21, which suppresses p53
function [4]. In addition, miR-21-to-miR-205 expression
ratios are elevated in invasive BCa cells [5], while miR-200
family members regulate epithelial-to-mesenchymal tran-
sition by targeting transcription repressors ZEB1 and ZEB2
in BCa cells [6].

Although the mechanisms underlying miRNA dysregula-
tion in cancer are not yet fully understood, recent studies
have shown that the silencing of several miRNAs is tightly
linked to epigenetic mechanisms, including histone modi-
fication and DNA methylation [7,8]. For example, treatment
with a histone deacetylase (HDAC) inhibitor and a DNA
methyltransferase (DNMT) inhibitor restored expression of
various miRNAs in cancer cells [7,9], and the list of miRNA
genes methylated in cancer is rapidly growing [10]. Studies
have also shown that restoration of epigenetically silenced
miRNAs may be an effective strategy for treating cancer and
that aberrant methylation of miRNA genes could be a useful
biomarker for cancer detection [10,11]. In addition, it was
recently shown that the silencing of miRNA expression in
BCa is associated with DNA methylation, often involving the
CpG island (CGI) or CpG shore [12,13]. In an effort to identify
novel biomarkers and treatment targets in BCa, we aimed to
identify miRNAs epigenetically silenced in BCa cells by
screening for miRNAs whose expression is upregulated by
DNA demethylation and HDAC inhibition. We also investi-
gated the methylation of miRNA genes in urine specimens
and assessed its clinical usefulness as a biomarker for
detection of BCa.

2, Materials and methods
2.1. Cell lines and tissue samples

BCa cell lines (T24, UM-UC-3, HT-1197, HT-1376, SW780, and 5637) and
a normal urothelial cell line (SV-HUC-1) were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA; Supple-
mentary Table 1). A colorectal cancer cell line HCT116 harboring genetic
disruptions within the DNMT1 and DNMT3B loci (DNMTs KO) have been
described previously [8]. T24 and UM-UC-3 cells were treated first with
1uM or 0.1 pM 5-aza-2'-deoxycytidine (5-aza-dC; Sigma-Aldrich, St
Louis, MO, USA) for 72 h, and then with 3 mM 4-phenylbutyric acid (PBA;
an HDAC inhibitor, Sigma-Aldrich) for 72 h, replacing the drug and
medium every 24 h. A total of 83 primary BCa specimens were collected
from patients who underwent radical cystectomy (RC) or transurethral
resection of bladder tumor (TURBT; 66 males and 17 females; median
age: 72 yr; range: 34~-90 yr). Of the 83 patients, 73 underwent surgical

resection after initial diagnosis, 7 received chemotherapy before surgery,
and 3 are recurrent cases. Samples of nontumorous bladder tissue adjacent
(<2 cm) to and distant (>2 cm) from the tumors were also collected. Six
samples of normal urothelial tissue from renal cell carcinoma (RCC)
patients who underwent nephrectomy were also collected. Informed
consent was obtained from all patients before collection of the specimens,
and this study was approved by the institutional review board. Total RNA
was extracted using a mirVana miRNA isolation kit (Life technologies,
Carlshad, CA, USA). Genomic DNA was extracted using the standard
phenol-chloroform procedure.

2.2. Urine samples

Voided urine specimens were collected from 20 cancer-free individuals
(Supplementary Table 2) and 86 BCa patients. In addition, postoperative
voided urine samples were collected from 36 of the 86 patients 3-10d
after TURBT treatment. As an independent test set, preoperative urine
samples were collected from 34 BCa patients, and postoperative samples
were collected from 11 patients. The postoperative urine samples were
collected from patients in whom tumors were successfully resected
without leaving residual tumors. The urine (10 ml) was mixed with 5 ml
of ThinPrep PreservCyt solution (Hologic, Bedford, MA, USA) and stored
at 4°C. Each sample was centrifuged at 3000 rpm for 10 min, and
genomic DNA was extracted from the pelleted sediment using the
standard phenol-chloroform procedure.

23. MicroRNA expression profiling

Expression of 664 miRNAs was analyzed using a TagMan MicroRNA
array v2.0 (Life Technologies). Briefly, 1 ug of total RNA was reverse-
transcribed using a Megaplex Pools kit (Applied Biosystems, Foster City,
CA, USA), after which miRNAs were amplified and detected using
polymerase chain reaction (PCR) with specific primers and TaqMan
probes. U48 snRNA (RNU4S8, Life Technologies) served as an endogenous
control,

24. Quantitative real-time polymerase chain reaction
of miRNA

Expression of selected miRNAs was analyzed using TagqMan microRNA
assays. Briefly, 5 ng of total RNA were reverse-transcribed using specific
stem-loop real-time primers, after which they were amplified and
detected using PCR with specific primers and TagMan probes. U6 snRNA
(RNUBGB, Life Technologies) served as an endogenous control.

2.5. Methylation analysis

Bisulfite conversion of genomic DNA, methylation-specific PCR (MSP),
bisulfite sequencing, and bisulfite pyrosequencing were carried out as
described previously [8]. Primer sequences and PCR product sizes are
listed in Supplementary Table 3. Primer locations for methylation
analysis are shown in Supplementary Figure 1.

2.6. Transfection of microRNA precursor molecules

BCa cells (1 x 10° cells) were transfected with 100 pmol of Pre-miR
miRNA Precursor Molecules (Life Technologies) or Pre-miR miRNA
Molecules Negative Control #1 using a Cell Line Nucleofector kit R
(Lonza, Basel, Switzerland) with a Nucleofector I electroporation device
(Lonza) according to the manufacturer's instructions. The viability of the
miRNA precursor transfectants was analyzed using water-soluble
tetrazolium salt (WST) assays [8]. Cell invasion was assessed using
Matrigel invasion assays [8].
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2.7, Gene expression microarray analysis

One-color microarray-based gene expression analysis was carried out
according to the manufacturer’s instructions (Agilent Technologies,
Santa Clara, CA, USA). Briefly, 100 ng of total RNA were amplified and
labeled using a Low-input Quick AmpLabeling Kit One-color (Agilent
Technologies), after which the synthesized cRNA was hybridized to a
SurePrint G3 Human GE microarray {G4851F; Agilent Technologies). The
microarray data were then analyzed using GeneSpring GX version 11
(Agilent Technologies). The Gene Expression Omnibus accession number
for the miRNA microarray data is GSE41760.

2.8. Statistical analysis

All data were analyzed using GraphPad Prism 4.0 statistical software
(GraphPad Software, La Jolla, CA, USA). Quantitative variables were
analyzed using a Student t test and one-way analysis of variance
(ANOVA) with a post hoc Tukey test. Fisher exact test was used for
analysis of categorical data. The Pearson correlation coefficient was used
to evaluate correlations between continuous data. Receiver operating
characteristic (ROC) curves for the diagnosis of BCa were constructed on
the basis of the methylation levels, followed by calculation of the area
under the curve {AUC). The best cut-off value for each miRNA gene was
defined as the point on the ROC curve closest to the upper left corner. A
diagnostic scoring system using urinary DNA methylation was
constructed by analyzing the training set using the following three-
step algorithm: (1) The methylation status of miRNA genes was assessed
using the respective cut-off values; (2) the number of methylation-~
positive genes was determined, which we termed the miR-methylation
score (M-score); and (3) the samples were classified into five groups
based on the M-score. The value of p < 0.05 (two-sided) was regarded as
significant.

miR-9-1
miR-9-3
miR-10b
miR-34b
miR-124-1
miR-124-2
miR-124-3
miR-137
miR-200b
miR-203
miR-409
miR-675

3. Results

3.1. Identification of epigenetically silenced microRNA genes
in bladder cancer

To identify epigenetically silenced miRNAs in BCa, we
performed TagMan array analysis using two BCa cell lines
(T24 and UM-UC-3) treated with 1M 5-aza-dC plus
3mM PBA. Of the 664 miRNAs examined, the drug
treatment induced upregulation (more than five-fold) of
208 miRNAs in T24 cells and 200 miRNAs in UM-UC-3
cells. Of those, 146 miRNAs were upregulated in both cell
lines (Supplementary Fig. 2 and 3; Supplementary Table
4). We selected 23 miRNA genes that harbored CGIs in the
proximal upstream (<5kb) of their coding regions
(Supplementary Table 5), and subsequent MSP analysis
revealed that the CGls of 12 were hypermethylated in
multiple BCa cell lines (Fig. 1A). These miRNAs were also
induced by a low dose (0.1 pM) of 5-aza-dC plus PBA,
making it unlikely that the observed induction was a
secondary effect of DNA damage (Supplementary Fig. 4).

We next used bisulfite pyrosequencing to quantitatively
analyze the methylation of the 12 miRNA genes showing
CGI methylation in a series of BCa tissues (11 = 26), a sample
of normal urothelium tissue, and a normal urothelial cell
line (SV-HUC-1). We found that four miRNA genes (miR-
137, miR124-2, miR-124-3, and miR-9-3) were frequently
methylated in primary tumors, though their methylation
levels were limited in normal urothelium (Fig. 1B; Supple-
mentary Fig. 5 and 6). In addition, we observed a marked

B a X
? I35 T24
= E Ec'. E UmM-uC-3
T EEE HT-1197
HT-1376
Cancer Sw 780
cell lines Normal tissue
SV-HUC-1
/
Tstage Grade
3
3
3
3
Primary :
tumors 2

D HHWWNN-M GFH D NO BD 0 WWHR DWW -

Fig. 1 - Methylation analysis of microRNA (miRNA) genes in bladder cancer (BCa). (A) Methylation-specific polymerase chain reaction (PCR) analysis of
the CpG islands of 12 miRNA genes in the indicated cell lines. In vitro methylated DNA and DNA methyltransferase knockout cells served as positive and
negative controls, respectively. Bands in the “M” lanes are PCR products obtained with methylation-specific primers; those in the “U” lanes are
products obtained with unmethylated-specific primers. (B) Summarized results for the bisulfite pyrosequencing of miRNA genes in BCa cell lines, a
sample of normal urotheliai tissue, a normal urothelial cell line SV-HUC-1, and a set of primary BCa tissues (n = 26). Tumor stages and grades are

indicated on the right.

DNMTs KO = DNA methyltransferase knockout cells; IVD = in vitro methylated DNA.
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Table 1 ~ Correlation between microRNA gene methylation and the clinicopatholegic features of bladder cancer

Ageyr: .
- Median (range)
Gender: - :
Male . 6
© Female
T stage:
~Ta:
Tis
T
>T2
“Grade:
IN metastasis:
N

0065

320 244 - 198 174 -

318 206 0974 173 130 059
297 252 - 210 185 -
225 154 - 127 44 -
426 252 @ - 249 162 -

327 221 0458 170 153 . 0463

5.8 - 112 - =
286 246 - 213 166 -
©341 229 0331 184 168 = 0676
324 240 173 - 2
283 73 0231

SD -ks‘takryld,ard deviation: LN = lymph ribdé;’ANOV s of variance,
: Pearson correlation coefficient, student ¢ test, or ANOVA. = = . -

reduction in the methylation levels in BCa cells treated with
5-aza-dC plus PBA, which is consistent with the upregula-
tion of miRNAs (Supplementary Fig. 7).

3.2 Methylation of microRNA genes in primary bladder cancer

We next examined the methylation levels of miR-137, miR-
124-2, miR-124-3, and miR-9-3 in a larger set of primary
tumors {(n=83), along with adjacent and distant nontu-
morous bladder tissues from the same patients (Table 1).
Elevated levels of miRNA gene methylation (>15.0%) were
frequently detected in primary BCa tissues (miR-137: 57 of
83, 68.7%; miR-124-2: 42 of 83, 50.6%; miR-124-3: 54 of 83,
65.1%; miR-9-3: 38 of 83, 45.8%), and the tumor tissues
exhibited significantly higher methylation levels than their
nontumorous counterparts (Fig. 2A). In addition, we found
that levels of miRNA gene methylation were more
frequently elevated in adjacent nontumorous bladder
tissues (AN; miR-137: 26 of 74, 35.1%; miR-124-2: 19 of
74, 25.7%; miR-124-3: 15 of 74, 20.3%; miR-9-3: 12 of 74,
16.2%) than in more distant nontumorous tissues (DN; miR-
137: 18 of 83, 21.7%; miR-124-2: 6 of 83, 7.2%; miR-124-3:
11 of 83, 13.3%; miR-9-3: 9 of 83, 10.8%). No significant
correlation was found between the levels of miRNA gene
methylation and the clinicopathologic characteristics of the
patients (Table 1). '

When we examined the methylation status of miR-137
in selected tissue specimens in more detail, we observed
dense methylation in tumor tissues but only scattered
methylation in nontumorous tissues (Fig. 2B). We then
compared the levels of miR-137 expression determined in
TagMan assays with the methylation levels obtained by
bisulfite pyrosequencing in selected pairs of tumors and
corresponding distant nontumorous tissues (Fig. 2C). We
found that there was an inverse relationship between the
expression of miR-137 and its methylation, which suggests

that CGI methylation is associated with the downregulation
of miR-137 in BCa tissues.

33. Detection of microRNA gene methylation in urine samples

To assess the usefulness of miRNA gene methylation, we
collected voided urine specimens from 86 BCa patients
(Table 2) and 20 cancer-free individuals. Upon performing
bisulfite pyrosequencing, we observed elevated methyla-
tion of miR-137, miR-124-2, miR-124-3, and miR-9-3 in the
urine samples from the cancer patients (Fig. 3A) but only
limited methylation of the genes in cancer-free individuals
(Fig. 3B). Moreover, the methylation levels in the urine
samples correlated positively with those in the correspond-
ing tumor tissues (Supplementary Fig. 8). Notably, when we
then collected postoperative voided urine samples from 36
of the 86 patients after surgical resection of their tumors, we
observed dramatically reduced methylation levels (Fig. 3A;
Supplementary Fig. 9).

To further evaluate the clinical usefulness of the miRNA
gene methylation in urine samples, we carried out ROC curve
analysis to assess its ability to distinguish preoperative from
postoperative samples (Fig. 3C). The most discriminating
cut-offs for miR-137, miR-124-2, miR-124-3, and miR-9-3
were 5.2% (sensitivity, 77.9%; specificity, 77.8%), 5.2%
(sensitivity, 69.8%; specificity, 88.9%), 12.0% (sensitivity,
65.1%; specificity, 97.2%), and 7.2% (sensitivity, 69.4%;
specificity, 86.1%), respectively (Table 3). We next compared
these results with those obtained with urine cytology. Based
on the urinary cytology using Papanicolaou’s classification of
the 86 patients, 55 (64%) were diagnosed as class I or II, 15
(17%) were class 11, and only 16 (19%) were class IV or V
(strongly suggestive or conclusive of malignancy), suggesting
that the sensitivity of urinary methylation for detection of
BCais significantly greater than that of conventional cytology
(Supplementary Table 6).
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Fig. 2 - Analysis of microRNA (miRNA) gene methylation in primary bladder cancer. (A) Summarized resuits of bisulfite pyrosequencing of the indicated
miRNA genes in primary tumors (T; n = 83), nontumorous bladder tissues adjacent to the tumeors (AN; n =74), and nontumorous bladder tissues distant
from the tumors (DN; n = 83), p < 0.05. (B) Bisulfite sequencing analysis of the miR-137 CpG island (CGI) in a pair of tumor (T) and distant nontumorous
tissues (DN). (C) Inverse relationship between the expression and methylation of miR-137 in three pairs of tumor (T) and distant nontumorous tissues
(DN). Expression was assessed in TagMan assays (upper panel), and methylation was determined by bisulfite pyrosequencing (lower panel).

To develop a more efficient diagnostic method for
detecting BCa, we constructed a scoring system using the
urinary methylation of the four methylated miRNA genes
(Fig. 4). Using the cut-off value for each gene (Table 3), we
classified the samples into five groups based on the
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M-score. A ROC curve was then constructed to evaluate
the ability of the scoring system to distinguish preoperative
from postoperative urine samples by plotting the sensitivity
over 1-specificity at each point (Fig. 4B). We then validated
the diagnostic system by analyzing an independent test set
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Table 2 - Clinicopathologic characteristics of the patients in the
training and test sets

Age, yr:

Median (range) 73.(42-90) 71 (58-93)
Gender, no.: e . ; :

Male ' 69 .o 25

Female : 17 -9

T stage, no.: : . S

Ta - - k 34 : .16

Tis : : : 7 g ) ; s 5 E

Tl N o : o g

T2 S 3 L
Grade, no.: E , : ;
1 . 1o - -0

20 : 28 S g

L
Lymph node metastasis,no.: =~ 0 o0

NO-. o 8t e 32

N1=N3 B g
Treatment, no.: : Tl :

TURBT Loe

RE s s

TURBT - transurethralresectlon of bladdertum l cystectomy.

(Table 2). AUCs in both sets were high (training set: 0.916;
test set: 0.910), confirming the accuracy of our system for
detecting BCa using urinary miRNA gene methylation
(Fig. 4). We also found that our scoring system could
effectively detect early-stage Ta and low-grade (grades 1
and 2) BCa (sensitivity: 0.679; specificity: 0.889;
AUC=0.862), which was undetectable using urinary
cytology (Supplementary Fig. 10).

34. Functional analysis of microRNAs

To test whether any of the miRNAs could act as tumor
suppressors, we transfected BCa cells with an miRNA
precursor molecule or a negative control, and then carried
out cell viability assays. The assays showed that ectopic
expression of miR-137 or miR-124 suppressed BCa cell

proliferation, whereas miR-9 exerted no significant sup-
pressive effect on growth (Supplementary Fig. 11 and 12).
We then carried out Matrigel invasion assays to test the
effect of the miRNAs on cell invasion. Although we detected
no effect of miR-137 and miR-124 on cell invasion, ectopic
expression of miR-9 suppressed the invasiveness of BCa
cells (Supplementary Fig. 13).

Finally, to further clarify the effect of miRNAs, we carried
out a gene expression microarray analysis of SW780 cells
transfected with a miR-137 precursor or a negative control.
We found that 1326 probe sets (1016 unique genes) were
downregulated (more than two-fold) by ectopic miR-137
expression, including the previously reported miR-137
target genes cyclin-dependent kinase 6 (CDKG), cell division
cycle 42 (CDC42), and aurora kinase A (AURKA) [14,15].
Among the 1016 downregulated genes, the TargetScan
program predicted that 144 genes are potential targets of
miR-137 (Supplementary Table 7). Moreover, Gene Ontolo-
gy analysis revealed that genes related to the cell cycle were
significantly enriched among the affected genes (Supple-
mentary Table 8). Our results strongly suggest that the
miRNAs in question act as tumor suppressors in BCa.

4. Discussion

We identified four miRNA genes (miR-137, miR-124-2, miR-
124-3, and miR-9-3) that were frequently methylated in
both cultured and primary BCa cells. Earlier studies have
shown that these miRNAs are tumor-suppressive or tumor-
related and that they are epigenetically silenced in cancers
of various origins. Hypermethylation of miR-137 was first
discovered in oral cancer [16] and has since been noted in
other malignancies, including cancers of the colon [14] and
stomach [3]. Within cancer cells, miR-137 targets CDK®6,
CDC42, and AURKA, which is indicative of its tumor-
suppressive properties [14-16], whereas in normal cells,
miR-137 regulates neuronal differentiation through target-
ing enhancer of zeste homolog 2 (EZH2) and mindbomb E3
ubiquitin protein ligase 1 (MIB1) [17,18]. Methylation of
miR-124 family genes (miR-124-1, miR-124-2, and miR-
124-3) was identified in colorectal cancer [19] and was also

Table 3 - Receiver operating characteristic analysis of microRNA gene methylation to detect bladder cancer

0.782 (0.701-0.862)

- 77.78 (60.85-89.88)
88.89 (73.94-96.89)
 (85.47-99.93)

77.91(67.67-86.14)
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Fig. 3 - Detection of microRNA (miRNA) gene methylation in urine specimens from bladder cancer (BCa) patients. (A) Summary of bisulfite pyrosequencing
analysis of the indicated miRNA genes in voided urine samples collected from BCa patients before (Pre: n = 86) and after surgical treatment (Post: n = 36).
p < 0.001. (B) Bisulfite pyrosequencing results for miR-137, miR-124-2, miR-124-3, and miR-9-3 in voided urine samples from cancer-free individuals

{n =20). (C) Receiver operating characteristics curve analysis of the ability of miRNA gene methylation to distinguish preoperative and postoperative

urine samples.
AUC = area under the curve.

found in gastric cancer [20], hematologic malignancies [21],
and hepatocellular carcinoma [22]. In addition, screening
for methylated miRNA genes in metastatic cancer cell lines
also identified miR-9 family genes (miR-9-1, miR-9-2, and
miR-9-3) [23].

Cumulative evidence suggests that miRNAs play impor-
tant roles in the pathogenesis of BCa, and previous studies
demonstrated their epigenetic silencing in the disease. For
example, miR-34a, which is a direct target of p53 and a
candidate tumor suppressor gene, is frequently methylated
and silenced in many types of cancer, including BCa [24]. In

addition, Wiklund et al. found that the silencing of miR-200
family genes and miR-205 is associated with DNA
methylation in invasive BCa [12]. They also showed that
reduced expression of miR-200c is associated with disease
progression and poor outcome, suggesting that epigenetic
silencing of miR-200 family genes could be a prognostic
marker in BCa. Recently, Dudziec et al. carried out an miRNA
microarray analysis after treating normal urothelium and
urothelial cancer cell lines with 5-azacytidine. They
identified 4 mirtrons and 16 miRNAs whose silencing
was associated with DNA methylation [13]. Some of those
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Fig. 4 — Diagnostic system for detecting bladder cancer (BCa) using urinary microRNA (miRNA) gene methylation. (A) Workflow of a system established
based on the ability to distinguish preoperative from postoperative urine. Results of the training set are shown on the left; those of test set are on the
right. The methylation status of miRNA genes in preoperative (training set: n = 86; test set: n = 36) and postoperative urine (training set: n = 34; test set:
n=11) was determined using the cut-off values in the respective boxes. A miR-methylation score (M-score) was determined from the number of
methylation-positive genes, and samples were classified into five groups based on the M-score. The sensitivity (Se) and specificity (Sp) at each point are
indicated below. (B) Receiver operating characteristic curve analysis of the training and test sets. Areas under the curve are shown in the graph.

M-score = miR-methylation score; AUC = area under the curve.

mirtrons and miRNAs, including miR-9 family genes, more
frequently exhibited CpG shore methylation than CGI
methylation, suggesting that methylation in both the CpG
shore and CGl is related to epigenetic silencing of miRNA in
BCa. Interestingly, miR-9-1 and -9-2 were associated with
both CGI and CpG shore methylation, whereas miR-9-3
showed only CGI methylation [13]. Consistent with those
findings, we observed that among the miR-9 family genes,
miR-9-3 most frequently showed CGI methylation.
Methylation of several miRNA genes is strongly related
to the clinical characteristics of cancer, suggesting its
potential usefulness as a biomarker. For instance, methyla-
tion of miR-9-1 and -9-3 is reportedly associated with
metastatic recurrence of RCC, which is indicative of the

possible role of miR-9 in cancer metastasis [25]. Despite this
report, however, we did not find a significant difference in
the levels of miR-9-3 methylation between noninvasive and
invasive BCa tissues. Further study to clarify the functions of
these miRNAs in BCa will be needed.

Recent studies have shown that miRNA levels in urine
could serve as a molecular marker for detection of BCa. For
instance, expression of miR-96 and miR-183 is reportedly
upregulated in urothelial cancer, and their detection in
urine strongly distinguished cancer patients from cancer-
free patients [26]. Miah et al. also showed that evaluation of
a panel of 10 miRNAs in urine is a highly sensitive method of
detecting BCa [27]. DNA methylation is another potential
molecular marker detectable in urine specimens. Several
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protein-coding genes are targets of DNA methylation in BCa,
and their urinary methylation appears to be a useful
biomarker [28,29]. For instance, methylation of 11 protein-
coding genes found in urine sediments revealed the
presence of BCa with a high sensitivity and specificity
[30], and in another study a panel of three genes (growth
differentiation factor 15 [GDF15], transmembrane protein
with EGF-like and two follistatin-like domains 2 [TMEFF2],
and vimentin [VIM]) in urine could be used to accurately
detect BCa [31]. In the present study, we show for the first
time that methylation of miRNA genes could serve as a
biomarker for detection of BCa. Methylation of miRNA
genes was readily detectable in voided urine from cancer
patients, and its levels were dramatically reduced after
tumor resection, confirming its tumor specificity. We also
showed that a combination of multiple miRNA genes could
accurately distinguish between preoperative and postoper-
ative urine samples.

Our study has several limitations. The prognostic value of
miRNA gene methylation remains unclear, because the
prognosis of the patients in this study is not yet available. A
follow-up study in post-treatment patients will be needed
to test whether urinary methylation can predict outcome or
detect BCa recurrence. In addition, urinary methylation in
non-BCa patients (eg, patients with other types of cancer)
should be tested to evaluate the specificity of our method.
Further studies to address these issues would contribute to
overcoming the difficulties in translating our present
findings into clinical practice.

5. Conclusions

We identified four miRNA genes that are frequent targets of
epigenetic silencing in BCa. Although their specific functions
in bladder carcinogenesis remain unknown, it is evident that
restoration of these miRNAs may be an effective anticancer
therapy. Furthermore, methylation of these miRNA genes in
urine specimens could serve as a useful and noninvasive
biomarker for accurate detection of BCa.
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Colorectal cancers (CRCs) exhibit multiple genetic alterations, including allelic imbalances (copy number alterations,
CNA:s) at various chromosomal foci. In addition to genetic aberrations, DNA methylation also plays important roles in the
development of CRC. To better understand the clinical relevance of these genetic and epigenetic abnormalities in CRC,
we performed an integrative analysis of copy number changes on a genome-wide scale and assessed mutations of TP53,
KRAS, BRAF, and PIK3CA and DNA methylation of six marker genes in single glands isolated from 39 primary tumors.
Array-based comparative genomic hybridization (array-CGH) analysis revealed that genomic losses commonly occurred at
3q26.1, 4q13.2, 6q21.32, 7q34, 8pl2-23.3, I5qcen and 18, while gains were commonly found at 1q21.3-23.1, 7p22.3-q34,
13q12.11-14.11, and 20. The total numbers and lengths of the CNAs were significantly associated with the aberrant DNA
methylation and Dukes’ stages. Moreover, hierarchical clustering analysis of the array-CGH data suggested that tumors
could be categorized into four subgroups. Tumors with frequent DNA methylation were most strongly enriched in sub-
groups with infrequent CNAs. Importantly, Dukes’ D tumors were enriched in the subgroup showing the greatest genomic
losses, whereas Dukes’ C tumors were enriched in the subgroup with the greatest genomic gains. Our data suggest an
inverse relationship between chromosomal instability and aberrant methylation and a positive association between genomic
losses and distant metastasis and between genomic gains and lymph node metastasis in CRC. Therefore, DNA copy
number profiles may be predictive of the metastatic behavior of CRCs.  © 2012 Wiley Periodicals, Inc.

INTRODUCTION

Colorectal cancers (CRCs) develop through mul-
tiple genetic alterations, including allelic losses at
chromosomal loci (e.g., 5q, 17p, and 18q) (Fearon
and Vogelstein, 1990). In addition, epigenetic
changes, including aberrant DNA methylation and
histone modifications, are also strongly implicated
in the pathogenesis of CRC, and a subset of CRCs
show concurrent hypermethylation in multiple loci,
which is now classified as the CpG island methyla-
tor phenotype (CIMP) (Toyorta et al., 1999). Recent
studies have shown that there are two types of
CRCs with distinct genomic abnormalities: chromo-

repair defects and a near-diploid karyotype (Grady
and Carethers, 2008). CIN cancers exhibit gains
and losses at multiple chromosomal loci (copy num-
ber alterations; CNAs) (Rajagopalan and Lengauer,
2004), whereas MSI cancers show considerable
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somal instability (CIN), which accounts for 80-85%
of sporadic CRCs and was originally characterized
based on the presence of aneuploid/polyploid
karyotypes, and microsatellite instability (MSI),
also termed MIN, which accounts for 15-20% of
sporadic CRCs and is characterized by mismatch

© 2012 Wiley Periodicals, Inc.

cine, Iwate Medical University, 19-1, Morioka 020-8505, fapan.
E-mail: tsugai@cocon.ocn.ne.jp or Hiromu Suzuki, Department of
Molecular  Biology, Sapporo  Medical University.  S1, W17,
Chuo-ku, Sapporo 060-8556. Japan. E-mail: hsuzuki@sapmed.ac.jp
Received 21 February 2012 Accepred 22 August 2012
DOI 10.1002/gee.22013
Published online 17 October 2012 in
Wiley Online Library (wileyonlinclibrary.com).

— 291 —



COPY NUMBER ALTERATIONS IN COLORECTAL CANCER 141

overlap with CIMP cancers (Toyota et al., 1999;
Ogino et al., 2006; Weisenberger et al., 2006).

In addition to the commonly observed CRC-
related allelic losses on chromosome arms 5q,
17p, and 18q, gains and losses on many other
chromosomes have been identified using conven-
tional comparative genomic hybridization (CGH)
analysis (Ried et al., 1996; Meijer et al.,, 1998).
Diep et al. (2006) conducted a meta-analysis of
the chromosomal changes in a series of 859 CRC
specimens identified using CGH and reported
that specific CNAs are associated with each step
during the progression of CRC. Still, conventional
CGH has limited resolution and can only detect
CNAs of ~10 Mb or greater in length. On the
other hand, array-based CGH (array-CGH) can
detect genetic changes with a resolution of 1 Mb
or less, making it a powerful tool with which to
analyze genomic alterations (Douglas et al., 2004;
Jones et al., 2005).

From a clinical viewpoint, previous studies
have shown that CRCs can be categorized into
distinct subgroups based on the characteristics of
their CNAs (Hermsen et al., 2002), and such sub-
typing has predictive value with respect to prog-
nosis (Poulogiannis et al., 2010) and the response
to chemotherapy (Postma et al., 2009). Similarly,
a number of studies have shown that epigenetic
alterations, especially CIMP, are strongly associ-
ated with the clinical behavior of CRCs (Shen
et al., 2007a; Jover et al, 2011). However,
although it is recognized that CRCs develop via
multiple molecular pathways, including CIN,
MSI, and CIMP (Jass, 2007; Shen et al., 2007b;
Issa, 2008; Hinoue et al., 2012), the associations
between genetic and epigenetic abnormalities are
still not fully understood. In this study, we per-
formed an integrative analysis of copy number
changes on genome-wide scale and assessed
genetic mutation of TP53, KRAS, BRAF, and
PIK3CA and DNA methylation of six marker
genes within crypts isolated from surgically
resected CRCs, and assessed their relevance to
the clinicopathological characteristics.

MATERIALS AND METHODS

Patients and Tissue Samples

A total of 39 primary CRCs and corresponding
normal tissue specimens were obtained from con-
secutive patients at the Iwate Medical University
Hospital. Informed consent was obtained from all
patients before collection of the specimens, and
approval of this study was obtained from the

TABLE |. Clinicopathological Features of the CRC Samples
Used in this Study

Age (years, median + SD) 69 £ 117
Sex

Male 24 (62%)

Female 15 (38%)
Location

Right 14 (36%)

Left 5 (13%)

Rectum 20 (51%)
Histology

Mod 29 (74%)

Well 7 (17%)

Pap I (3%)

Por 1 (3%)

Muc 1 (3%)
Dukes’ stage

A 7 (18%)

B 5 (13%)

C 13 (33%)

D 14 (36%)
Lymph node metastasis

Positive 23 (59%)

Negative 16 (41%)

Institutional Review Board of Iwate Medical
University. The clinicopathological features of
the patients are summarized in Table 1. Patho-
logical diagnosis and staging were performed
using a combination of the Japanese classification
(Japanese Society for Cancer of the Colon and
Rectum, 1997) and modified Dukes’ classification
(Turnbull et al., 1967). Tumor locations were
classified as left- or right-sided and rectal.

Isolation of Glands and Genomic DNA Extraction

Glands were isolated from the tumors and nor-
mal mucosae as described previously (Arai and
Kino, 1989; Nakamura et al., 1994). The isolated
glands were routinely processed to confirm their
nature using paraffin-embedded histological sec-
tions. Contamination by other materials such as
interstitial cells was not evident in the samples
examined, which is consistent with previous
reports (Sugai et al., 2000; Sugai et al., 2005).
Genomic DNA was extracted using the standard
phenol-chloroform procedure.

Analysis of TP53, BRAF, KRAS, and PIK3CA
Mutations

Exons 5-8 of 7P53 were PCR amplified and
then analyzed using single-strand conformational
polvmorphism (SSCP). PCR amplification, PCR-
SSCP, and the sequencing of 7P53 were performed
as described previously (Dix et al., 1994; Habano
et al, 1996; Sugai et al., 2000). In addition,

Genes, Chromosomes & Cancer DOL 10.1002/gec
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mutation of codon 600 of BRAF and codons 12 and
13 of KRAS was examined by pyrosequencing
using BRAF and KRAS pyro kits (Qiagen) accord-
ing to the manufacturer’s instructions, and exons 9
and 20 of PIK3CA were directly sequenced as
described previously (Jhawer et al., 2008).

DNA Methylation Analysis

CpG island methylation was analyzed as
described previously (Toyota et al., 2008). Briefly,
genomic DNA (1 pg) was modified with sodium
bisulfite using an EpiTect Bisulfite Kit (Qiagen).
Pyrosequencing was carried out using a PSQ 96MA
system (Qiagen) with a Pyro Gold Reagent Kit
(Qiagen), and the results were analyzed using Pyro
Q-CpG software (Qiagen). A cutoff value of 15%
was used to define genes as methylation-positive.
Tumors were defined as “tumors with frequent
DNA methylation” when methylation was detected
in three or more loci out of six markers (MINTI,
MINT2, MINTI2, MINT31, CDKNZ2A, and MLH1I).

Array-Based CGH

Array CGH analysis was performed as
described previously (Igarashi et al., 2010).
Briefly, 500 ng of genomic DNA and gender-
matched reference DNA (Promega) were
digested with A/#l and Rsal before labeling and
hybridization. Using a Genomic DNA Enzymatic
Labeling Kit (Agilent Technologies), tumor DNA
and reference DNA were, respectively, labeled
with Cy5 and Cy3 after being hybridized to a
Human Genome CGH Microarray Kit 105A
(G4412A; Agilent Technologies), which contains
approximately 99,000 probes annotated against
National Center for Biotechnology Information
Build 36. The ADM-2 algorithm included in the
Genomic Workbench software ver. 5 (Agilent
Technologies) was used to identify DNA copy
number aberrations. A copy number loss was
defined as a log2 ratio <—0.5, and a copy number
gain was defined as a logZ ratio >0.5. All genomic
positions were defined according to the Univer-
sity of California Santa Cruz Human version hg
18. Unsupervised hierarchical analysis was per-
formed on the log2 Cy5/Cy3 fluorescence ratio
data using the Ward’s linkage algorithm (JMP
version 8, SAS Institute, Cary, NC).

Statistical Analysis
Continuous data was analyzed using ¢ tests (for

two groups) or ANOVA with a post hoc Tukey’s

Genes, Chromosomes & Cancer DOI 10.1002/gec

HSD test (for more than two groups). To detect spe-
cific differences within groups, adjusted standardized
residuals were calculated for the categorical data. If
the absolute values of the residuals were more than
1.96, we considered them significantly different from
a random distribution. P values <0.05 were consid-
ered significant. All statistical analyses were per-
formed using SPSS 20 (IBM Corporation, Somers,
NY) and Prism 5 (GraphPad Software, La Jolla, CA).

RESULTS

Overview of Array-CGH Analysis

The results of our array-CGH analysis of crypts
obtained from 39 CRC tumors are summarized in
Figure 1. Genomic losses were commonly observed
at several loci, including 3q26.1 (75%), 4ql13.2
(80%), 6q21.32 (83%), 7934 (58%), 8p12-23.3 (55%),
15qgcen (50%), and 18 (80%), while gains were com-
monly observed at 1q21.3-23.1 (41%), 7p22.3-q34
(48%), 13q12.11-14.11 (50%), and 20 (75%). Large
genomic losses (>10 Mb in length) were frequently
seen at 8p (54%), 18p (59%), and 18q (77%), and
large gains (>10 Mb in length) were seen at 7
(41%), 13q (46%), 20p (44%), and 20q (74%)
(Fig. 1, Supporting Information Fig. 1). These find-
ings are mostly consistent with earlier results
obtained using conventional CGH and array-CGH
(Ried et al.,, 1996; Meijer et al., 1998; Douglas et al.,
2004; Jones et al., 2005; Diep et al., 2006).

Mutation and Methylation Analysis

Among the 39 CRC specimens tested, 7P53 and
KRAS mutations were found in 21 (54%) and 15
(38%), respectively, which is also consistent with
earlier findings (Supporting Information Fig. 1 and
Table 1) (Dix et al., 1994; Smith et al., 2002; Bal-
dus et al., 2010). However, the frequency of sam-
ples with mutations in both 7P53 and KRAS (15%)
was higher than previously reported (9%) (Smith
et al., 2002), probably because our study included
tumors at more advanced stages. By contrast,
PIK3CA mutation was found in only four (10%)
specimens, which is less frequent than previously
reported (Samuels et al., 2004; Baldus et al., 2010).
BRAF mutation was not detected in any samples.

Bisulfite-pyrosequencing analysis revealed that 9
of the 39 tumors (23%) exhibited methylation at 3
or more loci, although none showed methylation of
MLHI. KRAS mutation was more prevalent among
tumors with frequent DNA methylation (6/9, 67%)
than among those without frequent methylation
(9/30, 30%). Previous studies demonstrated that
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Figure |. Summary of chromosomal aberrations and their frequencies in 39 CRC specimens deter-
mined using array-CGH analysis. Losses (green bars) are displayed on the left, and gains (red bars) are
on the right. The chromosome ideogram was generated using Genomic Workbench software.

BRAF mutation and MSI are significantly more
prevalent among CIMP-high (CIMP-H or CIMP1)
CRCs, whereas KRAS mutation is more prevalent
among CIMP-low (CIMP-L. or CIMP2) tumors
(Ogino et al,, 2006; Shen et al., 2007b; Hinoue
etal., 2012).

Inverse Correlation Between DNA Methylation
and Chromosomal Alterations

To quantitatively evaluate copy number aber-
rations on a genome-wide scale, we calculated
the total numbers and lengths of CNAs (losses +
gains) identified by the array-CGH analysis. We
observed a strong correlation between the total
numbers of CNAs in the CRC samples tested
and the total lengths of the CNAs (Supporting
Information Fig. 2). We thercfore used the total
CNA length as an index representing the degree
of chromosomal alteration and assessed the rela-
tionship between total CNA length and methyla-
tion status. We found that total CNA lengths
were smaller in CRCs with frequent DNA meth-
ylation than in those without frequent methyla-
tion (£ = 0.033, Fig. 2C). Interestingly, when we
analyzed genomic losses and gains separately, we
again observed a significant difference in the
magnitude of the losses between frequent meth-
ylation-positive and -negative tumors, whereas no
such difference was found for gains (Figs. 2A and
2B). We also analyzed the relationship between
CNAs and mutation of 7P53 or KRAS but found

no statistically significant correlations (Supporting
Information Fig. 3).

Chromosomal Alterations and Their Association
with Clinical Stage in CRC

To determine whether chromosomal alterations
accumulate during the progression of CRCs, we
assessed the CNA status of tumors at each
Dukes’ stage. When genomic gains and losses
were analyzed separately, we found a tendency
toward greater genomic losses in tumors at higher
Dukes’ stages, but the trend was not statistically
significant (Fig. 3A). By contrast, Dukes’ C
tumors showed the greatest genomic gains,
whereas Dukes” D tumors exhibited unexpect-
edly small gains (Fig. 3B). The total CNA
lengths were greatest in Dukes’ C tumors, and
again Dukes” D tumors showed less chromosomal
alteration than Dukes’ C tumors (Fig. 3C).

We found that losses at several loci, including
3p24.3, 4p13-15.31, Sqcen-11.2, 8pll-ql1, 9p21.3-
21.1, 17q24.2-24.3, and 22q13.31, were prevalent in
tumors with distant metastasis (Dukes’ ID) (Support-
ing Information Table 2), while gains at 11q13.1-
13.2, 17q12, and 17q21.2 were prevalent among
Dukes’ D tumors (Supporting Information Table
3). In addition, losses at 4q21-34, 5q12.1, 5¢q35.3,
and 1lqcen-12.1 and gains at 2pl15-16.1, 2pl3.3,
5pl13, 5p35.3, 6p21, 8q12.1-12.3, and 19q13.31 were
commonly observed in tumors with lymph node
metastasis (Supporting Information Tables 4, 5).

Genes, Chrontosomes & Cancer DOI 10.1002/gec
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Figure 2. Association between CNAs and DNA methylation status.
Total lengths of genomic losses (A) and gains (B) and overall CNAs
(C) in tumors with and without frequent DNA methylation are shown.
Each dot represents a single tumor. Methylation (+), tumors with fre-
quent DNA methylation; Methylation (—), tumors without frequent
DNA methylation; *P < 0.05; *P < 0.01; NS, not significant.

Clustering Analysis of CNAs and Their
Association with Clinical Stage in CRC

Previous studies have shown that categorization
of CRGs according to their chromosomal aberra-
tions has strong relevance to their clinical behav-
ior (Hermsen et al., 2002; Postma et al., 2009;
Poulogiannis et al., 2010). For that reason, we
carried out unsupervised clustering analysis using
our array-CGH data (excluding the sex chromo-
somes) and then compared the results with
genetic mutations and epigenetic alterations
(Fig. 4A). We found that CRCs could be subcate-
gorized into at least four clusters based on their
CNAs. Gene mutations, DNA methylation status,
and genomic alterations on representative chromo-
somes in each cluster are summarized in Table 2.
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Figure 3. Association between CNAs and Dukes’ stages. Total
lengths of genomic losses (A), gains (B), and overall CNAs (C) in
CRCs at each Dukes’ stage are shawn. *P < 0.05.

Tumors in cluster 1 are characterized by infre-
quent genomic losses and gains (Figs. 4A-4QC).
Losses were most prevalent among tumors in clus-
ter 2, while gains were most prevalent among
tumors in cluster 4 (Figs. 4A—4C). The total CNA
lengths were greater in tumors in clusters 2 and 4
than in clusters 1 and 3 (Fig. 4D). Tumors with
frequent DNA methylation were most strongly
enriched in cluster 1 (5 of 9, 56%). Tumors in
cluster 1 were also characterized by frequent
KRAS mutation (6 of 10, 60%) and infrequent p53
mutation (3 of 10, 30%), whereas p53 mutation
was most prevalent in cluster 3 tumors (10 of 15,
67%), although the difference was not statistically
significant. Importantly, Dukes’ DD tumors were
highly enriched in cluster 2, within which tumors
showed the greatest genomic losses. By contrast,
Dukes’ C tumors were enriched in cluster 4 and
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