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To characterize somatic alterations in colorectal cancer (CRC), we conducted a

genome-scale analysis of 106 CRC specimens. We assessed comprehensive somatic

copy number alterations (SCNAs) in these CRC specimens. In addition, we examined

microsatellite instability (MSI; low and high), geneticmutations (KRAS, BRAF, TP53, and

PIK3CA), andDNAmethylation status (classified into low, intermediate, and high type).

We stratifiedmolecular alterations in theCRCsusing a hierarchical cluster analysis. The

examined CRCs could be categorized into three subgroups using hierarchical cluster

analysis. Tumors in subgroup 1were characterized by a low frequency of SCNAs and a

high frequency of MSI-high status, whereas tumors in subgroups 2 and 3 were closely

associated with a high frequency of SCNAs. Tumors in subgroup 1 were preferentially

present in the right-sided colon and showed frequentMSI-high status. Subgroup 3was

distinguished by specific alterations, including gains at 1q23-44, 1p11-36, 10q11-26,

10p11-13, 12q24-24, and 13q33-33. In contrast, tumors in subgroup 2 were

characterized by copy-neutral LOH at 12p12-13, 1q24-25, and 10q22. In addition,

KRAS mutations were more frequently found in subgroup 3 than in subgroup 1. TP53

mutations and intermediate levels ofDNAmethylationwere commonalterations in the

three subgroups. SCNAs contributed to sporadic CRC, and therewere three subgroups

based on SCNAs that played a different role in driving the development of this disease.
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1 | INTRODUCTION

Colorectal cancer (CRC) is the thirdmost commoncancerworldwide and

the fourth most common cause of cancer-related death.1 Dramatic

advancements in medical science have been made in the field of CRC.

For example, previous studies have shown that there are three distinct

molecular pathways contributing to CRC, including chromosomal

instability (CIN), microsatellite instability (MIN; MSI), and CpG island

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in

any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2017 The Authors. Molecular Carcinogenesis Published by Wiley Periodicals Inc.

Molecular Carcinogenesis. 2018;57:451–461. wileyonlinelibrary.com/journal/mc | 451

http://orcid.org/0000-0002-4896-3557
http://orcid.org/0000-0001-9635-3238
http://creativecommons.org/licenses/by-nc/4.0/


methylator phenotype (CIMP).2–4 Moreover, most cases of CRC can be

explained by a combination of these three pathways occurring in the

colorectum.3–6 Many advances in molecular analyses have also been

made in CRC.7 Recent studies have described novel molecular

classifications based on gene expression, including consensusmolecular

subtypes and colorectal subtyping associated with cellular phenotypes

and responses to therapy.8–10 These hypotheses provide novel insights

into the molecular features of colorectal carcinogenesis.7–9

Accumulation of genomic alterations is closely associated with

the progression of CRC.11 For example, somatic copy number

alterations (SCNAs) that characterize the CIN pathway are involved

in the progression of CRC.11,12 Specific mutations, including

mutations in APC, KRAS, PIK3CA, and TP53, are frequently detected

in CRC with the CIN-phenotype and may be associated with

accumulation of SCNAs, playing only a minor role in the progression

of CRC with the MIN type13 because accumulation of numerous

mutations within the whole genome, rather than SCNAs, is important

for the progression of the MIN type of CRC.6,7 Specific mutations in

BRAF and KRAS have also been shown to be closely related to CRC

with the MIN-phenotype.6,7 CIMP-low or -intermediate status is

primarily found in CIN-type CRC,13 whereas acquisition of the

CIMP-high status is closely associated with MIN-type CRC.13 CIMP

markers have been developed for prediction of genome-wide

methylation levels in tumor cells,14–16 and a two-step panel for

classification of the CIMP status of tumor cells has been shown to be

a good predictor of CIMP status.15,16 Elucidation of the relationships

among SCNAs and the progression of CRC with regard to specific

mutations, microsatellite status (MSI or microsatellite stable [MSS]),

and methylation status is essential for identification of the causes of

colorectal carcinogenesis.

Although the molecular features of colorectal carcinogenesis have

been extensively studied, here, we conducted genome-wide SCNA

pattern analysis in CRC cells to identify the molecular characteristics of

colorectal carcinogenesis and the role of SCNA patterns in the

progression of CRC. In addition, we attempted to analyze the

associations of SCNA patterns with well-known molecular alterations,

including specific mutations,MS status, andmethylation status in CRCs.

2 | METHODS

2.1 | Patients

A total of 106 samples (excluding intramucosal and submucosal

cancers) were obtained from patients with newly diagnosed primary

CRC at Iwate Medical University between 2011 and 2016. These

samples were from resected specimens, and the patients had not

received prior chemotherapy.

The pathological diagnosis and stagingwere determined according

to a combination of a Japanese classification and the modified Dukes'

classification.17 The detailed clinicopathological findings are listed in

Table 1.

This study was approved by the Ethical Research Committee,

Iwate Medical University.

2.2 | Crypt isolation

Fresh tumor and normal tissues were obtained from resected CRC

tissues. Normal colonic mucosa was collected from the most distal

portion of the colon.

Crypt isolation from the tumor and normal mucosa was performed

as previously reported.18 Briefly, fresh mucosa and tumor tissues were

minced with a razor into small pieces and incubated at 37°C for 30min

in calcium- and magnesium-free Hanks' balanced salt solution (CMF)

containing 30mM ethylenediaminetetraacetic acid (EDTA). The

isolated crypts were immediately fixed in 70% ethanol and stored at

4°C until used for DNA extraction.

The fixed isolated crypts were observed under a dissecting

microscope (SZ60; Olympus, Tokyo, Japan). The tumor samples were

collected primarily from the central area of tumor ulceration because

the invasive front, which was thought to determine the invasive ability

of the tumor cells, was observed in the central area.19 In addition,

considerable cancerous glands were present in this area.

Some isolated crypts were routinely processed by histopathological

analysis to confirm the histological nature of the isolated glands. Contamina-

tion, such as interstitial cells, was not evident in any of our 106 samples.

TABLE 1 Clinicopathological features of 106 colorectal cancers
examined

Characteristics Colorectal cancers (%)

Total 106

Gender

Male 52 (49.1)

Female 54 (50.9)

Age

Median (range) 71 (39-90)

Location

Right-sided 39 (36.8)

Left-sided 67 (63.2)

Differentiation

WDA 6 (5.7)

MDA 92 (86.8)

Other 8 (7.5)

Lymphatic invasion

Negative or low 98 (92.5)

High 8 (7.5)

Venous invasion

Negative or low 93 (87.7)

High 13 (12.3)

TNM stage

I 18 (17.0)

II 31 (29.2)

III 42 (39.6)

IV 15 (14.2)
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2.3 | DNA extraction

DNA from normal and tumor glands was extracted by standard SDS

proteinase K treatment. DNA extracted from the samples was

resuspended in TE buffer (10mM Tris-HCl, 1 mM EDTA [pH 8.0]).

2.4 | Analysis of MSI

The DNA was amplified by polymerase chain reaction (PCR) with

fluorescent dye-labeled primers targeting five microsatellites, includ-

ing BAT25, BAT26, D5S346, D2S123, and D17S250. The DNA was

analyzed using a DNA sequencer (ABI PRISM-310 Genetic Analyzer;

ABI, Foster City, CA), and microsatellite fragment analyses were

performed using a GeneScan software (ABI). MSI status was

determined by the presence of additional bands in the PCR product

from tumor DNA. MSI-high (MSI-H) status was defined as instability in

at least two of the five microsatellite loci, whereas MSI-low (MSI-L)

was defined as instability in only one locus. In addition, MSI-negative

was defined as having no shifted loci according to NCI criteria.20

However, in the present study, tumors categorized as MSI-L and MSI-

negative were considered MSS in this analysis.

2.5 | Analysis of KRAS and BRAF mutations

Mutations in KRAS (codons 12 and 13) and BRAF (V600E) genes were

analyzed using a CE-IVDmarked PyroMark (Qiagen, Hilden, Germany)

according to themanufacturer's protocols (Therascreen KRAS Pyro Kit

Handbook, version 1, July 2011). The primers used in the present study

were described previously.21 The cut-off value for the mutation

assay was 15% mutant alleles. Each PCR product was examined by

pyrosequencing using PyroMark Gold Q96 reagents, Streptavidin

SepharoseHigh Performance (GEHealthcare Bio-ScienceAB,Uppsala,

Sweden) and a PyroMark Q24 instrument (Qiagen) with PyroMark

Q24 1.0.6.3 software.

2.6 | Analysis of TP53 and PIK3CA mutations

Mutations in the TP53 gene in exons 5-8 and the PIK3CA gene in exons

9 and 20 were examined by PCR single-stranded conformation

polymorphism (PCR-SSCP), with some modifications.12 Mutations

obtained by SSCP in the TP53 and PIK3CA genes were then analyzed

by sequence analysis. Briefly, PCRwas used to amplify exons 5-8 of the

TP53 gene and exons 9 and 20 of the PIK3CA gene. The conditions for

PCR were described previously.22 Briefly, the PCR products (2 µL)

were mixed with 10 µL of gel loading solution (9.5% deionized

formamide, 20mM EDTA-Na, 0.05% xylene cyanol, and bromphenol

blue), denatured at 95°C for 5min, and then kept on ice until loading.

Nondenaturing 7.5% polyacrylamide gels were used for electrophore-

sis, which was performed at 260-300 V and 22°C for 3-12 h using a

temperature controller (Resolmax, ATTO Co., Tokyo). The gels were

visualized by silver staining and photographed. The migrated bandwas

removed from the gel, and the DNA was extracted. The sequence was

determined by direct sequencing, as previously described.

2.7 | Pyrosequencing for evaluation of methylation

The DNA methylation status was determined by PCR analysis of

bisulfite-modified genomic DNA (EpiTect Bisulfite Kit; Qiagen) using

pyrosequencing for quantitative methylation analysis (Pyromark Q24;

Qiagen NV). The primers used in this study were designed

previously.13,21

DNA methylation was quantified using six specific promoters

originally described by Yagi et al and Kaneda and Yagi.15,16 Briefly,

after methylation analysis of the first panel of three markers (RUNX3,

MINT31, and LOX), tumors with hypermethylated epigenomes (HMEs)

were identified based on methylation with at least two methylated

markers. The remaining tumors were examined using a second panel of

three markers (NEUROG1, ELMO1, and THBD). Tumors with interme-

diate methylated epigenomes (IMEs) were defined as those with at

least twomethylatedmarkers, whereas tumors not classified as having

HMEs or IMEs were designated as showing hypomethylated

epigenomes (LMEs); that for the methylation assay was 30% of tumor

cells, as previously reported.15,16

2.8 | SCNA analysis

Extracted DNA was adjusted to a concentration of 50 ng/µL. All 106

paired samples were assayed using an Infinium HumanCyto

SNP-12v2.1 BeadChip (Illumina, San Diego, CA), which contains

299 140 single nucleotide polymorphism (SNP) loci, according to the

Illumina Infinium HD assay protocol.12 BeadChips were scanned using

iScan (Illumina) and analyzed using GenomeStudio software (v.2011.1;

Illumina). The log R ratio (LRR) and B allele frequency (BAF) for each

sample were exported from normalized Illumina data using

GenomeStudio. Data analysis was performed using KaryoStudio

1.4.3 (CNV Plugin v3.0.7.0; Illumina) with default parameters.

CNVs were classified as described below. In the classification of

chromosome copy number variations by CNV partition algorithms,

LRR 0 indicated a normal diploid region, LRR greater than 0 indicated a

copy number gain, and LRR less than 0 indicated a copy number

loss-of-heterozygosity (LOH). BAF values ranged from 0 to 1;

homozygous SNPs had BAFs near 0 (A-allele) or 1 (B-allele), and

heterozygous diploid region SNPs had BAFs near 0.5 (AB genotype).

Additionally, LRR and BAF data were used to identify regions of

hemizygous and copy-neutral LOH.

In the present study, we classified copy number alterations into

three types, including copy number gains (CN-gains), copy number-

loss of heterozygosity (LOH), and copy neutral-LOH.12

2.9 | Statistical analysis

Hierarchical analysis was performed for clustering the samples

according to the SCNA pattern in order to achieve maximal

homogeneity for each group and the highest difference between

groups. The clustering algorithmwas set to centroid linkage clustering,

the standard hierarchical clusteringmethod used in biological analyses.

The method was described elsewhere.
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Data obtained for histological features, mutations, methylation,

and SCNA status based on each subgroup were analyzed using

chi-square tests with Yates' corrections with the aid of Stat Mate-III

software (Atom, Tokyo, Japan). Differences in age distributions

between the two groups were analyzed using Mann-Whitney U tests

(PRISM6; GraphPad software, La Jolla, CA). Differences with P values

of less than 0.05 were considered significant.

3 | RESULTS

In the present study, hierarchical clustering analysis based on the

SCNA pattern, including gains, LOHs, and copy-neutral LOHs, was

carried out to examine differences in genetic alterations in samples

from patients with CRC.

Three distinct subgroups were categorized, as shown in Figure 1.

The vertical line shows SCNAs, and the horizontal lines denote

“relatedness” between samples and SCNAs at the chromosomal loci.

The CRCs examined in this study were categorized into three distinct

patterns in the cluster analysis.

The clinical findings in each subgroup categorized based on SCNAs

are listed in Table 2. The frequency of right-sidedCRCwas significantly

higher in subgroup 1 than in subgroup 3.

3.1 | SCNAs in CRCs we examined

The mean total number of chromosomal aberrations per patient was

548, with an average of 419 gains (range: 0-583), 48 LOHs

(range: 0-157), and 81.7 copy-neutral LOHs (range: 0-328).

Regions of gain detected in more than 50% of cases were located

at 7p22.1, 7q11-12, 7q21.12, 7q33, 8q22.1, 8q23.2, 13q11-13,

13q21-22, 13q31.2-32.3. 13q34, 20p11.21, 20q11.23, and 20q21-23

in the CRCs examined in this study. Additionally, regions of LOH (more

than 50% of cases) were at 18p11.32, 18p21-23, and 18q in the CRCs.

No copy-neutral LOHs showing more than 50% of cases were found in

the examined CRCs. The average frequencies of SCNAs across the

entire genome are shown in Figure 2.

3.2 | SCNAs in subgroups 1, 2, and 3

The SCNAs of all chromosomes according to each subgroup are shown

in Figure 3A-C. The mean total number of chromosomal aberrations

per patient was 198, with an average of 104 gains (range: 0-291),

50 LOHs (range: 0-184), and 44 copy-neutral LOHs (range: 0-292) in

subgroup 1. In subgroup 3, the mean total number of chromosomal

aberrations per patient was 529, with an average of 415 gains

(range: 271-583), 47 LOHs (range: 1-127), and 67 copy-neutral LOHs

(range: 0-182). Finally, in subgroup 2, the mean total number of

chromosomal aberrations per patient was 530, with an average of 350

gains (range: 186-482), 46 LOHs (rang: 2-157), and 134 copy-neutral

LOHs (range: 9-328). There were significant differences in the total

numbers of CNAs between subgroups 1 and 2 or 3 (P < 0.01).

Moreover, significant differences were observed in the average

numbers of CN gains between subgroups 1 and 2 or 3 (P < 0.01).

Although LOHwas common between the three subgroups, there were

significant differences in the average numbers of CN LOHs between

subgroups 2 and 1 or 3 (P < 0.01).

Regions of gains detected in more than 50% of cases were located

at 20q11.21-13.33 in subgroup 1; 13q, 2q, 2p, 3q, 3p, 5p, 20q, 20p, 8q,

19q, 19p, 21q, 7q, 4p, and 4q (in decreasing order of frequency) in

subgroup 2; and 1q, 1p, 10q, 10p, 21q, 2q0p, 8q, 8p, 12q, 12p, 5p, 3q,

7p, 7q, 9p21-11-22.32, 15q21.2-26.3, 19q, 19p, and 16q12.1-.21 in

subgroup 3. LOHs detected in more than 50% of cases were found at

18q21.33-22.3 in subgroup 1, 18q, and 18p in subgroups 2 and 3, and

8p12.22 in subgroup 3. Copy-neutral LOH was not detected in any

subgroup. These results are summarized in Table 3.

3.3 | Differences in SCNAs between subgroups

Next, we examined differences in SCNAs between the three subgroups.

Regions of gain detected in more than 50% of cases were selected for

comparison of each group. We also examined regions of loss found in

more than around 30% of cases in the three subgroups.

Significant differences in gains between subgroups 2 and 3 were

found at 1q23.1-44, 1p11.2-36.33, 10q11.23-26.3, 10p11.21-13,

12q24.21-24.32, and 13q33.1-33.3 (subgroup 2 < subgroup 3; Table 4).

Significant differences in the frequencies of copy-neutral LOHbetween

subgroups 2 and 3 were found at 12p12.2–13.1, 1q24.3–25.1, and

10q22.1 (subgroup 3 < subgroup2; Table 4). However, no differences in

the frequency of LOH were found between the three subgroups.

Significant differences in the frequencies of CN gains were observed

betweensubgroups1and2at2q, 2p, 3q, 3p, 5p, 4q, 4p, 21q,19q, and19p

(Supplementary Table S1). Although no significant differences in LOH

were observed between subgroups 1 and 2, significant differences in

copy-neutral LOH at 5q31-33, 5q21-22, 22q11-12, 17q21-25,

17p11-13, and 12p11-12 were found between subgroups 1 and 2.

Finally, we examined significant differences in the frequencies of

SCNAs between subgroups 1 and 3. Significant differences in CN gains

between subgroups 1 and 3were observed at 1p, 1q, 2p, 2q, 3q, 3q, 4q,

5p, 5q, 6p, 6q, 7p, 7q, 8p, 8q, 9p, 9q, 10p, 11p, 11q, 12p, 12q, 13q, 14q,

16p, 16q, 19p, 19q, 20q, 21q, and 22q (subgroup 1 < subgroup 3)

(Supplementary Table S2). There were significant differences in the

frequencies of CN-LOH at 17q24-25 and 17p11-13 between

subgroups 1 and 3. However, no significant differences in LOH

were found between subgroups 1 and 3.

When regions of gains detected in more than 40% of cases were

selected for comparisons of the groups, common SCNAs between the

three subgroups were gains at 7p15.2, 7q11-12, 8q21-24, 20q11-13,

and LOHs of 17p11, and 18p/q.

3.4 | Differences in MSI, mutations in cancer-related
genes, and methylation statuses between subgroups
1, 2, and 3

The frequency of MSI-high status was significantly higher in subgroup

1 than in subgroup 3. However, therewere no significant differences in
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the frequencies of MSI-high status between subgroups 2 and 3. Next,

we examinedmutations in TP53,KRAS,BRAF, and PIK3CA in subgroups

1, 2, and 3. The frequency of KRASmutation was significantly higher in

subgroup 3 (20/30, 66.7%) than in subgroup 1 (21/59, 35.6%;

P = 0.02). In addition, TP53, BRAF, and PIK3CA mutations were not

correlated with subgroups 1, 2, or 3. Finally, we analyzed methylation

statuses in subgroups 1, 2, and 3 and found that there were no

significant differences in the frequencies of methylation statuses

among the subgroups. These results are summarized in Table 5.

4 | DISCUSSION

CRC results from the accumulation of somatic CNAs.23–25 Genome-

wide analysis of SCNAs provides opportunities for identifying cancer

driver genes in an unbiased manner.11 Recent studies have shown that

manymolecular mechanisms affect the development of CRC,7,8,10,12,13

contributing to advancements in approaches for the clinical diagnosis

and treatment of CRC.8,10 Our current data indicated that there were

three molecular patterns based on SCNAs, as identified by

high-throughput genomic analysis. Thus, analysis of the molecular

patterns of CRC according to SCNAs may help us to understand the

characteristics of colorectal carcinogenesis.11 We showed that the

three patterns established based on SCNA patterns were closely

associated with clinicopathological and molecular findings in CRCs.

Moreover, our study confirmed that molecular alterations based on

SCNAs converged into three different patterns during colorectal

progression.

A previous study showed that there are two molecular types of

colorectal carcinogenesis, including MSS and MIN.2,3 The majority of

CRC cases are classified into the MSS phenotype (approximately

80-90%), and the remaining CRC cases (approximately 10-20%) are

assigned into the MIN phenotype.2–4 However, CRC with the MSS

phenotype is thought to be a heterogeneous disease. We showed that

CRC with the MSS phenotype could be largely classified into two

subtypes in terms of SCNAs (low frequency SCNAs and high frequency

SCNAs). The latter subgroup can be further sub-classified into two

subgroups based on differences in SCNAs in the tumor cells. In the

present study, subgroup 3 was distinguished from subgroup 2 by gains

at 1q23.1-44, 1p11.2-36.33, 10q11.23-26.3, 10p11.21-13,

12q24.21-24.32 (subgroup 2 < subgroup 3), and 13q33.1-33.3 and

copy-neutral LOH at 12p12.2-13.1, 1q24.3-25.1, and 10q22.1

(subgroup 2 > subgroup 3). In addition, there were significant differ-

ences in the average numbers of CN-LOHs between subgroups 2 and 1

or 3. These findings suggest that CN-LOH or CN-LOH on the specific

chromosomal loci (12p12.2-13.1, 1q24.3-25.1, and 10q22.1) played

certain roles in the development of CRC with the MSS phenotype.

Thus, these findings revealed that although CRC was a complex

disease with regard to pathological and molecular findings,3,4,5 CRC

with the MSS phenotype, which is the major phenotype of CRC, could

result in a more simple disease in terms of SCNAs (CRC could be

represented by only three subgroups). The molecular profiles

established by the SCNA patterns described in this study provide

important insights into the molecular processes that are influenced by

a wide range of complex alterations and that can be used as a basis for

the development of new strategies to predict and prevent CRCs.7

FIGURE 1 Hierarchical cluster analysis based on copy number alterations in 106 colorectal cancer specimens
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Vogelsteinet al26 first proposedamultistepgeneticmodel of colorectal

carcinogenesisdefinedbymultipleLOHsandgeneticmutations (APC,KRAS,

DPC, and TP53 genes). Although there continue to be refinements to the

original model, several key principles have been established, including that

multiple SCNAs are required for the progression of CRC.27,28 The detection

of aberrant SCNAs may provide novel markers for the early diagnosis and

personalized treatmentofCRC.11Amajor challenge in array-basedprofiling

of SCNAs is to distinguish the alterations that play causative roles from the

random alterations that accumulate during colorectal carcinogenesis.11 In

the present study, we described frequent SCNAs that may characterize

tumor progression in CRC, including regions of gains at 7p22.1, 7q11-12,

7q21.12, 7q33, 8q22.1, 8q23.2, 13q11-13, 13q21-22, 13q31.2-32.3,

13q34, 20p11.21, 20q11.23, and 20q21-23 and regions of LOH at

18p11.32,18p21-23, and18q in theCRCsweexamined (more than50%of

cases). Although these findings were mostly consistent with previous

studies, themolecularprofilesweproposed in this studyweredifferent from

those of other previous studies.7,23,24 Our hypothesis was characterized by

multiple CNgains and fewCN losses (8p [around40%], 17p [approximately

40%], and 18p/q). This current hypothesis suggested that CN gains may

contribute to theprogressionofCRCrather thanCNlosses, as supportedby

a previous study showing the presence of many CN gains in genome-wide

analysis in CRCs.17 Thus, we suggest that themain alteration governing the

molecular mechanisms of CRC is oncogenic potential.

Most CRCs examined in this study were subgroup 1 tumors

characterized by a low frequency of SCNAs. In addition, subgroup 1

was closely associated with a high frequency of MSI-high, BRAF

mutations, and high methylation status compared with subgroups 2

and 3, although differences in the frequencies of BRAF mutations and

HMEwere not significant. CN gains at 7p15.2, 7q11-12, 8q21-24, and

20q11-13 and LOHs at 17p11 and 18p/q were frequently found in

subgroup 1. However, both CRC with the MSI-high phenotype and

CRC with the MSS phenotype were involved in subgroup 1. This

finding suggested that CRC with the MSS phenotype in subgroup 1,

which accounted for about half of all CRC cases examined in this study,

showed a pattern similar to theMSI-high phenotype found in subgroup

1 in terms of SCNA pattern and that these molecular alterations may

characterize right-sided CRC. Thus, clustering of SCNA patterns could

improve our understanding of the molecular carcinogenesis of CRC.

Previous studies have shown that multiple SCNAs are frequently

found inCRCs.23–25 In the present study,we found significant differences

in gains and LOHs between subgroups 2 and 3, whichwere characterized

bymultiple SCNAs. This finding suggested that different patterns existed

TABLE 2 Clinicopathological features in each subgroup categorized based on copy number alterations

Characteristics Subgroup 1 Subgroup 2 Subgroup 3 P-value

Total 59 (%) 17 (%) 30 (%)

Gender

Male 25 (42.4) 7 (41.2) 20 (66.7) NS

Female 34 (57.6) 10 (58.8) 10 (33.3)

Age

Median (range) 73 (39-90) 70 (40-88) 72 (47-87) NS

Location

Right sided 26 (44.1) 9 (52.9) 4 (13.3) <0.01

Left sided 33 (55.9) 8 (47.1) 26 (86.7)

Differentiation

WDA 5 (8.5) 1 (5.9) 0 (0) NS

MDA 48 (81.4) 15 (88.2) 29 (96.7)

Other 3 (5.1) 1 (5.9) 1 (3.3)

Lymphatic invasion

Negative or low 56 (94.9) 15 (88.2) 27 (90.0) NS

High 3 (5.1) 2 (11.8) 3 (10.0)

Venous invasion

Negative or low 54 (91.5) 12 (70.6) 27 (90.0) NS

High 5 (8.5) 5 (29.4) 3 (10.0)

TNM stage

I 12 (20.3) 4 (23.5) 2 (6.7) NS

II 19 (32.2) 3 (17.7) 9 (30.0)

III 23 (39.0) 6 (35.3) 13 (43.3)

IV 5 (8.5) 4 (23.5) 6 (20.0)
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in terms of progressive accumulation of multiple SCNAs during CRC

development. In the present study, gains at 1q23.1-44, 1p11.2-36.33,

10q11.23-26.3, 10p11.21-13, 12q24.21-24.32, and 13q33.1-33.3 may

be key genetic events characterizing tumors in subgroup 3. Of the

chromosomal alleles showing CN gains, MAP3K8 (Mitogen-Activated

Protein Kinase Kinase Kinase8; 10q11),28 5-lipoxygenases (Loxs; ALOX5,

Arachidonate 15-Lipoxygenase at 10q11),29 LIG4 (DNA ligase 4;

12q23),30 and MSI1 (Musashi-1; 12q24)31 may be suitable as candidate

genes that are responsible for the gains. Notably, a prior report showed

that overexpression of MAP3K8 is correlated with poor prognosis in

patients with early-onset CRC.28 Additionally, a separate study showed

that 5-Lox is upregulated in CRC and that inhibition of 5-Lox expression

may be valuable for the prevention and treatment of CRC.29 Another

previous study revealed that LIG4, a DNA ligase in DNA double-strand

break repair, is a direct target of β-catenin and that blocking LIG4

sensitizesCRCcells to radiation.30Moreover, LIG4 is highlyupregulated in

human CRC cells through β-catenin hyperactivation, which is closely

associated with Wnt signal activation.30 This finding suggests that LIG4

plays a specific role in Wnt signaling-induced radioresistance in CRC.30

Finally, a recent study showed that the stem cell marker MSI1 is

overexpressed in many cancer types, including CRC.31,32 MSI1 is highly

expressed in primary colon tumors and metastatic lesions in the lymph

nodes as compared with that in paired adjacent normal colon mucosal

tissue.31,32 We suggest that these candidate genes located at 10q11 and

12q23-24 may contribute to the development of CRC.

Copy-neutral LOHs at 12p12.2-13.1, 1q24.3-25.1, and 10q22

contributed to clustering of tumors in subgroup 2. Copy-neutral LOH,

referred to as uniparental disomy, leads to LOH by duplication of a

maternal or paternal chromosome or chromosomal region33,34 this

process should be studied in greater detail given that mutations

occurring in duplicated alleles by CN LOH enhance oncogenic

potential.33,34 Among frequent copy-neutral LOHs at 12p12.2-13.1,

1q24.3-25.1, and 10q22 occurring in tumors in subgroup 3, that at

12p12-13 was interesting because the oncogene KRAS is mapped to

12p12.1 and is closely associatedwith colorectal carcinogenesis. KRAS

mutations could be activated by amplification, resulting in duplication

of the KRAS gene through CN LOH. If this hypothesis is correct, further

studies are needed to assess KRAS mutations in colorectal carcino-

genesis. In addition, KRAS mutations were more frequent in tumors in

subgroup 3 than in tumors in subgroup 1. The mutation status of the

KRAS gene in tumors may affect the response to cetuximab and could

have treatment-independent prognostic value.35 Thus, our results

suggested that the therapeutic effects of cetuximab may be inhibited

by double restriction of KRAS mutations (tumors in subgroup 3) and

frequent CN LOH at 12p12.1 containing KRAS (tumors in subgroup 2)

in tumors in subgroups 2 and 3.

FIGURE 2 Ideogram of copy number alterations in 106 colorectal cancers specimens. Chromosomes are ordered from 1 to 22. The colored
horizontal lines represent the frequencies of gains, LOHs, and CNLOHs. Lines on the left indicate losses (red, copy neutral LOH; gray, LOH),
and those on the right (green) indicate gains
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According to the multistep process of carcinogenesis established by

Vogelstein et al26 TP53 mutations play a central role in colorectal

carcinogenesis. In the present study, TP53 mutations were commonly

observed in tumors in all three subgroups. Mutations in TP53 are closely

associatedwith genomic instability related to multiple SCNAs.3,5 However,

the present data showed that common alterations found in tumors in

subgroups2and3werecharacterizedbymultipleSCNAsandthat tumors in

subgroup 1 showed a low frequency of SCNAs. This finding suggested that

TP53mutationsoccurredprior toprogressionofCRC to an advanced stage,

emerging during the early stage of colorectal carcinogenesis.

Epigenetic alterations, particularly DNA methylation in selected

gene promoters, are important molecular alterations in CRCs.14,15 In

the present study, each subgroup shared an intermediate level of DNA

methylation in the whole genome of CRC cells. This finding was

consistent with a previous study reported by Kaneda and Yagi16

suggested that considerable DNAmethylation may be required for the

development of CRC. In addition, our data showed that CRC arose as a

consequence of the accumulation of genetic and epigenetic alterations

during neoplastic transformation.

There are some limitations to our study. First, The Cancer Genome

Atlas (TCGA) provides representative data for CRCs.7 Although TCGA

platform is different from that of the present study,7 it is important to

compare molecular alterations from TCGA database with those of the

present study. The molecular patterns we proposed were different

from those of TCGA, as shown in our current findings. In TCGA,

molecular alterations were also subclassified into hypermutated and

non-hypermutated type.7 Our data indicated that although molecular

pathways could be divided into three subgroups based on SCNAs,

hypermutated, and non-hypermutated types corresponded to theMSI

type in subgroup 1 and the remaining tumors in subgroup 1 plus tumors

in subgroups 2 and 3, respectively. In addition, our classification was

characterized by distinct clinicopathological and molecular findings.

We believe that the present findings are useful to evaluate the

molecular basis of colorectal carcinogenesis. Second, association of

FIGURE 3 Ideogram of copy number alterations in three subgrouops categorized based on copy number alteation pattern. Chromosomes
are ordered from 1 to 22. The colored horizontal lines represent the frequencies of gains, LOHs, and CNLOHs. Lines on the left indicate
losses (red, copy neutral LOH; gray, LOH), and those on the right (green) indicate gains. A, Ideogram of copy number alterations in subgroup
1. B, Ideogram of copy number alterations in subgroup 2. C, Ideogram of copy number alterations in subgroup 3
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the present molecular classification with patient prognosis could not

be examined, given that most cases of CRC examined in this study had

been diagnosed within the last 5 years. Future studies are needed to

identify the relationships between the current classifications and

patient prognosis in CRC.

In conclusion, we used a high-density professional whole-genome

SCNA array that covered more than approximately 300 000 SNPs to

define a comprehensive allelotype for a heterogeneous group of

sporadic CRCs based on SCNAs. In the present study, we found that

CRC could be classified into three phenotypes (subgroups 1, 2, and 3)

TABLE 3 Comparison of regions frequent CNAs in each subgroup

Chromosomal
regions

Subgroup 1
n = 59 (%)

Chromosomal
regions

Subgroup 2
n = 17 (%)

Chromosomal
regions

Subgroup 3
n = 30 (%)

Gain 20q11.21-13.33 30-32 (50.8-54.2) 13q 15-16 (88.2-94.1) 1q 23-28 (76.7-93.3)

2q 12-14 (70.6-82.4) 1p 20-28 (66.7-93.3)

2p 11-13 (64.7-76.5) 10q 19-24 (63.3-80.0)

3q 11-12 (64.7-70.6) 10p 22-24 (73.3-80.0)

3p 9-12 (52.9-70.6) 20q 23-24 (76.7-80.0)

5p 11-12 (64.7-70.6) 20p 19-23 (63.3-76.7)

20q 11 (64.7) 8q 19-23 (63.3-76.7)

20p 10-11 (58.8-64.7) 8p 16-21 (53.3-70.0)

8q 9-13 (52.9-76.5) 12q 20-22 (66.7-73.3)

19q 9-11 (52.9-64.7) 12p 21-22 (70.0-73.3)

19p 9-10 (52.9-58.8) 13q 16-21 (53.3-70.0)

21q 9-10 (52.9-58.8) 5p 20 (66.7)

7q 9-10 (52.9-58.8) 3q 16-19 (53.3-63.3)

4q 9 (52.9) 7q 17-18 (56.7-63.3)

4p 9 (52.9) 7p 17-19 (56.7-63.3)

9q21.11-22.32 17 (56.7)

15q21.2-26.3 16-18 (53.3-60.0)

19q 16-18 (53.3-60.0)

19p 17 (56.7)

16q12.1-21 16 (53.3)

LOH 18q21.33-22.3 30-31 (50.8-52.5) 18q 12 (70.6) 18q 19 (63.3)

18p 10 (58.8) 18p 16-17 (53.3-56.7)

8p12-22 16 (53.3)

Copy-neutral LOH None None None

TABLE 4 Significant differences in the frequencies of CNAs between subgroup 2 and subgroup 3

Chromosomal regions
Subgroup 2
n = 17 (%)

Subgroup 3
n = 30 (%) P value

Gain 1q23.1-44 7-8 (41.2-47.1) 26-28 (86.7-93.3) <0.01

1p11.2-36.33 3-4 (17.6-23.5) 20-28 (66.7-93.3) <0.01

10q11.23-26.3 4-5 (23.5-29.4) 22-25 (73.3-83.3) <0.01

10p11.21-13 6 (35.3) 24 (80.0) <0.01

12q24.21-24.32 5 (29.4) 22 (73.3) <0.01

13q33.1-33.3 16 (94.1) 16 (53.3) <0.01

LOH None

Copy-neutral LOH 12p12.2-13.1 6 (35.3) 0 (0) <0.01

1q24.3-25.1 5 (29.4) 0 (0) 0.01

10q22.1 5 (29.4) 0 (0) 0.01
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based on SCNAs. Taken together, our findings showed that subgroup 1

was characterized by a low frequency of SCNAs and a high frequency

ofMSI-high status, and subgroups 2 and 3were closely associatedwith

a high frequency of SCNAs. Subgroup 3 was distinguished by

specific alterations, including gains at 1q23.1-44, 1p11.2-36.33,

10q11.23-26.3, 10p11.21-13, 12q24.21-24.32, and 13q33.1-33.3,

and copy-neutral LOH at 12p12.2-13.1, 1q24.3-25.1, and 10q22.1. In

addition, KRAS mutations were more frequent in subgroup 3 than in

subgroup 1. TP53 mutations and intermediate levels of DNA

methylation were common alterations in the three subgroups. Thus,

our findings suggested that SCNAs played an important role in the

progression of CRC. However, further studies are necessary to

determine the impact of these SCNAs on the outcomes of the disease.
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