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Tumor tissue consists of a heterogeneous cell population. The allelic imbalance

(AI) ratio, determined in isolated tumor glands, is a good index of tumor hetero-

geneity. However, associations of the patterns of AI and microsatellite instability

(MSI) development, observed in most cases of colorectal cancer (CRC), with tumor

progression have not been reported previously. In this study, we examined

whether CRC genetic profiles stratified by a combination of the AI ratio and MSI

facilitate categorization of CRC, and whether these genetic profiles are associated

with specific molecular alterations in CRC. A crypt isolation method was used to

isolate DNA from tumors and normal glands obtained from 147 sporadic CRCs. AI

and MSI statuses were determined using PCR-based microsatellite analysis and

stratified based on AI ratio and MSI status. DNA methylation status (high methy-

lation, intermediate methylation and low methylation status and mutations in

KRAS, BRAF, and TP53 were examined. In addition, mucin markers were

immunostained. Based on this analysis, four subgroups were categorized. Sub-

group 1 was characterized by a high MSI status and BRAF mutation; subgroup 2

was closely associated with a high AI ratio, which accumulated during the early

phases of colorectal carcinogenesis, and TP53 mutation; subgroup 3 was associ-

ated with a low AI ratio, seen during the later phases of colorectal carcinogene-

sis, and KRAS mutation; and subgroup 4 was defined as a minor subgroup. These

results confirmed that classification of distinct molecular profiles provides impor-

tant insights into colorectal carcinogenesis.

C olorectal cancer (CRC) is one of the most common types
of cancer and the second leading cause of cancer-related

deaths in developed countries.(1,2) Despite marked advances in
the evaluation of carcinogenesis and improvements in diagnos-
tic and treatment modalities, the specific genetic abnormalities
associated with CRC development remain unresolved.
Although surgery may be effective therapy to prevent the
recurrence of advanced CRC, subsequent liver metastasis is
still a problem in patients with CRC. To date, there is still no
appropriate targeted therapy reported to improve clinical out-
comes of patients with CRC. Therefore, further advances in
our understanding of the molecular carcinogenesis of CRC
would be useful for patients with CRC.
Integrated molecular and transcriptomic patterns in CRC,

including new insights from The Cancer Genome Atlas project
and the Consensus Molecular Subtype (CMS) Consortium,
have been demonstrated.(3–5) Whereas the former classification
is based mainly on genome-level alterations (hypermutation
and non-hypermutation), the latter is based on both expression
and genetic patterns (CMS 1, 2, 3, 4, and mixed features). In
addition, new classification systems have been proposed based
on comparisons of gene expression in tumor cells with that in
corresponding normal cell populations (stem-like,

inflammatory, transit-amplifying, and goblet-like cells and
enterocytes).(6) Although these molecular classifications of
CRC play an important role in evaluating colorectal carcino-
genesis, the proposed hypotheses are not based on the
clonal evolution of tumor cells thought to arise during tumor
progression.
The prevailing model of molecular genetics underlying CRC

suggests that this disease arises via clonal expansion of crypt
cells bearing genetic mutations,(7,8) microsatellite alterations
(e.g., microsatellite instability [MSI]), or chromosomal abnor-
malities. Such genetic and epigenetic alterations may result in
proliferative advantages in areas of tumor invasion, affecting
various tumor-related factors such as invasive ability and
tumor aggressiveness.(7–9) Chromosomal changes can occur as
chromosomal gains or losses, the latter of which involves loss
of heterozygosity (LOH), an important classical genetic alter-
ation occurring in tumor cells (e.g., chromosomal instability
[CIN]).(10–12) Moreover, MSI plays a major role in specific
types of CRC (in particular, the MSI-high phenotype) and is
closely associated with tumor development.(6–9) Subsequent
chromosomal changes, including LOH and MSI, act as drivers
for tumor progression or invasion.(10–13) The sequential acqui-
sition of chromosomal changes and MSI within the tumor
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tissue is expected to provide an important paradigm with
which to understand tumor progression in CRC.(14,15) How-
ever, tumor tissue has been shown to be heterogeneous in
terms of genetic alterations, including LOH and MSI,(14,15) and
tumor heterogeneity has been shown to play a key role in
facilitating tumor invasion and progression.(8) Indeed, compre-
hensive genetic analysis has demonstrated variability in the
genetic alterations and pathways that underlie CRC, suggesting
the presence of multiple disease subtypes that have evolved
through different routes. Clonal evolution is an essential con-
cept for evaluating tumor invasion and aggressiveness in
CRC.(7,8) Specifically, chromosomal change with the capacity
to drive heterogeneity within CRC plays an important role in
colorectal carcinogenesis.(14,15)

In this study, we aimed to examine clonal evolution based
on MSI and allelic imbalance (AI, similar to the concept of
LOH) using isolated tumor glands to obtain pure tumor cells
in CRCs. Our results allowed us to propose novel mechanisms
of carcinogenesis evaluated from a specific perspective. In
addition, we also discuss the potential roles of tumor clonal
evolution in the identification of molecular profiles of CRC.

Materials and Methods

Patients. A total of 147 CRC tissue samples and matched
normal colorectal tissues were used in this study. All samples
were obtained from the Department of Gastrointestinal Sur-
gery, Iwate Medical University Hospital between 2008 and
2014. Clinicopathological findings, including tumor location,
macroscopic type, histological classification, lymphatic inva-
sion, venous invasion, and tumor stage, were determined
according to the Classification of the Japanese Society for
Cancer of the Colon and Rectum.(16)

All patients who participated in this study provided written
informed consent, and the study was approved by the Ethical
Committee of Iwate Medical University.

Crypt isolation technique. Fresh tumor and normal tissues
were sampled from resected CRCs. The tumor samples were
obtained primarily from the central area of tumor ulceration.
Normal colonic mucosa was taken from the most distal portion
of the colon. Crypt isolation from the tumor and normal
mucosa was performed in accordance with a previously
reported method.(17) Briefly, fresh mucosa and tumor speci-
mens were minced with a razor into small pieces and then
incubated at 37°C for 30 min in calcium- and magnesium-free
Hanks’ balanced salt solution (CMF) containing 30 mM
ethylenediaminetetraacetic acid (EDTA). Following this proce-
dure, the tissue was then stirred in CMF for 30–40 min. Nor-
mal and tumor glands were separated from the lamina propria
mucosa or fibrous stroma. The isolated glands were immedi-
ately fixed in 70% ethanol and stored at 4°C until DNA extrac-
tion. DNA from normal and tumor glands was extracted by
standard SDS proteinase K treatment. DNA extracted from the
samples was resuspended in TE buffer (10 mM Tris–HCl,
1 mM EDTA [pH 8.0]).

Immunohistochemistry. Immediately after excision, tumor
specimens were fixed in 20% neutral buffered formalin,
embedded in paraffin wax, cut into 3-lm-thick sections, and
stained with hematoxylin and eosin (HE) for routine pathologi-
cal diagnosis. For immunohistochemical staining, additional
3-lm-thick sections were cut from the paraffin-embedded tis-
sue and placed on poly-L-lysine-coated glass slides. For deter-
mination of mucin phenotypes, immunostaining was performed
for MUC2 (Ccp58; Novocastra Laboratories, Newcastle, UK),

CD10 (56C6; Novocastra Laboratories), MUC5AC (CLH2;
Novocastra Laboratories), and MUC6 (CLH5; Novocastra
Laboratories).
Immunohistochemistry was performed using the DAKO

Envision+ system, consisting of dextran polymers conjugated
with horseradish peroxidase (DAKO), as previously
described.(18) Hematoxylin was used as the counterstain.

Evaluation of mucin expression. Cases of colorectal cancer
were classified into four groups (gastric type, small intestinal
type, colonic type, and mixed type or unclassified type)
according to their immunostaining patterns. The mucin pheno-
type of the tumor was defined as previously described.(19) The
cut-off value was determined as follows: immune-positive
results for more than 10% of the tumor cells were regarded as
positive, and immune-positive results for <10% were regarded
as negative, a previously reported.(19)

Analysis of MSI. MSI status was determined by five NCI
markers, including BAT25, BAT26, D2S123, D5S346, and
D17S250. MSI-high (MSI-H) was defined as two or more
markers being unstable, MSI-low (MSI-L) was defined as 1
marker being unstable, and microsatellite stable (MSS) was
defined as the absence of instability.(20)

Analysis of allelic imbalances at chromosomal loci. Normal
and tumor DNA were analyzed for allelic imbalance by poly-
merase chain reaction (PCR) amplification using polymorphic
dinucleotide repeat sequences, including 24 markers on chro-
mosomes 1p (D1S228, D1S548, and D1S507), 3p (D3S2402
and D3S1234), 4p (D4S2639 and D4S1601), 5q (D5S107,
D5S346, D5S82, and D5S299), 8q (D8S201, D8S513, and
D8S532), 9p (D9S171 and D9S1118), 13q (D13S162); 17p
(TP53), 18q (D18S487, D18S34, and DCC), and 22q
(D22S274, D22S1140, and D22S1168). The sequences of these
primers were obtained from The Genome Database (http://
gdbwww.gdb.org/gdb/). PCR was performed using a DNA
autosequencer (Applied Biosystems 9600 Sequencer; Applied
Biosystems, Foster City, CA, USA), as previously
described.(15) The data from the PCR analysis were collected
automatically and analyzed using GeneScan software (Applied
Biosystems) for allele scoring (allelic ratio) and assessment of
AI, as described previously. The formula employed for the cal-
culation was T2:T1/N2:N1, where T1 and N1 are the height
values for the smaller allele, and T2 and N2 are the height val-
ues for the larger allele of the tumor (T) and normal (N) sam-
ples, respectively. When AIs were observed in at least one
locus of the chromosomal loci examined, the imbalances of
those loci were confirmed.

Pyrosequencing for evaluation of methylation and mutations

in KRAS and BRAF. The DNA methylation status of each gene
promoter region and mutations in KRAS and BRAF were quan-
tified by PCR analysis of bisulfite-modified genomic DNA
(EpiTect Bisulfite Kit; Qiagen, Valencia, CA, USA) using
pyrosequencing (Pyromark Q24; Qiagen NV), as previously
described.(21) The primers for methylation analysis were
designed using the Pyromark Assay Designing Software pack-
age (Qiagen NV), with 3–4 CpG sites contained for analysis of
promoter methylation. The primers used for analysis of KRAS
and BRAF mutations are described elsewhere (the primers for
methylation analysis were designed and are not indicated in
this study).
DNA methylation was quantified at six specific promoters

originally described by Yagi and colleagues.(22) Briefly, using
a panel of three markers (RUNX3, MINT31, and LOX), high
methylation epigenome (HME) tumors were defined as those
with at least two methylated markers. The remaining tumors
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were examined using three additional markers (NEUROG1,
ELMO1, and THBD); intermediate methylation epigenome
(IME) tumors were defined as those with at least two methy-
lated markers. Tumors not classified as HME or IME were
designated as low methylation epigenome (LME) tumors.(22,23)

The cut-off value for the mutation assay was 15% mutant
alleles, while that for the methylation assay was 30% of tumor
cells, as previously reported.(21)

Analysis of TP53 mutations. Single-strand conformational
polymorphism (SSCP) analysis was used to screen PCR prod-
ucts derived from exons 5–8 of the TP53 gene in patient tumor
and normal mucosal DNA samples. PCR conditions, PCR-
SSCP, and sequencing of TP53 gene mutations were per-
formed according to previously described methods.(24) Direct
sequencing was performed using fluorescence-labeled
dideoxynucleotide triphosphates for automated DNA sequence
analysis (Applied Biosystems 373A Sequencer; Applied
Biosystems).

Statistical analysis. Hierarchical analysis was performed for
clustering the samples according to the MSI and AI ratio in
order to achieve maximal homogeneity for each group and the
highest difference between groups. The clustering algorithm
was set to centroid linkage clustering, the standard hierarchical
clustering method used in biological analyses.
Data obtained for histological features, immunohistochemi-

cal findings, and methylation status based on each subgroup
were analyzed using v2 tests with the aid of Stat Mate-III soft-
ware (Atom, Tokyo, Japan). If statistical differences between

the four groups were found, statistical analysis between two
groups was further performed using v2 tests (Stat Mate-III
software). Differences in age distributions between the four
groups were evaluated using the Kruskal–Wallis H-test with
the aid of Stat Mate-III software (Atom). Differences with
P-values of < 0.05 were considered significant.
Finally, cancer-specific patient survival was calculated from

the date of surgery to that of the last follow-up or patient
death. A univariate survival analysis was performed according
to the Kaplan–Meier method, and survival curves were com-
pared using the log-rank test.

Results

In the present study, hierarchical clustering analysis based on
the allelic ratio of AI and MSI status was performed to exam-
ine differences in genetic alterations in samples from patients
with CRC. In the CRC samples examined in this study,
the allelic ratios were subdivided into five categories: 0–0.2,
0.2–0.4, 0.4–0.6, 0.6–0.8, and 0.8–1.0. A high allelic ratio at
the chromosomal locus was indicative of accumulation of AIs,
suggesting that the AIs had been acquired from the early
phases of carcinogenesis. On the other hand, a low allelic ratio
at the chromosomal locus was indicative of late acquisition of
AI during colorectal carcinogenesis.
Four distinct subgroups were defined, as shown in Figures 1

and 2. The vertical line shows the degree of the allelic ratio of
AI at the chromosomal loci and MSI status, and the horizontal

Fig. 1. Clinicopathological findings from hierarchical cluster analysis of cases of colorectal cancer (CRCs) using PCR-based microsatellite analysis.
The examined CRCs were classified into four subgroups.
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lines denote relatedness between samples. MSI-high status was
frequently found in subgroup 1. Tumors with multiple AIs that
were accumulated in the early stages of CRC were categorized
into subgroup 2. On the other hand, AIs at chromosomal loci
examined were found in tumors in subgroup 3, which showed
a low frequency of AI. Subgroup 4 comprised tumors that did
not belong to the other subgroups.
There were significant differences in the frequencies of

right-sided location between subgroup 1 (7 out of 9 tumors)
and subgroup 2 (15 out of 62 tumors; P < 0.01) and between
subgroup 2 and subgroup 3 (29 out of 67 tumors; P < 0.05).
In addition, the frequencies of well-differentiated adenocarci-
noma were significantly higher in subgroups 1 and 3 than in
subgroup 2 (P < 0.01 for both). Although the frequency of
tumors without venous invasion was significantly higher in
subgroup 1 (5 out of 9 tumors) than in subgroup 2 (4 out of
62 tumors), subgroup 3 (11 out of 67 tumors), and subgroup 4
(0 out of 9 tumors), differences in tumors without lymphatic
invasion were not significant among the four subgroups. Addi-
tionally, no significant differences in the frequencies of clini-
copathological factors, including, sex, age, and Dukes’
classification, were observed among the four subgroups. These
findings are summarized in Table 1.
The frequencies of small intestinal type tumors were sig-

nificantly higher in subgroup 2 (18 out of 62, 29.0%) and
subgroup 3 (14 out of 67, 20.9%) than in subgroup 1 (0 out
of 9 tumors; P < 0.01 and P < 0.05, respectively). In

addition, there was a significant difference in the frequency
of colonic type tumors between subgroup 1 (0 out of 9
tumors) and subgroup 2 (30 out of 67; 44.8%) or 3 (24 out
of 62; 38.7%). Significant differences were also observed in
the frequencies of mixed type tumors between subgroup 1 (7
out of 9 tumors; 77.8%) and subgroup 2 (12 out of 62;
19.4%) or 3 (17 out of 67; 25.4%; P < 0.05 and P < 0.01,
respectively).
MSI-high status was more frequently found in subgroup 1 (0

out of 9 tumors) than in subgroup 2 (0 out of 62 tumors) or
subgroup 3 (0 out of 67 tumors; P < 0.01), as shown in
Table 2. Although subgroup 1 showed a high frequency of
HME (4 out of 9 tumors) compared with the other 3 groups
(subgroup 2: 8 out of 63 tumors; subgroup 3: 9 out of 67
tumors; subgroup 4: 1 out of 9 tumors), the difference did not
reach statistical significance (P = 0.1; Fig. 3). The frequency
of TP53 mutations in subgroup two tumors was significantly
higher than that in tumors from subgroups 3 and 1 (P < 0.05
and P < 0.01, respectively). KRAS mutations were more fre-
quently found in subgroup 3 tumors than in tumors from sub-
groups 1 and 2 (P < 0.05 and P < 0.01, respectively). In
addition, there was a significant difference in KRAS mutations
between subgroups 1 and 3 (P < 0.05). The frequency of
BRAF mutations was significantly higher in tumors in sub-
group 1 than in tumors in subgroups 2, 3, and 4 (P < 0.01).
The differences in TP53, KRAS, and BRAF mutations are
shown in Figure 4.

Fig. 2. Molecular findings from hierarchical cluster analysis of cases of colorectal cancer (CRCs) using PCR-based microsatellite analysis. The
examined CRCs were classified into four subgroups.
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Finally, Kaplan–Meier analysis was performed to determine
and compare the cancer-specific 5-year survival rates. In this
analysis, no patients in subgroup 1 or 4 died of CRC. On the
other hand, although the survival of patients with CRC in sub-
groups 2 and 3 was decreased slightly, cancer-specific patient
survival was not correlated with the molecular patterns of sub-
group 2 or 3. The survival curves are shown in the (Fig. S1).

Discussion

Tumor heterogeneity is known to arise through selection and
expansion of different cancer cell clones bearing genetic
changes (e.g., mutations, chromosomal alterations, and epige-
netic changes), conferring survival and proliferative adaptabil-
ity.(8,9,25) Heterogeneity can also arise from plasticity in tumor
cell behavior, which is defined by reversible phenotypic
changes driven by diverse molecular changes, including chro-
mosomal changes, microsatellite alterations, micro-environ-
mental factors, or therapeutic factors.(8,26) Among these
factors, chromosomal changes and MSI are thought to con-
tribute most to tumor heterogeneity.(25,26) In this work, we
hypothesized that intratumor heterogeneity in CRC may be
associated with a specific genetic profile, as stratified by PCR-
based microsatellite analysis. We also assessed whether the
certain subclonal populations (stratified subgroups) contributed
to the development of the different types of tumors.
Our analytical design was based on the two genetic markers

of AI and MSI, which were independent from each other, given
that the occurrence of AI (LOH) and MSI-high phenotypes in
tumors is thought to be mutually exclusive.(27) While the pres-
ence or absence of MSI was used for hierarchical cluster analy-
sis, the AI ratio was utilized to stratify the CRC specimens
examined in this study. The AI ratio represented the ratio of
tumor cells having AI because the isolated tumor glands con-
sisted only of tumor cells. For example, a tumor was considered

Table 1. Clinicopathological findings of colorectal cancer examined according to PCR-based microsatellite analysis

** *

**

***

***
***

***

***
*** *

**

muc, mucinous adenocarcinoma; pap, papillary adenocarcinoma; por, poorly differentiated adenocarcinoma; tub1, well differentiated adenocar-
cinoma; tub2, moderately differentiated adenocarcinoma. *P < 0.05; **P < 0.01; ***P < 0.001.

Table 2. Frequencies of microsatellite instability (MSI) statuses

according to subgroups stratified by PCR-based microsatellite analysis

*

*

*

*P < 0.001.
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to have allelic imbalance if the allele peak ratio was ≤0.60,
demonstrating that 60% of the given tumor glands had an
AI.(17) According to this theory, the CRCs examined in this
study were expected to be stratified into some subgroups based
on MSI and AI ratio; specifically, tumors with MSI-high status,
tumors with high allelic ratios, tumors with low allelic ratios,
and other tumors. Tumors with high allelic ratios were charac-
terized by acquisition of AI at the early phases of tumor devel-
opment. On the other hand, tumors with low allelic ratios
acquired AI during the late phases of tumor development.
These contrasting subgroups may have different genetic pro-
files. Little has been reported on the timing of AI and MSI
appearance during tumor development. Therefore, our aim was
to identify an association of the timing of AI and MSI develop-
ment with colorectal carcinogenesis using isolated tumor glands
to examine the tumor cell ratio within the tumor tissues.
To determine the role of MSI in tumorigenesis and recon-

cile our findings with previous reports,(20) a consensus has
been reached to classify tumors into three types: MSI-high,

MSI-low, and MSI-negative (MSS, microsatellite stable),
according to the NCI criteria previously reported by Boland
et al.(20) Using this classification, we found that all tumors in
subgroup 1 exhibited MSI, 90% of tumors with MSI-low sta-
tus were subclassified into subgroup 2, and most tumors with
MSS were assigned to subgroups 2, 3, and 4. Subgroup 1
tumors, classified as having MSI-high status, exhibited dis-
tinct clinicopathological features, including predominant prox-
imal location, specific histology (mucinous and poorly
differentiated adenocarcinomas), no distant metastasis, and
lower frequencies of venous invasion. In addition, our study
showed a significantly high frequency of BRAF mutations in
this subgroup, as shown in previous studies.(11,12) However,
the frequency of HME in subgroup 1 was significantly differ-
ent from those in the other three subgroups. The present
study thus supported the hypothesis that subgroup 1 tumors,
characterized by a high level of MSI, were clinicopathologi-
cally and genetically distinguishable from tumors in other
subgroups.

Fig. 3. Frequencies of epigenome phenotypes in
subgroups stratified by hierarchical cluster analysis.

Fig. 4. Frequencies of p53, KRAS, and BRAF
mutations in subgroups stratified by hierarchical
analysis.
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Previous studies have shown that CIN, characterized by
accumulation of multiple chromosomal alterations, such as
LOH and genetic amplification (allelic imbalance), is one of
the major alterations in colorectal carcinogenesis.(28) In the
present study, subgroup 2 tumors were characterized by acqui-
sition of AIs at the early phases of colorectal carcinogenesis.
Tumors classified into this category evolved from tumor cells
with multiple AIs acquired at an early phase of colorectal car-
cinogenesis. Previous studies have found that tumors with the
multiple accumulated AI type (similar to the CIN type) are
more prevalent in CRCs.(10–13) In addition, this subgroup is
closely associated with left-sided location, low frequency of
venous invasion, relatively high frequency of distant metasta-
sis, and TP53 mutations.(11,12) Thus, we suggest that TP53
mutations may play a key role in the progression of tumors
within this subgroup. However, comparison of the results is
not straightforward because the CIN type tumors in the afore-
mentioned studies were not stratified according to AI ratio.
Accordingly, our data imply, as a novel finding for CRC, that
this phenotype represents a distinct subgroup that is more
prevalent in CRCs. The carcinogenic mechanism in tumors
stratified as having a high AI ratio provides novel insights with
which to evaluate colorectal carcinogenesis.
Although MSS is not the same molecular type as CIN, it pre-

sents a molecular concept similar to that of CIN.(28) In the pre-
sent study, approximately 30% of the CRCs examined were
found to be genetically stable and closely associated with the
occurrence of AI during the later phases of colorectal carcino-
genesis. Although tumors with MSS were assigned to subgroup
3, this subgroup was not genetically equivalent to CIN given
that the frequency of AI was low compared with that in sub-
group 2. A previous study defined a subgroup of tumors with
microsatellite and chromosomal stability, similar to the MSS
status in this study, and found that 17–38% of CRCs could be
classified into this subgroup.(26) Accordingly, our data implied
that the MSS phenotype represented a distinct subgroup strati-
fied by AI ratio. In addition, KRAS mutations were more fre-
quently found in subgroup 3 than in subgroups 2 and 1. This
finding is relevant for the development of therapies for CRC
because targeted biological agents, such as cetuximab, are
influenced by KRAS mutations.(29) Therefore, tumors within this
subgroup may not be affected by cetuximab therapy, a promis-
ing recent development in therapeutic options for CRC.
The molecular mechanism underlying the genetically stable

CRC phenotype at the genome level is not fully understood
but may involve epigenetic alterations of multiple cancer-
related genes and other chromosomal alterations. There may
be two types of chromosomal alterations involved in colorectal
carcinogenesis: those responsible for primary and secondary
alterations affecting tumor progression. This is supported by a
previous study in which two types of mutations were identified
in the tumor invasive area, including driver and passenger
mutations,(30) as well as by the suggestion that two types of AI
are acquired during tumor progression: early and late AI accu-
mulation. Our results support the occurrence of at least two
types of AI accumulation during tumor progression. We
believe that the markers we used in this study are closely asso-
ciated with colorectal carcinogenesis.
Previous studies have shown that tumors with high methyla-

tion status (called the CpG island methylation phenotype
[CIMP] in previous studies) are closely associated with MSI-
high CRC.(31,32) Thus, methylation status has been subclassi-
fied into two groups: CIMP-high and CIM-low.(29,33) Although
most studies have used one group of classifier markers,(31,32)

including original CIMP markers (the one-panel method), Yagi
and Kaneda recently used a two-panel method(22,23) and sub-
classified tumors into three groups: HME, IME, and LME.
According to their study, HME is strongly correlated with
MSI-high status and BRAF mutations in CRC, which is consis-
tent with previous studies in which the one-panel method was
used. In addition, they emphasized that IME is characterized
by KRAS mutations in CRCs.(22,23) However, in the present
study, we did not observe a significant correlation in the fre-
quencies of HME between subgroup 1 and the other sub-
groups. According to our study, IME was a common
epigenetic alteration in CRCs. It is unclear why the results of
epigenetic alterations differed between our study and the study
by Yagi and Kaneda.(22) However, the MSI-high CRCs exam-
ined in our study may have had a heterogeneous composition
in terms of methylation status.
In the present study, the minor subgroup 4 was classified

into MSS category of CRC examined. This subgroup showed
AI and MSI patterns intermediate to those of subgroups 2 and
3 in the present study. Although the patients in subgroup 4
demonstrated high lymphatic and venous invasion, compared
with subgroup 1, no patients in subgroup 4 died of CRC. We
could not characterize the subgroup 4 tumors in terms of
molecular or clinicopathological findings because of the small
number of cases. The role of the colorectal carcinogenesis pat-
terns exhibited in subgroup 4 remains unknown, and further
study is required to resolve this in the near future.
Previous studies have shown that the mucin phenotype of

tumors is closely associated with tumorigenesis.(34) In the pre-
sent study, while subgroup 1 was characterized by a mixed
phenotype, defined as mixed expression of gastric and intesti-
nal mucin markers, subgroups 2 and 3 were characterized by
intestinal phenotypes, including colonic type. Although the
findings in subgroup 1 were consistent with previous stud-
ies,(34,35) the findings in subgroups 2 and 3 were different from
previous reports.(34,35) This supports the notion that the mucin
phenotype plays a specific role in a subset of CRCs.
One of the aims in classifying CRC based on molecular

alterations is to determine the associations between the molec-
ular alterations and patient survival. Recent classifications of
CRC based on molecular alterations have taken into account
patient survival data.(4–6) In the present study, all mortalities
were observed in subgroups 2 and 3, with none in subgroup 1
or 4. We could not identify an association between the pro-
posed molecular classification and patient survival. Although
the reasons for this are not well understood, one may be the
small number of patients with CRC examined. We plan to
identify an association between the CRC subgroup and patient
survival in the near future.
Finally, we summarized the molecular subtypes proposed in

this study in the (Table S1). The molecular subtype classifica-
tion platforms introduced previously differed from our classifi-
cation.(3–6) Although molecular subtypes have been
characterized by genome-wide and comprehensive analyses,
our classification was separated by limited markers.(3–6) How-
ever, our method is unique in that it was established based on
tumor cell clonal expansion determined by the AI rate, mea-
sured by PCR-based microsatellite analysis. We believe that
our classification method will help with the evaluation of col-
orectal carcinogenesis.
In conclusion, we designated novel genetic profiles for CRC

that were stratified based on MSI status and AI ratio, obtained
using PCR-based microsatellite analysis. These findings sup-
port the presence of unique genetic pathways for colorectal
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carcinogenesis. Thus, separation of CRCs based on MSI and
AI ratio is an effective first step for simplified dissection of
these three or four different pathways for colorectal carcino-
genesis in the future.
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