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To clarify distinct genetic profiles of colorectal cancers
based on tumor location (left- and right-sided), we evalu-
ated the status of loss of heterozygosity (LOH), CpG islands
methylation phenotype (CIMP), microsatellite instability
(MSI), and mutations of p53, Ki-ras, and APC genes in 119
colorectal cancers. Statuses of LOH (at 5q, 8p, 17p, 18q,
and 22q), MSI, and CIMP (MINT1, MINT2, MINT31,
MLH-1, MGMT, p14, p16, and RASSF1A) were determined
using microsatellite polymerase chain reaction and meth-
ylation-specific polymerase chain reaction coupled with a
crypt isolation method, respectively. In addition, muta-
tions of p53, Ki-ras, and APC genes were also examined.
LOH, MSI, and CIMP status allowed us to classify samples
into two groups: low or negative and high or positive.
Whereas the frequency of p53 mutations in the LOH-high
status was significantly higher in left-sided cancers than in
right-sided cancers, CIMP-high in the LOH-high status and
MSI-positive status were more frequently found in right-
sided cancers compared with left-sided cancers. Finally,
location-specific methylated loci were seen in colorectal
cancers: type I (dominant in right-sided cancer) and type II
(common in both segments of cancer). Our data confirm
that distinct molecular pathways to colorectal cancer dom-
inate in the left and right sides of the bowel. (J Mol Diagn
2006, 8:193–201; DOI: 10.2353/jmoldx.2006.050052)

Recent studies have described two forms of genetic in-
stability that are associated with colorectal cancer: chro-
mosomal instability (CIN) and microsatellite instability
(MSI).1,2 CIN is represented in most cancers and is char-
acterized by frequent Ki-ras and p53 gene mutations and
loss of heterozygosity (LOH) in a number of cancer-
related genes (LOH type).1–4 CIN represents chromo-

somal level, but not genetic level, instability. Therefore,
CIN is not identical to LOH type. MSI has a distinct
genetic profile that differs from CIN in that mutations of
the Ki-ras and p53 genes, as well as LOH, occur only
infrequently.1–4 In a previous study, MSI was found in
10% of sporadic colorectal cancers.5 These findings sug-
gest that the two genetic types are independent of each
other and that most colorectal cancers can be classified
as either MSI or CIN.6 On the other hand, microsatellite
stable (MSS) is used to classify colorectal tumors that do
not show MSI.7 MSI and MSS are also independent clas-
sifications that can be used to separate colorectal can-
cers into two largely nonoverlapping groups.7 However,
MSS is not the same as CIN. MSS includes two types of
genetic alterations: one with a low frequency of LOH
(LOH-low) and one with a high frequency of LOH (LOH-
high). CIN indicates a high frequency of LOH (LOH-high
type).8 Therefore, MSS should be further broken down to
indicate the two genetic types of status, LOH-high and
LOH-low, when genetic profiles are analyzed in human
tumors.

Another recently established molecular alteration that
is commonly present in colorectal cancers is the CpG
island methylator phenotype (CIMP).9 This phenotype
has been identified at certain sites in the genome that are
preferentially methylated in tumors.9 CIMP is recognized
as an important mechanism for gene inactivation, as an
alternative to gene mutation or allelic deletion, in tumori-
genesis.9 Previous studies have clearly shown that CIMP
is frequently found in MSI cancers, although it is not
restricted to this group.7,9 However, the relationship of
CIMP to high-LOH-type and low-LOH-type tumors is still
not fully understood.

It has been suggested that left- and right-sided colo-
rectal cancers differ in their associated genetic alter-
ations in neoplastic transformation based on studies in
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Western countries, especially Australia and Europe.6,10

For example, MSI-positive cancers are preferentially
found in right-sided colon cancer and in older women.5,6

Hawkins et al7 indicated a higher incidence of CIMP-
positive tumors in right-sided colon cancer compared
with left-sided colon cancers. On the other hand, CIN is
said to characterize left-sided colorectal cancers.10

These findings have provided further evidence for the
existence of at least two mechanisms of colorectal can-
cer.6 One group (CIMP�/MSI�) occurs predominantly in
the right-sided colon and the other (CIN) in the left-sided
colon.6,10 However, the underlying molecular features are
likely to show considerable overlap between the two can-
cers.6 Therefore, it is important to study genetic colorec-
tal carcinogenesis while taking into account whether the
tumor is located in the left- or right-sided colon.

In this study, we examined sporadic colorectal can-
cers in an attempt to determine their genetic profiles in
terms of LOH status, MSI, CIMP, and tumor location.
Mutations of p53, Ki-ras, and APC genes that are asso-
ciated with LOH-high status (which occurs with almost
the same frequency as CIN) were evaluated to clarify
their relationships to the genetic profiles at the two sites.

Materials and Methods

A total of 119 primary colorectal cancers and corre-
sponding normal tissue specimens were obtained from
patients at the Iwate Medical University School of Medi-
cine. Pathological diagnosis and staging were performed
according to a combination of a Japanese classification
and the modified Dukes’ classification.11,12 Tumor loca-
tions were noted as left- or right-sided.

DNA Extraction

Crypt isolation from the tumor and normal mucosa was
performed in accordance with a previously reported
method to obtain pure glands.13,14 The isolated gland
was processed routinely to confirm its nature using par-
affin-embedded histological sections. Contamination by
other materials such as interstitial cells was not evident in
the samples that were examined, as described in previ-
ous reports.15,16 DNA from the tumor and from corre-
sponding normal crypts was extracted by standard so-
dium dodecyl sulfate proteinase K treatment.

Microsatellite Analysis

LOH studies were performed by polymerase chain reac-
tion (PCR) amplification of 13 highly polymorphic micro-
satellite markers (D5S107, D5S346, D5S299, D5S82,
D8S201, D8S513, D8S532, TP53, D18S487, D18S34,
D22S274, D22S1140, and D22S1168) located at five
chromosomal loci (5q, 17p, 18q, 8p, and 22q).17 Micro-
satellite sequences were obtained from specific primers
reported in the GDB Human Genome Database (http://
gdbwww.gdb.org/gdb/). PCR amplification was per-
formed in a 25-�l reaction volume, containing approxi-

mately 10 ng of genomic DNA, 1 �mol/L of each primer,
0.2 mmol/L deoxynucleotide triphosphate, 1� reaction
buffer containing 1.5 mmol/L MgCl2, and 1.5 U of Taq
polymerase (Boehringer Mannheim Co., Mannheim, Ger-
many). Samples were processed for 25 to 30 cycles, with
each cycle consisting of 30 seconds at 94°C, 1 minute at
55 to 58°C, and 2 minutes at 72°C, followed by a final
10-minute extension at 72°C. PCR products were loaded
onto 6% polyacrylamide gels and run on an ABI PRISM
377 DNA Sequencer (Applied Biosystems, Foster City,
CA). The data were collected automatically and analyzed
by GeneScan 3.1 software (Applied Biosystems). LOH
was determined by calculating the ratio of the peak areas
of the constitutional alleles, as described previously.16 In
this study, we defined LOH as more than a 50% differ-
ence in this ratio.

Scoring of LOH Status

LOH status was scored according to following criteria. A
tumor sample was considered to be LOH-high if two or
more of the markers showed LOH. When one or none of
the markers showed LOH, the tumor was designated as
LOH-low.

Analysis of MSI

The primers proposed by the National Cancer Institute
Workshop on Microsatellite Instability (BAT25, BAT26,
D5S346, D2S123, and D17S250) were used in this
study.18 Products were run on an ABI PRISM 377 fluo-
rescent DNA sequencer. PCR conditions are described
elsewhere.16 MSI was defined as the presence of an
additional peak. A tumor sample was considered to be
MSI-high (MSI-H) when two or more of the markers dem-
onstrated instability and MSI-low when only one marker
was unstable. However, tumors showing one alteration
using the above criteria and categorized as MSI-low were
considered MSI-negative or MSS in this analysis.

Mutation Analysis of the p53, APC, and Ki-ras
Genes

Sequencing of PCR-amplified products was used to de-
tect mutations of exons 5 to 8 of the p53 gene, exon 1 of
the Ki-ras gene, and the mutation cluster region of the
APC gene in patients’ normal mucosa and tumor DNA
samples. PCR conditions and sequencing of mutations
were performed as described previously.15,17 Direct se-
quencing was performed using fluorescently labeled
dideoxynucleotide triphosphates by automated DNA se-
quence analysis (373A sequencer; Applied Biosystems).

CIMP of Carcinomas

CIMP status was determined for carcinomas, which were
evaluated at eight loci (MINT-1, MINT-2, MINT-31, p14,
p16, MGMT, MLH-1, and RASSF-1A) after bisufite treat-
ment. These loci are frequently methylated in colorectal

194 Sugai et al
JMD May 2006, Vol. 8, No. 2



carcinomas.7,9 Methylation-specific PCR was performed
using specific primers for either the methylated or the
unmethylated examined primers. Primers and conditions
have been described previously.19,20 In vitro methylated
DNA was used as a positive control for methylation, and
water was used as a negative control. The results of
methylation-specific PCR were scored when there was a
clearly visible band on the gel after PCR with methylated
and unmethylated primers. Electrophoresis results were
interpreted by two independent investigators. When a
discrepancy between the two was found, a third opinion
was sought. Carcinomas were classified as CIMP-nega-
tive/low if less than three loci were methylated and CIMP-
high if more than two loci were methylated. Alternatively,
CIMP-negative/low and -high were classified into CIMP-
low and -high, respectively.

Statistical Analysis

The data were analyzed using the �2 test with the aid of
StatView-IV software (Abacus Concepts, Berkeley, CA).
Samples were determined to be significantly different at
P � 0.05.

Results

In the present study, differences in clinicopathological
findings and genetic alterations in left-sided and right-
sided colorectal carcinomas were analyzed. Molecular
profiles were categorized into four types: LOH-high, low-
LOH, MSI, and CIMP. Clinicopathological findings for left-
and right-sided colorectal cancers are listed in Table 1.

Molecular Alterations in Left- and Right-Sided
Cancers

Although the frequency of LOH-high in left-sided colorec-
tal cancer (72 of 84 cases, 85.7%) was higher than that of
right-sided cancer (24 of 35 cases, 68.6%), this differ-
ence was not statistically significant. There was a signif-

icant difference in the frequencies of p53 mutations found
in left-sided (49 of 84, 57.6%) and right-sided (9 of 35,
25.7%) cancers (P � 0.05). However, no differences
were found in the frequencies of Ki-ras and APC muta-
tions. The CIMP-high status was found in 38 of 119 colo-
rectal cancers that were examined (31.9%). The CIMP-
high status was more common in right-sided cancers (22
of 35, 62.9%) compared with left-sided cancers (21 of 84,
25%) (P � 0.01).

Mutations of p53, Ki-ras, and APC Genes and
CpG Islands Methylation Phenotype in LOH-
High Status

The frequency of p53 mutations in LOH-high status
cancers was significantly higher for left-side cancers
than for right-side cancers (Figure 1a, P � 0.01). In
contrast, no significant differences in the frequencies
of Ki-ras and APC mutations in LOH-high status can-
cers were observed for left- versus right-sided cancers
(Table 2). On the other hand, the CIMP-high status in
LOH-high cancers was statistically higher in right-
sided (12 of 24, 50%) than in left-sided colon cancers
(14 of 72, 19.4%) (Figure 1a, P � 0.01). In addition,
there were no differences in the frequency of LOH at
each chromosomal locus between left-sided and right-
sided cancers, as shown in Table 2.

Mutations of p53, Ki-ras, and APC Genes and
CpG Islands Methylation Phenotype in LOH-
Low Status

The frequency of LOH-low status was 18 of 119
(15.1%) in our study. Although no p53 mutations were
detected in right-sided colorectal cancers with LOH-
low status (0 of 7), no significant difference was found
compared with the frequency of p53 mutations in the
left-sided cancers (3 of 11, 27.3%). Ki-ras and APC
gene mutations in the LOH-low status were found more
frequently in right-sided colorectal cancers (5 of 7,
71.4%; and 3 of 7, 42.9%, respectively) compared with
left-sided cancers (4 of 11, 36.4%; and 1 of 11, 9.1%,
respectively), but again these differences did not
reach statistical significance. The frequency of CIMP
status in the LOH-low cancers was high for left-sided
cancers (6 of 11, 54.5%) as well as for right-sided
cancers (6 of 7, 85.7%). These findings are shown in
Figure 1b.

Mutations of p53, Ki-ras, and APC Genes and
LOH-High Status in CpG Islands Methylation
Phenotype Excluding MSI Tumors

The frequencies of CIMP-high status were significantly
higher in right-sided cancers (20 of 84, 24.7%) than in
left-sided cancers (18 of 35, 51.4%) (P � 0.01). Although
p53 gene mutations in the CIMP-high status cancers
were found more frequently in left-sided (10 of 20, 50%)

Table 1. Clinicopathological Findings between Left- and
Right-Sided Colorectal Cancers

Left-sided (%) Right-sided (%)

Total 84 (70.6) 35 (29.4)
Sex (male/female) 56/28 20/15
Age (mean) 46–93 (64.6) 22–94 (62.8)
Histological type

WDA 18 (21.4) 6 (17.1)
MDA 65 (77.4) 22 (62.9)
PDA 1 (1.2) 2 (5.7)
MC 0 5 (14.3)

Stage
A 14 (16.7) 4 (11.4)
B 33 (39.3) 16 (45.7)
C 22 (26.2) 10 (28.6)
D 15 (17.9) 5 (14.3)

WDA, well-differentiated adenocarcinoma; MDA, moderately differ-
entiated adenocarcinoma; PDA, poorly differentiated adenocarcinoma;
MC, mucinous carcinoma.
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compared with right-sided colorectal cancers (3 of 18,
16.7%), the difference did not reach a statistically signif-
icant level, as shown in Figure 1c (P � 0.068). On the
other hand, although the frequency of Ki-ras mutations
was relatively higher in right-sided cancers (12 of 18,
66.7%) than in left-sided cancers (8 of 20, 40%), no
significant difference between the two sites was found.
There was also no significant difference in the frequency
of APC gene mutations in the CIMP-high status cancers
between the two locations (left-sided, 8 of 20, 40%; right-
sided, 7 of 18, 38.9%).

The overall frequencies of promoter hypermethylation
in right-side cancers were higher, with the exception of
MINT1, MGMT, and RASSF-1A. In particular, the frequen-
cies of MINT-2, MLH-1, p14, and p16 hypermethylations
in right-sided cancers were significantly higher than for
left-sided cancers (P � 0.01, P � 0.05, P � 0.01, and P �
0.01, respectively). The differences for MINT31 did not
reach a significant level (P � 0.052). The data are shown
in Figure 2. In the present study, among the eight CpG
islands occurring within known promoter regions in colo-
rectal cancers, the hypermethylation patterns fell into two
types. One type was found to be frequently methylated in

right-sided colon cancers (type I). The other type was
methylated in both types of colorectal cancers (type II).
Whereas MINT-2, MLH-1, p14, and p16 methylations
were classified as type I, MINT-1, MGMT, and RASSF-1A
methylations were grouped into type II.

p53, Ki-ras, and APC Gene Mutations, CIMP,
and LOH Status in MSI-Positive Status

A significant difference in the frequency of MSI between
left- and right-sided colorectal cancers was found (1 of
84 cases vs. 4 of 35 cases, P � 0.05). In the present
study, all MSI-positive cases that were observed had a
CIMP-high status. Mutations of Ki-ras and APC genes
were found in one left-sided cancer. In addition, a p53
mutation was detected in one right-sided cancer. The

Table 2. Frequencies of Allelic Imbalances at Cancer-Related
Chromosomal Loci in Left- and Right-Sided
Colorectal Cancers

Total (left/right)
Left-sided

(%)
Right-sided

(%)

17p 84/35 54/77 (70.1) 15/25 (60)
5q 84/35 51/83 (61.4) 16/30 (53.3)
18q 84/35 69/79 (87.3) 24/28 (85.7)
8p 84/35 51/81 (60.7) 16/30 (53.3)
22q 84/35 42/81 (51.9) 15/29 (51.7)

Figure 1. a: Relationship of mutations in p53, Ki-ras, and APC in LOH-high status tumors based on tumor location. b: Relationship of mutations in p53, Ki-ras,
and APC in LOH-low status tumors based on tumor location. c: Relationship of mutations in p53, Ki-ras, and APC in CIMP-high status tumors based on tumor
location.

Figure 2. Frequencies of methylation of MINT1, MINT2, MINT31, MLH-1,
MGMT, p14, p16, and RASSF1A promoters for left- and right-sided cancers.
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other three MSI-positive tumors showed no mutations.
LOH-status could not be confirmed because of the pres-
ence of MSI-positive at individual chromosomal loci. Fi-
nally, representative examples of molecular analysis of
left- and right-sided cancers are shown in Figures 3
and 4.

Tumor Mutation Spectra of p53, Ki-ras, and
APC Mutations in Left- and Right-Sided
Cancers

Although the proposed sequence of genetic alterations
leading to the development of colorectal cancer involves
mutations in all three genes (p53, Ki-ras, and APC), a
significant percentage of the tumors contained mutations
in only one of these genes: p53 (22 of 119, 18.5%), Ki-ras
(18 of 119, 15.1%), and APC (11 of 119, 9.3%). In our
study, we characterized tumor mutation spectra in left-
and right-sided cancers. The detailed results are shown
in Table 3. Only 8 (9.5%) and 2 (5.7%) tumors of left- and
right-sided cancers, respectively, contained mutations in
all 3 genes, whereas 12 tumors (14.3%) of left-sided and
6 (8.6%) of right-sided cancers contained no mutations.
The most common combination of mutations in left-sided
tumors was p53 and APC (14 of 84, 16.7%), whereas that
of right-sided tumors was Ki-ras and APC mutations (4 of
35, 11.4%).

Discussion

In this study, analysis of LOH and MSI status was per-
formed for 119 colorectal cancers to assess the possible
differences between left- and right-sided colorectal can-
cers. Although we did not observe significant differences
in LOH status between the two locations, LOH-high status
was found in 84.5% of left-sided colorectal cancers and
68.6% of right-sided colorectal cancers. In addition, we
observed a tendency toward a similar frequency of LOH
at each individual locus in the two segments of colorectal
cancers. On the other hand, the frequency of MSI was
significantly higher in right-sided colorectal cancers than
in left-sided colorectal cancers.7,21 However, MSI-posi-
tive cancer is not generally representative of right-sided
colorectal cancers, given that it was found in only 11.4%
of right-sided colorectal cancers in our study. We note
that the remainder, approximately 90%, of right-sided
colorectal cancers consisted of MSS-type tumors, espe-
cially LOH-high-type tumors (approximately 70% of right-
sided cancers). These findings suggest that LOH-high
status is a common genetic event in both segments of
colorectal cancers and that the MSI type is a minor ge-
netic type in right-sided cancers.

In the present study, mutations in the p53 gene were
predominantly present in left-sided carcinomas. The
overall percentage of p53 mutated tumors and the higher
incidence of p53 mutations in left-sided carcinomas is

Figure 3. A representative example of molecular alterations in left-sided cancer. b, d, f, h, and i: Multiple LOHs were seen (arrowhead). Although methylation
at MINT 1 was found, MINT2, MINT31, p16, p14 (not shown), and RASSF1A promoters were not methylated. Furthermore, mutations of p53, Ki-ras, and APC genes
were found (arrowhead). k: A GGC to GAC transition in Ki-ras codon 12 was found, resulting in a Gly to Asp substitution (sequence by reverse primer). l: A
CTG to CAG transversion in exon 5 of p53 gene was observed. m: Finally, a CGA to TGA transition in codon 805 of APC gene was found, resulting in a stop codon.
The three detectable mutated nucleotides in tumor DNA are indicated by arrows in the photograph (k, l, and m).
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consistent with reports by other investigations,22–24 al-
though a contrasting result has also been reported.25 In
addition, the frequencies of p53 mutations were corre-
lated with LOH-high status in left-sided colorectal can-
cers. This finding suggests that LOH-high status in left-
sided colorectal cancers is characterized by p53 gene
mutations. Judging from the fact that this alteration is
found more frequently in the left-sided colorectal can-
cers, a p53 mutation may confer a selective advantage to

carcinoma cells in the left-sided colon. On the other
hand, interestingly, the incidence of mutations in Ki-ras
and APC genes did not show regional differences, sug-
gesting that these mutations may be relevant to the pro-
gression of colorectal cancer in both segments of the
colon, although contrasting findings have been report-
ed.25–27 These findings suggest that a p53 mutation is a
key molecular event leading to development of left-sided
colorectal cancer, and mutations of Ki-ras and APC
genes are common molecular events that may be found
through the entire colon.

Previous studies have shown that CIMP is more likely
to occur in right-sided colon cancers compared with
left-sided colorectal cancers.28 This tendency is consis-
tent with our result that CIMP-high was more frequently
observed in right-sided colon cancers than in left-sided
colorectal cancers. In the present study, CIMP-high in
LOH-high status occurred at a high rate in right-sided
cancers compared with left-sided cancers. This finding
suggests that a tumor showing LOH-high status in right-
sided cancers acquires a further growth advantage by

Table 3. Mutation Frequencies of p53, Ki-ras, and APC
Genes in Left- and Right-Sided Cancers

Total
(%)

Left-sided
(%)

Right-sided
(%)

Total 119 84 35
p53 (�)/Ki-ras (�)/

APC (�)
10 (8.4) 8 (9.5) 2 (5.7)

p53 (�)/Ki-ras (�) 6 (5.0) 5 (6.0) 1 (2.9)
p53 (�)/APC (�) 14 (11.8) 14 (16.7) 0
Ki-ras (�)/APC (�) 11 (9.2) 7 (8.3) 4 (11.4)
p53 (�)/Ki-ras (�)/

APC (�)
18 (15.1) 12 (14.3) 6 (8.6)

Figure 4. A representative example of molecular alterations in right-sided cancer. b, d, and f: Multiple LOHs were seen (arrowhead). Arrowheads indicate LOH.
k, l, m, o, p, q, and r: In addition, multiple promoter regions were methylated (arrowhead). However, the p53 gene was not mutated (not shown).
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gaining CIMP-high status. This suggestion is supported
by the finding that p16 and p14 tumor suppressor genes
were heavily methylated in right-sided cancers.7,9

Through its ability to silence multiple genes simulta-
neously, CIMP in LOH-high status would functionally lead
to genetic instability, resulting in the rapid accumulation
of molecular alterations with a potential to accelerate the
neoplastic process.

The process of molecular carcinogenesis in LOH-low
status colorectal cancers is still unclear. Bell et al29 indi-
cated that the accumulation of genetic alterations deter-
mines the nature of the neoplasm. On the other hand,
another study has shown that approximately 90% of colo-
rectal cancers contain two or more genetic alterations,
and no single genetic alteration has been detected by
existing techniques in all cancers.30 This finding sug-
gests that tumors having subtle molecular alterations or
even no alterations actually exist in human colorectal
cancers. In the present study, the association of muta-
tions in p53, Ki-ras, and APC genes and CIMP-high with
LOH-low status between the two locations was assessed
for 18 patients with LOH-low status. Although these as-
sociations showed no statistical differences, we specu-
late that whereas p53 mutations may be implicated in the
development of some left-sided colonic cancers, Ki-ras
and APC may play an important role in tumorigenesis of
a subset of right-sided colorectal cancers. In addition, we
suggest that CIMP-high status may be associated with
development of both segments of colorectal cancer hav-
ing LOH-low status. These findings suggest the existence
of molecular pathways besides accumulations of multiple
LOHs and MSI in at least some human colorectal cancer
cases. Description of other molecular mechanisms may
be required for understanding the development of such
tumors.31

In the present study, whereas p53 mutations in CIMP-
high status were frequently detected in left-sided can-
cers, the frequency of Ki-ras mutations in CIMP-high sta-
tus cancers was relatively high in right-sided cancers,
although these associations did not reach a significant
level. In contrast, APC mutations in CIMP-high status
cancers were commonly found in both segments of the
colorectum. Interestingly, these findings suggest the pos-
sibility that a specific gene alteration in CIMP-high status
cancers is associated with development of left- and right-
sided cancers. Toyota et al28 and Hawkins et al7 indi-
cated that Ki-ras mutations are more frequent in cancers
showing CIMP-high status. Although in the present study,
CIMP-high excluding MSI had higher rates of Ki-ras mu-
tations than those seen in the overall samples (20 of 38,
52.6% versus 48 of 119, 40.3%), no significant difference
between the two samples was found. It is said that CIMP
is responsible for mutations of this gene.7 A recent study
has shown that the O6-MGMT gene is associated with
increased Ki-ras mutations.32 However, in the present
study, this kind of relationship was not apparent (data not
shown). Finally, Kambara et al33 have shown that BRAF
mutation is frequently seen in sporadic MSI-H colorectal
cancer and in sessile serrated adenomas. Their results
indicated that sporadic MSI-H cancers may originate in
sessile serrated adenomas and not conventional adeno-

mas. Unfortunately, we did not assay for BRAF mutations
in the series of colorectal cancers that we tested. How-
ever, MSI-H cancers that originate from serrated adeno-
mas may be included among the MSI-H cancers that we
examined, because one of the five MSI-H cancers
showed histological serrated components within the can-
cer tissue (profile of the case: age, 71 years; sex, female;
tumor location, cecum; MLH-1, methylated; CIMP status,
high; Ki-ras mutation, negative; and p53 mutation, posi-
tive). We would like to test for an association between
CIMP-H cancers and BRAF mutation in the near future.

We also examined the methylation status at eight indi-
vidual loci in 119 colorectal carcinomas. Analysis of the
119 colorectal cancers revealed two types of hypermeth-
ylation in the cancers (type I for right-sided colon cancer
specific and type II for both types of colorectal cancer
specific), which may have distinct causes as well as
different roles in cancer development. Type I methylation
was seen more frequently in right-sided colon cancers
than in left-sided colorectal cancers. In particular, the
frequency of methylations at MLH1, p14, and p16 was
significantly higher in right-sided colon cancers than in
left-sided colorectal cancers.7,28 This result suggests that
a specific type of CpG island in the human genome is
incrementally methylated during tumor development in
the right-sided colon. Although we do not know the mech-
anism of type I methylation, this type of methylation may
play a major role in the progression of right-sided colon
cancers.28 In contrast to type I methylation, type II meth-
ylation is commonly found through the entire colon. We
suggest that these alterations commonly occur in both
types of colonic cancers.

A genetic model for colorectal cancer has been pro-
posed in which sequential accumulation of mutations in
specific genes, namely the p53, Ki-ras, and APC genes,
plays a major role in the development of colorectal can-
cer.30,34 According to the theory, mutations in the three
genes are expected to accumulate in normal colonic
epithelia throughout the progression of colorectal ade-
noma to colorectal cancer. If this theory is correct, pro-
gressive acquisition of alterations in all three genes
should occur in the same tumor tissue. However, in the
present study, the occurrence of mutations in all three
genes was very rare among tumors of both segments,
and the expected pattern of combinations of the three
genes was found in a very limited subset of the cases we
examined. These findings suggest that the established
model of colorectal genetic carcinogenesis will only ex-
plain tumor formation in an extremely small number of
colorectal cancers.35 Furthermore, our data suggest that
the occurrence of multiple mutations is a causal event
and does not represent a synergistic accumulation of
multiple mutations occurring in the same tumor. This
finding was common to both left-sided and right-sided
cancers. Although the present study is not prospective,
the progressive accumulation of multiple mutations in
these genes may not be a prerequisite for the develop-
ment of colorectal tumors in both segments.35 Therefore,
the present results suggest an alterative genetic pathway
to colorectal cancer.
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In conclusion, we propose two major categories of
carcinogenesis in the case of colorectal carcinomas. One
major type is LOH-high status characterized by multiple
LOHs, Ki-ras, and APC mutations.1–4 The alternative type
is MSI closely associated with CIMP-high status.7 The
former (LOH-high status) may be subclassified into two
types. The first type is defined by p53 gene mutations that
are frequently found in left-sided colorectal cancers. The
second type is characterized by CIMP-high status and
this occurs frequently in right-sided colorectal cancers.
MSI was a rather minor subcategory of right-sided can-
cers. Therefore, there appear to be two types of molec-
ular alterations, designated LOH-high/CIMP-high and
MSI/CIMP-high, in right-sided cancers. This molecular
profile is depicted in Figure 5. CIMP was also subdivided
into two groups in the present study, namely type I and
type II. Whereas type I is specific to right-sided colonic
cancers, type II is a common event to both segments of
colorectal cancers. We suggest that there are distinct
molecular carcinogenesis pathways that occur in left-
sided and right-sided colorectal cancers, respectively.
However, the cause of the observed differences between
the two types of tumors remains unknown. Finally, accu-
mulation of mutations in all three major genes p53, Ki-ras,
and APC is a rare event in the development of colorectal
carcinoma, suggesting multiple alterative genetic path-
ways to colorectal cancer in both segments. Further stud-
ies will be required to clarify the origins of human colo-
rectal carcinogenesis.
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