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Abstract CpG island methylator phenotype (CIMP) refers to
a subset of colorectal cancers (CRCs) that are characterized by
concordant hypermethylation of multiple CpG island loci.
CIMP+ CRCs have peculiar clinicopathological features.
However, controversy exists over prognostic implications of
CIMP in CRCs. We analyzed 320 cases of CRCs for their
CIMP status using the MethyLight assay and determined
clinicopathological features and prognostic implications of
CIMP alone or in combination with microsatellite instability
(MSI). With methylation of five or more markers among eight
markers examined, CIMP+ tumors were significantly associat-
ed with female gender, proximal tumor location, poor
differentiation, nodal metastasis, more advanced cancer, BRAF
mutations, MSI, and poor prognosis (all P values <0.05).
Ogino’s combined eight-marker panel outperformed the
Ogino and the Laird five-marker panels in detecting these
features. Of the four molecular subtypes generated by the
combination of CIMP and MSI status, the CIMP+/MSI-
subtype showed the worst clinical outcome (P=0.0003).
However, poor prognosis of CIMP+/MSI— subtype was found
to be attributed to BRAF mutation. In conclusion, the CIMP+/
MSI- subtype tends to present with distinct clinicopatholog-
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ical and molecular features and shows the worst clinical
outcome among the four molecular subtypes of CRCs.
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Introduction

Epigenetics describes transmission through cell division of
heritable changes in phenotype that do not involve DNA
sequence changes. The underlying mechanisms for epige-
netic transmission include DNA methylation, histone
modification, and transmitted chromatin structure. Among
these, the alteration of DNA methylation patterns is known
to be a key component for altered gene expression
associated with human cancers. Promoter CpG island
hypermethylation is found in virtually all tissue types of
human cancers and acts as an important mechanism for
inactivation of tumor suppressor genes and tumor-related
genes [1, 2]. Promoter CpG island hypermethylation and its
associated histone modifications render the chromatin
structure of a gene promoter into a closed compact structure
inaccessible to transcription factors, which results in the
inactivation of gene transcription [3]. Human cancer cells
have both genetic changes and epigenetic changes in tumor-
related genes. Recent studies have demonstrated that
promoter CpG island hypermethylation is more frequent
than genetic changes in human colorectal cancers [4, 5],
which suggests that promoter CpG island hypermethylation
is a potential mechanism of colorectal carcinogenesis.

In addition to two known molecular pathways in
colorectal carcinogenesis, which involve chromosomal
instability (CIN) and microsatellite instability (MSI), a
third epigenetic instability pathway has been proposed by
Dr. Issa’s group [6]. The CpG island methylator phenotype
(CIMP) refers to a subset of colorectal cancers (CRCs) that
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occur through the epigenetic instability pathway. CIMP+
CRC:s are characterized by widespread hypermethylation of
promoter CpG island loci, which results in the inactivation
of the involved genes. In the study of Weisenberger et al.
[7], the presence of CIMP+ CRCs has been well docu-
mented; these tumors are distinct from CIMP- CRCs
because of the higher methylation frequencies or higher
methylation levels of the examined CpG island loci. A
growing number of studies has consistently demonstrated
close associations between CIMP+ CRCs and proximal
colon location, MSI, and a high frequency of BRAF
mutation, regardless of the methodology and CIMP marker
panels used [7—11]. However, a marked controversy exists
over the prognostic implications of CIMP: Some studies
suggest an adverse effect of CIMP on survival of CRC
patients [12—14], whereas other studies suggest little
prognostic value of CIMP [15]. Furthermore, Ogino et al.
[16] reported that CIMP was an independent predictor of
good prognosis in colon cancers, which is contrary to
previous findings. These differences may be related to
differences in the methodology and CIMP marker panel
used to determine CIMP status in these studies. The
association of good prognosis with CIMP+ tumors was
produced using MethyLight technology, whereas poor prog-
nosis in CIMP+ tumors was seen using methylation-specific
polymerase chain reaction (PCR) or combined bisulfite
restriction analysis. Except for the study by Ogino et al.
[16], no data are available regarding the prognostic implica-
tions of CIMP+ CRCs determined by MethyLight technology.

In the present study, we used MethyLight technology
and analyzed 320 CRC cases for CIMP and MSI status and
characterized the clinicopathological and molecular features
of the CIMP+ CRCs. We then assessed the independent
effect of CIMP and the combinatorial effect of CIMP and
MSI on patient outcome.

Materials and methods
Tissue samples

Formalin-fixed, paraffin-embedded archival tissues from
320 CRC patients were retrieved from the Department of
Pathology, Seoul National University Hospital (Seoul,
Korea). These patients had undergone curative surgery at
Seoul National University Hospital between 1999 and
2002. The selection was solely on the availability of
archival tissue blocks for the study, and we did not exclude
patients with a family history of CRCs. However, CRC
patients treated with neoadjuvant therapy were excluded
from the study. Clinicopathologic information including
age, sex, histological differentiation, tumor location, tumor
stage, and overall survival were obtained from these 320
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patients. Tumor staging was based on the pTNM staging
system of the American Joint Committee on Cancer
(AJCC). The histological differentiation was determined
using the World Health Organization criteria. This study
was approved by the Institutional Review Board.

DNA extraction and bisulfite modification

Through light microscopic examination, we marked tumor
areas where tumor cells occupied 50% or more of all cells
and represented the main histology and differentiation of
the tumor. Non-tumorous portions in matched CRC were
obtained from normal colorectal mucosa and were con-
firmed by microscopy to be tumor free. Ten serial 10-pum-
thick histologic slides of formalin-fixed tumor and normal
tissue blocks were used for manual microdissection.
Dissected tissue samples were subjected to tissue lysis
using proteinase K lysis buffer. Sodium bisulfite conversion
of genomic DNA was performed as described [17].

DNA methylation analysis

DNA methylation analyses were performed using MethyLight
as previously described [18]. We quantified DNA methyla-
tion in eight CIMP markers—CACNAIG, CDKN2A4 (p16),
CRABPI, IGF2, MLHI, NEUROGI, RUNX3, and SOCS].
The oligonucleotide sequences of the primers and probes
used have been described [7]. The PCR conditions were as
follows: initial denaturation at 95°C for 10 min followed by
50 cycles of 95°C for 15 s and 60°C for 1 min. M.Sssl-
treated genomic DNA was used as a reference sample for
complete methylation to determine the percentage of fully
methylated alleles (percentage of methylated reference
(PMR)) at a particular locus. The PMR value was calculated
by dividing the GENE/ALU ratio of a sample by the GENE/
ALU ratio of the M.Sssl-treated human genomic DNA
sample and multiplying by 100 [19]. We considered a CpG
island locus methylated if the PMR value was >4.

Optimal panel for CIMP determination

For the MethyLight-based determination of CIMP, three
kinds of CIMP marker panels were available: Dr. Ogino’s
original five-marker panel (CACNAIG, CRABPI1, MLHI,
NEUROG]I, and pl6) [8], Dr. Laird’s five-marker panel
(CACNAIG, IGF2, NEUROGI, RUNX3, and SOCSI) [7],
and Dr. Ogino’s combined eight-marker panel (CACNAIG,
CRABPI, IGF2, MLHI, NEUROGI, pl6, RUNX3, and
SOCSI) [21]. To determine which CIMP marker panel was
optimal for CIMP diagnosis, the three CIMP marker panels
were screened against 196 CRC cases. For the five-marker
panels, CRC cases were considered CIMP+ if at least three
of the markers were methylated; for the combined eight-
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marker panel, cutoff values of five and six markers were
each tested for CIMP determination. CIMP+ tumors
defined by the three CIMP marker panels were compared
regarding their associations with previously known clinico-
pathological features of CIMP+ CRCs, including poor
prognosis, older age, female predominance, proximal colon
location, poor differentiation, high frequency of BRAF
mutations, and high frequency of MSI. Overall, the
combined eight-marker panel with a cutoff value of five
outperformed the five-marker panels and Dr. Ogino’s
combined eight-marker panel with a cutoff value of six in
most comparisons based on the accuracy of association
(Fig. 1 and Supplementary Table 1). Thus, we used the
combined eight-marker panel with a cutoff value of five for
subsequent determination of CIMP.

Fig. 1 Summary of
comparative analysis among
CIMP marker panels. Red bars
indicate the presence of
methylation in CIMP marker
columns, and gray bars indicate
CIMP+ status in four differently
defined CIMP columns. Blue
bars indicate older age

(>61 years) in the age column,
female in the gender column,
proximal colon in the location
column, poor differentiation in
the differentiation column,
higher stage (III, IV) in the stage
column, MSI+ status in the MSI
column, presence of mutant
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Mutation analysis of KRAS codons 12 and 13 and BRAF
codon 600

KRAS codon 12 and 13 mutations were assayed by PCR—
restriction fragment length polymorphism (RFLP) analysis,
and suspected cases were confirmed by direct sequencing
of the KRAS gene [20]. BRAF mutations were assayed
using PCR—RFLP analysis and confirmatory sequencing as
described [20].

Microsatellite analysis
The MSI status of each tumor was determined based on an

examination of microsatellite markers (D2S123, D5S346,
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Table 1 Clinicopathological or

molecular features of four CIMP-/MSI-  CIMP—/MSI+ CIMP+MSI- CIMP+MSI+ P value
molecular subtypes generated by 252 (78.8%) 31 (9.7%) 25 (7.8%) 12 (3.8%)
the combination of MSI and
CIMP status Age (years) (SD) 61.7 (12.0) 53.0 (12.4) 62.8 (13.2) 63.0 (16.3) 0.002
Female 99 (31.1%) 11 (35.5%) 15 (60.0%) 8 (66.7%) 0.055
Proximal location 64 (25.4%) 22 (71.0%) 19 (76.0%) 9 (75.0%) <0.001
Differentiation (PD) 25 (10.0%) 8 (25.8%) 9 (36.0%) 6 50.0% <0.001
Lymph node metastasis 137 (54.4%) 2 (6.4%) 22 (88.0%) 7 (58.3%) <0.001
Higher stage <0.001
Stage TIT 80 (31.7%) 1 (3.2%) 11 (44.0%) 7 (58.3%)
Stage IV 69 (27.4%) 1 (3.2%) 11 (44.0%) 0
A total of 271 cases were BRAF mutation® 3/217 (1.4%) 0/25 721 (33.3%)  3/8 37.5%)  <0.001
analyzed for BRAF mutation KRAS mutation” 90/226 (39.8%)  6/27 (22.2%)  3/22 (13.6%)  2/9 (22.2%)  0.027
"A total of 284 cases Were  S_year survival rate 64.4% 90.3% 44.0% 91.6% 0.003

analyzed for KRAS mutation

as follows: MSI+ tumors had instability at two or more
microsatellite markers, and MSI— tumors had instability at
no more than one marker.

Statistical analysis

All statistical analyses were conducted using SPSS software
version 12.0 (SPSS, Inc., Chicago, IL, USA). Pearson’s chi-
square test was used to test associations between clinicopath-
ologic or molecular variables and CIMP+ tumors defined by
different CIMP marker panels. Pearson’s chi-square test was
used to compare the frequency of each clinicopathological or
genetic parameter in CRCs by four molecular subtypes. To
compare the means of numeric variables among three or more
groups, an analysis of variance test was used. Survival was
measured from the date of resection of CRC to the date of
death or the last clinical review before August 29, 2007. The
average follow-up time (from surgery to death or the last
follow-up) was 63.5 months (range, 1-99 months). Crude
overall survival rates were assessed using the Kaplan—-Meier
log-rank test, and using Cox proportional-hazards regression
models, multivariate analysis was performed in a backward
manner to determine association between survival and CIMP,
adjusting for variable suggested to be prognostic factors on
univariate analysis. Hazard ratios and 95% confidence interval
(95% CI) for death were computed using Cox survival
modeling. All reported P values are two-sided, and P values
of less than 0.05 were considered to indicate significance.

Results

Distinct clinicopathological features
of the CIMP+/MSI— subtype

To study clinicopathological features of CIMP and MSI, we
analyzed an additional 124 CRC cases, giving a total of 320
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cases that were classified into four molecular subtypes
(CIMP+/MSI+, CIMP+/MSI-, CIMP—/MSI+, and CIMP—/
MSI-) using the eight-marker panel with a cutoff of five.
The CIMP—/MSI- subtype was the most common, com-
prising 78.8% of CRCs, whereas the CIMP+/MSI+ subtype
was the least common, comprising 3.8% of CRCs (Table 1).
When these four molecular subtypes were compared
regarding their associations with several clinicopathological
features, the CIMP+/MSI— subtype (7.8%) showed close
associations with proximal colon location, frequent poor
differentiation, frequent nodal metastasis, frequent distant
metastasis, high cancer stage, high frequency of BRAF
mutation, and low frequency of KRAS mutation (Table 1).
In survival analysis, the CIMP+/MSI— subtype showed the
worst clinical outcome, whereas the CIMP—/MSI+ subtype
showed the best clinical outcome (Fig. 2). These differences
were statistically significant (Kaplan—Meier log-rank test,

0.4+ v
P<0.001

Cumulative survival

0.2

0.0

I 1 1 ! I 1
0 20 40 60 80 100

Survival after surgery (months)

Fig. 2 Kaplan—Meier survival analysis in four molecular subtypes of
colorectal cancers (n=318) according to status of CIMP and MSI. /
CIMP—/MSI+ (n=31), Il CIMP+/MSI+ (n=12), Il CIMP—/MSI— (n=
250), IV CIMP+/MSI- (n=25)
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Fig. 3 Kaplan—Meier survival curves in MSI-negative colorectal
cancers (n=275) according to CIMP status. / CIMP-0, /I CIMP-low,
111 CIMP-high (or CIMP+). CIMP-low tumor was defined as a tumor
with methylation at one to four DNA methylation markers

P<0.001). These results suggest that CIMP+/MSI— CRCs
have distinct clinicopathological features.

The relationship between the degree of methylation
and survival

A close association of CIMP+ with poor prognosis for MSI—
CRC patients was still found after introduction, in the survival
analysis, of CIMP-low group and resultant separation of
CIMP- CRCs into CIMP-0 (lack of methylation in eight
markers) and CIMP-low (with one to four methylated
markers; Fig. 3). CIMP-low CRC patients showed clinical
outcomes better than those of CIMP+ (or CIMP-high) CRC

patients but worse than those of CIMP-0 CRC patients.
When clinicopathological or molecular features were corre-
lated with methylation status in MSI- CRCs, CIMP-low
CRCs were similar to CIMP-0 CRCs in the examined
features except for KRAS mutation (Table 2). KRAS mutation
was more common in CIMP-low CRCs (45%) than in
CIMP-0 (24%) or CIMP-high (14%) CRCs (P=0.001).

The effect of BRAF mutation on the prognostic effect
of CIMP

In the present study, MSI- CRCs showed significantly
different clinical outcomes depending on CIMP status, and
particularly, the clinical outcomes of CIMP+/MSI- CRCs
were worse than those of CIMP—/MSI— CRCs (P<0.001). In
order to identify whether the prognostic effect of CIMP was
related to the presence of BRAF mutation, we stratified MSI—
CRCs into four subtypes according to CIMP and BRAF
status: CIMP+/BRAF+, CIMP+/BRAF—, CIMP—/BRAF+,
and CIMP—/BRAF-. CIMP+/BRAF+ CRCs showed worse
clinical outcome than that of CIMP+/BRAF— CRCs, which
was similar to that of CIMP—/BRAF— CRCs. This result
clearly indicates that the worse clinical outcome of CIMP+/
MSI- CRCs was clearly associated with the presence of
BRAF mutation (Fig. 4).

Overall survival according to CIMP, MSI, and mutations
of KRAS and BRAF

Survival was analyzed in 318 patients; two patients were
excluded because of loss to follow-up. Univariate relation-
ships between clinicopathogical or molecular factors and

Table 2 Relationship between

clinicopathological or molecular MSI- CRCs P value
parameters and methylation
status in microsatellite CIMP-0 CIMP-low CIMP+
instability-negative
colorectal cancers Sex Female 24 (46.2) 75 (37.5) 15 (60.0) 0.070
Male 28 (53.8) 125 (62.5) 10 (40.0)
Age <61 years 28 (53.8) 86 (43.0) 11 (44.0) 0.373
>61 years 24 (46.2) 114 (57.0) 14 (56.0)
Location Proximal colon 12 (23.1) 52 (26.0) 19 (76.0) <0.001
Distal colon 19 (36.5) 69 (34.5) 2 (8.0)
Rectum 21 (40.4) 79 (39.5) 4 (16.0)
Differentiation WD or MD 44 (84.6) 182 (91.5) 16 (64.0) <0.001
PD 8 (15.4) 17 (8.5) 9 (36.0)
Stage I 4(7.7) 13 (6.5) 1 (4.0) 0.062
I 19 (36.5) 67 (33.5) 2 (8.0)
Percentage is represented in I 11(21.2) 69 (34.5) 11 (44.0)
parentheses v 18 (34.6) 51 (25.5) 11 (44.0)
MSI microsatellite instability, KRAS Wild 39 (76.5) 97 (55.4) 19 (86.4) 0.001
WD well differentiated, Mutant 12 (23.5) 78 (44.6) 3 (13.6)
MD moderately differentiated,  ppgF wild 51 (100) 163 (98.2) 14 (66.7) <0.001
PD poorly differentiated, Mutant 0 3(1.8) 7 (33.3)

WT wild type
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Fig. 4 Kaplan—Meier survival analysis in MSI-negative colorectal
cancers (n=236) according to combined CIMP/BRAF status. [ CIMP—/
BRAF+ (n=3), Il CIMP+/BRAF— (n=14), Ill CIMP—/BRAF— (n=212),
IV CIMP+/BRAF+ (n=17)

the overall survival are summarized in Table 3. The factors
showing significant associations with poor survival were
poor differentiation, high cancer stage (AJCC), and older
age (>61 years), whereas the factor significantly associated
with good prognosis was MSI+ status. However, CIMP+
status was not a statistically significant factor. When we
separated our study cases into colon cancer group and rectal
cancer group (Table 4 and Supplementary Table 2), CIMP+
status was a significant factor in colon cancer group. For
colon cancer group, besides CIMP+ status, older age, high
cancer stage, MSI+ status, and BRAF mutation were
significant factor associated with prognosis of colon cancer
patients and differentiation was marginally significant. To
determine association between CIMP and survival, multi-
variate analysis was performed with adjustment for above
five variables, revealing that CIMP+ status was not an
independent prognostic factor for colon cancers.

Table 3 Univariable analysis of

clinicopathologic or molecular No. of No. of Overall survival (%) Hazard ratio (95% P value
parameters with regard to patients deaths confidence interval)
survival in colorectal 3years Syears
cancer patients
Age (years) 0.020
<61 153 47 80.4 72.5
>61 165 69 68.5 60.6 1.523 (1.048-2.212)
Differentiation 0.012
WD or MD 269 92 76.2 69.1
PD 48 24 56.3 50.0 1.785 (1.138-2.801)
Cancer stage <0.001
I 22 1 93.3 93.3
I 118 20 87.3 84.7 4.300 (0.577-32.053)
I 98 30 81.6 72.5 8.236 (1.122-60.442)
v 80 64 375 22.4 39.305 (5.431-284.472)
MSI <0.001
Negative 275 111 70.6 62.5
Positive 43 5 90.7 90.7 0.192 (0.071-0.522)
KRAS 0.381
Wwild 182 61 74.7 68.6
Mutant 100 38 70.0 64.0 1.199 (0.799-1.800)
BRAF 0.157
Wild 256 88 73.8 67.9
Mutant 13 6 53.9 53.9 1.817 (0.794-4.158)
CIMP (5/8) 0.243
CIMP-0 58 16 77.6 74.1
CIMP-low 223 84 75.8 65.5 1.329 (0.778-2.270)
CIMP-high 37 16 59.5 59.5 1.812 (0.906-3.625)
CIMP (6/8) 0.047
CIMP-0 58 16 77.6 74.1
WD well differentiated, MD CIMP-low 236 87 75.9 66.1 1.304 (0.764-2.224)
moderately differentiated, PD CIMP-high 24 12 50.0 50.0 2.456 (1.161-5.193)

poorly differentiated
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Table 4 Univariate and
multivariate prognostic analyses No. of  Univariate analysis Multivariate analysis
in 209 colon cancer patients AS€5
Mean survival (months) P value®*  HR (95% CI) P value®
(95% CI)
Age 0.033 0.056
<61 years 104 81 (75-87) Reference
>62 years 105 70 (63-77) 1.728 (0.986-3.030) 0.056
Stage <0.001 <0.001
Stage I, 11 100 91 (86-95) Reference
Stage 11T 61 82 (75-90) 3.248 (1.339-7.878) 0.009
Stage IV 48 35 (26-43) 21.731 (9.356-50.473)  <0.001
MSI 0.004 0.095
MSI- 172 72 (967-78) Reference
MSI+ 37 91 (83-98) 0.351 (0.103-1.198)
BRAF <0.001
Wild 168 78 (73-83) 0.009 Reference
Mutant 11 48 (23-74) 7.728 (2.999-19.916) <0.001
CIMP 0.029 -
CIMP-0 37 87 (78-96)
CIMP-low 140 76 (70-82)
CIMP-high 32 63 (48-77)
Differentiation 0.094 -
WD, MD 177 78 (73-83)
CI confidence interval, HR PD 32 65 (52-79)
hazard ratio KRAS _
“Log-rank test Wwild 133 77 (71-83) 0.661
° Cox proportional hazards Mutant 54 74 (65-84)

regression model

Discussion

MSI and CIN are two important mechanisms of genetic
instability in CRCs, but they cannot account for all CRCs
because a proportion of CRCs have neither MSI nor CIN
[22, 23]. A potential mechanism capable of filling the gap
is CIMP, which is characterized by widespread hyper-
methylation of multiple promoter CpG island loci. CIMP
has now been recognized as a potential alternative
mechanism for genetic instability driving molecular diver-
sity in CRCs. CIMP appears to overlap MSI, because a
considerable proportion of sporadic MSI+ CRCs arise as a
consequence of CIMP-related hypermethylation of MLH]I.
Recent studies suggested that CIMP and CIN are mutually
exclusive pathways [24, 25].

Since the introduction of the CIMP concept to the
molecular carcinogenesis of CRCs, many investigators
have attempted to characterize the clinicopathologic and
molecular features of CIMP+ CRCs using their own CIMP
marker panels and cutoff values. Despite the lack of a
reference marker panel, associations with proximal colon
location, MSI, and a high frequency of BRAF mutation
have been virtually consistent findings for CIMP+ CRCs.

However, inconsistent findings among an accumulating
series of studies include older age, female predominance,
high frequency of KRAS mutation, poor differentiation, and
poor clinical outcomes. Furthermore, the proportion of
CIMP+ tumors in all CRCs varied from 48% and 12%.
These inconsistencies are related to the fact that laboratories
have developed their own tools to define CIMP, and the
variety of approaches has made it difficult to compare
results from different groups. It is necessary to define
uniform criteria for CIMP. The technology for performing
quantitative methylation analysis and producing high-
throughput analysis, e.g., MethyLight or pyrosequencing,
is likely to be adopted as the reference technology for
CIMP diagnosis. For the MethyLight technology, the eight-
marker panel appears to be superior to the five-marker
panels based on the findings of the present study and that of
Ogino et al. [21]. However, for the pyrosequencing
methodology, CIMP marker panels have not been as
thoroughly evaluated.

In contrast to the findings of Ogino et al. [26] that CIMP+
colon cancers had a better prognosis than CIMP— colon
cancers and that CIMP was an independent prognostic
factor, our study showed that CIMP was not an independent
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prognostic factor for colon cancers. At present, we cannot
explain why such a difference exists in the prognosis of
CIMP+ tumors between the Ogino study and ours. In
contrast to those studies reporting CIMP as an independent
prognostic marker of poor prognosis in CRCs [12, 13], our
study showed that CIMP was not a prognostic factor in
CRCs and not an independent prognostic factor in colon
cancers. The association of CIMP+ status with poor
prognosis, which was statistically significant in colon
cancer patients, remained no longer significant after adjust-
ing for BRAF mutation. Previous studies reporting CIMP as
an independent prognostic factor in CRCs did not analyze
BRAF mutation in study samples and thus did not take the
effect of BRAF mutation into consideration for the analysis
of the association between CIMP+ status and prognosis of
CRC patients [12, 13]. However, in the study of Barault et
al. [14], CIMP+ status was closely associated with poor
prognosis of MSI— colon cancers, and this association
remained significant in multivariate analysis adjusted for
age, stage, and BRAF and KRAS mutational status. The
CIMP marker panel and methylation analysis technology
used in the study of Barault et al. were classic five-marker
panel (MLHI, MINTI, MINT2, MINT31, and pl6) and
methylation-specific PCR, respectively, and different from
the panel and the analysis technology of the present study.

Compared with studies using Western patient populations,
the present study showed discrepancies in the following
respects: (1) the proportion of CIMP+ tumors in all CRCs, (2)
the proportion of CIMP+ tumors in MSI+ CRCs, and (3) the
rate of BRAF mutation in overall CRCs. In our study, 12% of
CRCs were CIMP+, compared to 18% in the Ogino study
[21]. Of MSI+ CRCs, 30% were CIMP+, compared to 71%
in the Ogino study [21]. Studies having looked at specific
causes of MSI+ CRCs not caused by germline mismatch
repair gene mutation reported that majority (83—100%) of
these cases have MLH methylation [27-30]. Based on such
a high frequency of MLHI methylation in MSI+ CRCs,
Western researchers propose that virtually all sporadic MSI+
CRCs occur through the epigenetic instability pathway, with
loss of MLH1 gene expression through promoter CpG island
hypermethylation. If this contention is true, the following
interpretation can be deduced from our findings: either three
quarters of MSI+ cases should be hereditary or our
methylation assay had a lower sensitivity for detection of
CIMP. The latter is unlikely because we tested and corrobo-
rated the precision of the MethyLight technology by compar-
ing the results of the MethyLight analysis with those of
bisulfite genomic sequencing in cancer cell lines (data not
shown). The former possibility is also unlikely because we
randomly selected study cases from the surgical files of our
department without information about familial history. Our
results suggest the possibility that sporadic MSI+ cases
develop through mechanisms other than MLH1 hypermethy-
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lation, including MLHI or MSH2 gene mutation. Thus, it is
plausible that there are ethnic differences in the causation of
sporadic MSI+ CRCs, which explains the discrepancy in the
percentage of CIMP positivity in MSI+ CRCs between
Western data and the present study.

The rate of BRAF mutation (4.8%) in our CRC cases was
similar to the rate (4.2%-9%) in other East Asian CRC
studies [31-33], but lower than that in US, West Asian, and
European CRC studies (9.5%-20.9%) [15, 34-36]. The rate
of BRAF mutation was still low (6.1%, 11/181) when we
excluded rectal cancers. However, the rate of KRAS
mutation (101/285, 35.4%) was similar to that in other
studies, regardless of geographic or ethnic differences
(32%-34%) [9, 31, 37, 38]. The sensitivity of BRAF
mutation detection could have been influenced by the
mutation analysis methodology and use of the formalin-
fixed paraffin-embedded tissues. But the former is unlikely
because the enriched PCR-RFLP assay provides a highly
sensitive means of detection and is capable of detecting one
mutant allele in the presence of 1,000 normal alleles. In
addition, we repeated BRAF mutation analysis at codon 600
(V600E) using real-time PCR-based allelic discrimination
[36], giving the same result [20]. And it is also unlikely that
use of the formalin-fixed tissue yielded lower detection of
BRAF mutation because no difference was found in the
mutation analysis of BRAF between the use of formalin-
fixed tissues and the use of methanol-fixed tissues in a
preliminary study (data not shown). At present, we cannot
provide a satisfactory explanation for the discrepancy in
BRAF mutation rates and the similarity of KRAS mutation
rates between Western and East Asian CRC cases. Another
point to address is the relationship between BRAF mutation
and CIMP. One series of studies suggested that BRAF
mutation is closely associated with sporadic MSI+ CRCs
[39, 40], but this is disputed by recent studies indicating
that BRAF mutation is closely associated with CIMP rather
than MSI [16, 24]. Our study supports the close association
of BRAF mutation with CIMP, because the BRAF mutation
rate in CIMP+/MSI— CRCs was similar to that in CIMP+/
MSI+ CRCs (33.3% and 37.5%, respectively).

In our study, CIMP+/MSI- CRCs exhibited the worst
clinical outcomes among four molecular subtypes, which was
attributed to BRAF mutation. However, BRAF mutation
without CIMP was not associated with worse clinical
outcome, which was consistent with our previous study
[20]. Thus, CIMP+/MSI— CRCs with BRAF mutation pursued
dismal clinical behavior, and the association of this molecular
subtype with worse clinical outcome remained significant in
multivariate analysis after adjusting for stage, differentiation,
and age (data not shown). Because of the worse clinical
outcome, molecular diagnostic tests to identify this subtype
will be necessary in clinics, and targeted therapy against
BRAF could be considered in the first-line adjuvant therapy.



Virchows Arch (2009) 455:485-494

493

Lastly, in our study, a close association of KRAS
mutation with CIMP-low status was found for MSI— CRCs,
which is consistent with the findings of the study of Ogino
et al. [41] and furthermore in accordance with the study of
Barault et al. using different CIMP marker panel and DNA
methylation analysis technology [14]. Except for a strong
association of KRAS mutation, CIMP-low tumors were
similar to CIMP-0 tumors in several clinicopathological
features, including p53 mutation [41], suggesting that
CIMP-low tumors might be derived from CIN pathway.
Because tubulovillous adenoma or villous adenoma harbors
higher frequencies of KRAS mutation and CpG island
hypermethylation than those of tubular adenoma [42—44],
tubulovillous or villous adenomas might be precursor
lesions of CIMP-low CRCs. To support this speculation, a
further study analyzing carcinoma—ex adenoma samples for
their methylation status in each component will be
necessary to identify whether CIMP-low CRCs tend to
have tubulovillous or villous adenoma as their contiguous
adenoma.

In conclusion, we analyzed 320 CRC cases for CIMP
and MSI status and determined the prognostic implications
of CIMP status in CRC patients. The CIMP+/MSI- subtype
showed the worst clinical outcome among the four possible
molecular subtypes of CRCs, and the worse clinical
outcome of CIMP+/MSI— subtype was attributed to BRAF
mutation.
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