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The CpG island methylator phenotype (CIMP or CIMP-
high) with extensive promoter methylation seems to
be a distinct epigenotype of colorectal cancer. How-
ever, no study has comprehensively examined fea-
tures of colorectal cancer with less extensive pro-
moter methylation (designated as “CIMP-low”). Using
real-time polymerase chain reaction (MethyLight), we
quantified DNA methylation in five CIMP-specific
gene promoters [CACNAIG, CDKN2A (p16) , CRABP1 ,
MLH1, and NEUROGI] in 840 relatively unbiased,
population-based colorectal cancer samples, ob-
tained from two large prospective cohort studies.
CIMP-low (defined as 1/5 to 3/5 methylated promot-
ers) colorectal cancers were significantly more com-
mon among men (38 versus 30% in women, P = 0.01)
and among KRAS-mutated tumors (44 versus 30% in
KRAS/BRAF wild-type tumors, P = 0.0003; 19% in
BRAF-mutated tumors, P < 0.0001). In addition,
KRAS mutations were significantly more common in
CIMP-low tumors (47%) than in CIMP-high tumors
(with =4/5 methylated promoters, 12%, P < 0.0001)
and CIMP-0 tumors (with 0/5 methylated promoters,
37%, P = 0.007). The associations of CIMP-low tumors
with male sex and KRAS mutations still existed after
tumors were stratified by microsatellite instability sta-
tus. In conclusion, CIMP-low colorectal cancer is asso-
ciated with male sex and KRAS mutations. The hypoth-
esis that CIMP-low tumors are different from CIMP-high
and CIMP-0 tumors needs to be tested further. (J Mol
Diagn 20006, 8:582-588; DOI: 10.2353/jmoldx.2006.060082)

Transcriptional inactivation by cytosine methylation at
promoter CpG islands of tumor suppressor genes is
thought to be an important mechanism in human carci-
nogenesis.’ A number of tumor suppressor genes, such
as CDKN2A (the p16/INK4a gene), MGMT, and MLH1,
have been shown to be silenced by promoter methylation
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in colorectal cancers."™ In fact, a subset of colorectal
cancers have been shown to exhibit promoter methyl-
ation in multiple genes, which is referred to as the CpG
island methylator phenotype (CIMP).%#* CIMP colorectal
tumors have a distinct clinical, pathological, and molec-
ular profile, such as associations with proximal tumor
location, female sex, mucinous and poor tumor differen-
tiation, microsatellite instability (MSI), and high BRAF and
low p53 mutation rates.® "2 Promoter CpG island methyl-
ation has been shown to occur early in colorectal
carcinogenesis.'®"”

Although CIMP (which we designate as “CIMP-high” to
be distinguished from “CIMP-low”) appears to be a dis-
tinct biological subtype of colorectal cancer, no study to
date has comprehensively examined features of colorec-
tal cancer with less extensive CIMP-specific promoter
methylation (which we designate as “CIMP-low”). In this
study using quantitative DNA methylation analysis (Methy-
Light) and a large number of relatively unbiased, popu-
lation-based colorectal cancer samples,’’ we have ex-
amined molecular features of CIMP-low tumors (defined
as the presence of methylation in 1/5 to 3/5 promoters)
compared with those of CIMP-0 tumors (with 0/5 methyl-
ated promoters) and CIMP-high tumors (with =4/5 meth-
ylated promoters). MethyLight assays can reliably distin-
guish high from low levels of DNA methylation, the latter
of which likely have little or no biological significance.'®'°

Materials and Methods
Study Group

To recruit patients into this study, we used the databases
of two large prospective cohort studies; the Nurses’
Health Study (N = 121,700 women followed since
1976)%° and the Health Professional Follow-up Study
(N = 51,500 men followed since 1986).?" Informed con-
sent was obtained from all participants before inclusion in
the cohorts. All cohort participants were free of cancer
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(except for non-melanoma skin cancer) at the time of
study entry. A subset of the cohort participants devel-
oped colorectal cancers during prospective follow-up.
Thus, these colorectal cancers represented population-
based, relatively unbiased samples. Based on availability
of tissue samples and results at the time of the study, a
total of 840 colorectal cancer cases (362 from the men’s
cohort and 478 from the women’s cohort) were included,
among which 460 cases were examined in our previous
study.’ Tissue collection and analyses were approved
by the Dana-Farber Cancer Institute and Brigham and
Women'’s Hospital Institutional Review Boards.

Genomic DNA Extraction

After tumor areas were marked on a hematoxylin and
eosin (H&E)-stained section with a pen, tumor tissue was
dissected manually from additional tissue sections by a
sterile needle. Normal colonic tissue for microsatellite
analysis was obtained from the margins of the resection
specimens. The dissected tissue was placed in buffered
proteinase K solution at 56°C for 3 hours. Genomic DNA
was then extracted using QIAmp DNA Mini Kit (Qiagen,
Valencia, CA), according to the manufacturer’s
instructions.

Real-Time Polymerase Chain Reaction (PCR)
(MethyLight) for Quantitative DNA Methylation
Analysis

Sodium bisulfite treatment on genomic DNA was per-
formed as previously described.'® For DNA methylation
analysis, we typically used one to two tissue sections
(10-um thick) when large tumor sections were available.
Real-time PCR to measure DNA methylation (MethyLight)
was performed as previously described.?®2* We used
ABI 7300 (Applied Biosystems, Foster City, CA) for quan-
titative real-time PCR. Using five sets of primers and
probes, we amplified five CIMP-specific promoters [cal-
cium channel, voltage-dependent, T type alpha-1G subunit
(CACNA1G); cyclin-dependent  kinase inhibitor 2A
(CDKNZ2A) (p16/INK4A); cellular retinoic acid binding pro-
tein 1 (CRABP1); MLH1; and neurogenin 1 (NEUROG1)].""
COL2A1 (the collagen 2A1 gene) was used to normalize
for the amount of input bisulfite-converted DNA.824
Primers and probes were previously described for the
following genes: CACNA1G, CRABP1, and NEUROGT;""
CDKNZ2A and COL2A1;?* and MLH1."® The percentage of
methylated reference (PMR, ie, degree of methylation) at
a specific locus was calculated by dividing the GENE/
COL2AT ratio of the amounts of templates in a sample by
the GENE/COL2AT ratio in M. Sssl-treated human
genomic DNA (presumably fully methylated) and multi-
plying this value by 100.2°> A PMR cutoff value of 4 was
based on previously validated data.®22-2¢ Based on the
distribution of PMR values at the CRABPT locus,'" we
raised PMR cutoff to 6 for CRABP1, which improved
specificity of CRABP1 for the prediction of overall CIMP
status (data not shown). Precision and performance char-
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acteristics of bisulfite conversion and subsequent Meth-
yLight assays have been previously evaluated, and the
assays have been validated.'®

Microsatellite Instability (MSI) Analysis

For MSI analysis, whole genome amplification of genomic
DNA was performed by PCR using random 15-mer prim-
ers.?” Methods to determine MSI status have been pre-
viously described.?® In addition to the recommended MS|
panel consisting of D25123, D5S346, D175250, BAT25,
and BAT26,%° we also used BAT40, D18S55, D18S56,
D18S67, and D185487 (ie, 10-marker panel).?® A “high
degree of MSI” (MSI-H) was defined as the presence of
instability in =30% of the markers in the 10-marker panel.
A low degree of MSI (MSI-L) was defined as the presence
of instability in <30% of the markers, and “microsatellite-
stable” (MSS) tumors were defined as tumors without an
unstable marker.

Sequencing of KRAS and BRAF

Methods of PCR and sequencing targeted for KRAS
codons 12 and 13 and BRAF codon 600 have been
previously described.?®3° All forward sequencing results
were confirmed by reverse sequencing. Pyrosequencing
methods for KRAS and BRAF sequencing were imple-
mented since the study began and performed on a sub-
set of cases. Methods of KRAS pyrosequencing have
been validated as described.?” BRAF pyrosequecing
was performed using the PSQ96 HS System (Biotage AB
and Biosystems, Uppsala, Sweden) according to the
manufacturer’s instructions. For BRAF pyrosequencing,
PCR primers were 5'-CAGTAAAAATAGGTGATTTTG-3'
(forward) and biotin-5"-CAACTGTTCAAACTGATGGG-3'
(reverse), pyrosequencing primer was 5 -TGATTTTG-
GTCTAGCTACA-3’, and the dispensation order was
TGAGTCAGTCAGTCAGTCAGTCAGTC.

Tissue Microarray (TMA) Construction and
Immunohistochemistry for p53

TMAs were constructed as previously described®' using
the Automated Arrayer (Beecher Instruments, Sun Prairie,
WI). We analyzed whole tissue sections for cases in
which there was not enough tumor tissue for TMAs or no
definitive results by TMA immunohistochemistry. Meth-
ods for p53 immunohistochemistry were previously de-
scribed.?® Only strong and unequivocal nuclear staining
in 50% or more of tumor cells was interpreted as positive.
Appropriate positive and negative controls were included
in each run of immunohistochemistry. All slides were
interpreted by a pathologist (S.0.) blinded from any other
laboratory data.

Statistical Analysis

For statistical analysis, the x? test (or Fisher’'s exact test
for categories with an N value of less than 10) was per-
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Table 1. Distribution of Colorectal Cancers According to the Number of Methylated Promoters
Number of methylated promoters CIMP-low
0 (CIMP-0) 1 2 3 4 5 1t03 CIMP-high=4
All cases (N = 840) 431 (51%) 143 90 46 54 76 279 (33%) 130 (15%)
Men (N = 362) 189 (562%) 73 43 21 15 21 137 (38%); P = 0.01 36 (9.9%); P = 0.0001
Women (N = 478) 242 (51%) 70 47 25 39 55 142 (30%); P = 0.01 94 (20%); P = 0.0001
MSI-H (N = 122) 22 (18%) 9 5 1 16 69 15 (13%) 85 (70%)
MSI-L (N = 72) 36 (50%) 11 9 8 5 3 28 (39%) 8 (11%)
MSS (N = 621) 356 (57%) 120 72 36 33 4 228 (37%) 37 (6.0%)

P values are based on comparisons of CIMP-low and CIMP-high frequencies between men and women.

formed on categorical data using the SAS program (ver-
sion 9.1; SAS Institute, Cary, NC). All P values were
two-sided, and statistical significance was set at P values
of =0.05.

Results
Criteria for CIMP-High, CIMP-Low, and CIMP-0

We obtained 840 colorectal cancer specimens and
quantified DNA methylation in the five CIMP-specific
gene promoters (CACNATG, CDKN2A, CRABPT,
MLH1, and NEUROGT) by MethyLight technology. We
have previously validated the selection and use of
these five loci for the determination of CIMP-high in
colorectal cancer."' We also examined normal mucosa
from resected segments of colon in a subset of cases
and shown infrequent, at most low-levels, of DNA meth-
ylation in these loci (data not shown). Distributions of
PMR values were bimodal, and only rare cases showed
PMR within the range of PMR cutoff =1 (data on the
first 460 cases'' and data not shown for all 840 cases).
Thus, the methylation status (positive or negative) at
each locus could be unequivocally determined for a
vast majority of the cases.

236
KRAS & BRAF WT tumors (N=387) [
p =0.02
KRAS mutated tumors (N=277)
143
BRAF mutated tumors (N=103) [] 10
116
KRAS & BRAF WT tumors (N=387) [
p =0.0003
KRAS mutated tumors (N=277) | NN
121
BRAF mutated tumors (N=103) [_] 20
35
KRAS & BRAF WT tumors (N=387) [
13
KRAS mutated tumors (N=277) [}
73 | p<0.0001
BRAF mutated tumors (N=103) | |-
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Table 1 shows the distributions of the number of meth-
ylated promoters (from 0 to five) in all 840 colorectal
cancers composed of 362 from the men’s cohort and 478
from the women’s cohort. As in Table 1, 122 MSI-H tu-
mors in this study showed a striking bimodal distribution
with only one tumor (0.8%), exhibiting 3/5 methylated
promoters. Based on this bimodal distribution, CIMP-high
was defined as the presence of =4/5 methylated promot-
ers. Overall, 130 (15%) of all 840 tumors were CIMP-high.
The proportion of CIMP-high cases increased progres-
sively from MSS (6.0%) to MSI-L (11%) and MSI-H (69%)
tumor status (MSI-H versus MSI-L or MSS, P < 0.0001).
CIMP-low tumors, which were defined as tumors with 1/5
to 3/5 methylated promoters, constituted 33% (279/840)
of all tumors. CIMP-0 tumors, defined as tumors with no
methylated promoter, constituted 51% (431/840) of all
tumors.

Characteristics of CIMP-High, CIMP-Low, and
CIMP-0

We examined relations of CIMP-0, CIMP-low, and CIMP-
high with sex. Whereas CIMP-high tumors were more
common in women (20%) than men (9.9%, P = 0.0001),

Frequency of:

CIMP-0

Figure 1. Frequencies of CIMP-0, CIMP-low, and
CIMP-high in KRAS/BRAF wild-type (WT) tumors,
KRAS-mutated (BRAF-wild-type) tumors, and BRAF-
mutated (KRAS-wild-type) tumors. Integer numbers
beside bars indicate the actual number of cases with
a specific feature (such as CIMP-0, CIMP-low, or
CIMP-high). Whereas the frequency of CIMP-0 is
higher in KRAS/BRAF wild-type tumors than in
KRAS-mutated tumors, the frequency of CIMP-low is
higher in KRAS-mutated tumors than in KRAS/BRAF
wild-type tumors.

CIMP-low

CIMP-high
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Figure 2. Frequencies of KRAS mutations among CIMP-0, CIMP-low, and
CIMP-high tumors. The KRAS mutation frequency is significantly higher in
CIMP-low tumors than in CIMP-high and CIMP-0 tumors.

CIMP-low tumors were significantly more common in men
(38%) than in women (30%, P = 0.01) among all 840
tumors (Table 1). No significant difference was observed
in the frequencies of CIMP-0 tumors between men and
women. Next, we stratified tumors according to MSI sta-
tus. CIMP-high tumors were still significantly more com-
mon in women than men among MSI-H tumors (77% in
women versus 53% in men, P = 0.007) and MSS tumors
(8.1% in women versus 3.3% in men, P = 0.02). In
contrast, CIMP-low tumors were more common in men
than women among MSS tumors (42% in men versus
32% in women, P = 0.01) and MSI-H tumors (19% in men
versus 8.9% in women, although statistical significance
was not reached).

We also examined relations between CIMP status and
KRAS and BRAF mutations. We subclassified tumors into
KRAS-mutated tumors (with wild-type BRAF) (N = 277),
BRAF-mutated tumors (with wild-type KRAS) (N = 103),
and tumors with both wild-type KRAS and BRAF (N =
387). The results of tumors with mutations in both KRAS
and BRAF are not shown because of the small number of
such tumors (N = 5). Figure 1 shows the frequencies of
CIMP-0, CIMP-low, and CIMP-high among KRAS/BRAF
wild-type tumors, KRAS-mutated tumors, and BRAF-mu-
tated tumors. In contrast to CIMP-0, which was more
common in KRAS/BRAF wild-type tumors (61%) than in
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Figure 3. Frequencies of KRAS mutations in the nine subtypes of colorectal
cancers. The KRAS mutation frequency is higher in CIMP-low tumors than in
CIMP-high and CIMP-0 tumors among MSI-L/MSS tumors.

KRAS-mutated tumors (52%, P = 0.02), CIMP-low was
more common in KRAS-mutated tumors (44%) than in
KRAS/BRAF wild-type tumors (30%, P = 0.0003). BRAF-
mutated tumors showed a very high frequency of CIMP-
high (71%) compared with KRAS/BRAF wild-type tumors
(9.0%, P < 0.0001) and KRAS-mutated tumors (4.7%,
P < 0.0001). We also examined the frequencies of KRAS
mutations among CIMP-high, CIMP-low, and CIMP-0 tu-
mors. CIMP-low tumors showed a significantly higher
KRAS mutation rate (47%) than CIMP-high tumors
(12%, P < 0.0001) and CIMP-0 tumors (37%, P = 0.007)
(Figure 2).

We examined whether the relation between KRAS mu-
tations and CIMP-low was modified by p53 status (be-
cause p53 mutations have been inversely related to
CIMP-high).®" After tumors were stratified by p53 status,
the frequencies of CIMP-low were higher among KRAS-
mutated (BRAF wild-type) tumors than KRAS/BRAF wild-
type tumors (Table 2). Thus, KRAS mutations were asso-
ciated with CIMP-low independent of p53 status. There
was no significant difference in CIMP-low frequencies
between p53-negative tumors (31%) and p53-positive
tumors (85%), although there was a difference in CIMP-
high frequencies among p53-negative tumors (22%) and
p53-positive tumors (9.1%, P < 0.0001).

Table 2. Frequency of CIMP among Colorectal Cancer with Various p53, KRAS, and BRAF Status

p53 KRAS BRAF Total CIMP-0 CIMP-low CIMP-high
Negative Wild-type Wild-type 216 121 (56%) 62 (29%) 33 (15%)
Mutant Wild-type 175 95 (54%) 72 (41%) 8 (4.6%)
Wild-type Mutant 79 7 (8.9%) 12 (15%) 60 (76%)

Mutant Mutant 3 1 1 1
Total p53 negative tumors 473 224 (47%) 147 (31%) 102 (22%)
Positive Wild-type Wild-type 212 142 (67%) 65 (31%) 5(2.4%)
Mutant Wild-type 116 56 (48%) 54 (47%) 6 (5.2%)
Wild-type Mutant 34 3(8.8%) 9 (26%) 22 (65%)

Mutant Mutant 2 1 1 0
Total p53 positive tumors 364 202 (55%) 129 (35%) 33 (9.1%)

Numbers and percentages in bold indicate that the association of KRAS mutations with CIMP-low appear to be independent of p53 status. Also
note that the association of BRAF mutations with CIMP-high is independent of p53 status.
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Figure 4. Frequencies of BRAF mutations in the nine subtypes of colorectal
cancers. The BRAF mutation frequency is very high in CIMP-high tumors and
low in CIMP-low and CIMP-0 tumors, regardless of MSI status.

Nine Subtypes of Colorectal Cancer According
to MSI/CIMP Status

We subclassified colorectal cancers into nine subtypes
according to status of both MSI and CIMP to examine
effects of CIMP status (in particular, CIMP-low) on ge-
netic status independent of MSI status. The nine sub-
types were as follows: MSI-H CIMP-high, MSI-H CIMP-
low, MSI-H CIMP-0, MSI-L CIMP-high, MSI-L CIMP-low,
MSI-L CIMP-0, MSS CIMP-high, MSS CIMP-low, and MSS
CIMP-0.

Figure 3 shows the frequencies of KRAS mutations
among the nine subtypes of colorectal cancer. Among
the MSS tumors, KRAS mutations were significantly more
common in MSS CIMP-low tumors (48%) than in MSS
CIMP-0 (837%, P = 0.01) and MSS CIMP-high tumors
(27%, P = 0.02). Likewise, among the MSI-L tumors,
KRAS mutations were more common in MSI-L CIMP-low
tumors (41%) than in MSI-L CIMP-high (25%) and MSI-L
CIMP-0 (29%), although statistical significance was not
reached. Among the MSI-H tumors, there was no signif-
icant difference in KRAS mutation rates between MSI-H
CIMP-low tumors (N = 14) and MSI-H CIMP-0 tumors
(N = 21), partly due to the small numbers of cases.

Figure 4 illustrates the frequencies of BRAF mutations
in the nine subtypes of colorectal cancer. Regardless of
MSI status, BRAF mutations were strikingly more frequent
in CIMP-high tumors compared with CIMP-low and
CIMP-0 tumors. Among MSS tumors, BRAF mutations
were significantly more common in MSS CIMP-low tumors
(8.6%) than in MSS CIMP-0 tumors (2.7%, P = 0.004).

We also examined the frequencies of right-sided tu-
mors among the nine subtypes of colorectal cancer (Fig-
ure 5). Among the MSS tumors, there was a statistically
significant trend toward higher frequencies of right-sided
tumors from CIMP-0 to CIMP-low and CIMP-high tumors
(CIMP-high/CIMP-low versus CIMP-0, P < 0.0001; CIMP-
high versus CIMP-low, P = 0.03). Similar trends were also
present among MSI-H and MSI-L tumors, but differences
were not statistically significant.
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Figure 5. Frequencies of right-sided tumors in the nine subtypes of colorec-
tal cancers. The frequency of right-sided tumors seems to be higher in
CIMP-high tumors than CIMP-0 tumors, and CIMP-low tumors show inter-
mediate frequencies within each MSI type.

Discussion

We conducted this study to examine features of CIMP-
low colorectal cancers compared with those of CIMP-
high and CIMP-0 tumors. Our resource of a large number
of relatively unbiased samples of colorectal cancer, ob-
tained from two large prospective cohorts, has enabled
us to precisely estimate the frequency of colorectal can-
cers with specific molecular features (such as MSI-H,
CIMP-high, KRAS mutations, etc) at a population level.""
We have shown that CIMP-low tumors are associated
with male sex, whereas CIMP-high tumors are associated
with female sex. These intriguing opposite sex predilec-
tions of CIMP-low and CIMP-high tumors are indepen-
dent of MSI status. We have also shown that CIMP-low
tumors exhibit a higher KRAS mutation rate than CIMP-
high and CIMP-0 tumors and that the association of
CIMP-low with KRAS mutations appears to be indepen-
dent of MSI status. In contrast to CIMP-low, CIMP-high is
associated with female sex and BRAF mutations, and
CIMP-0 is associated with wild-type KRAS/BRAF and
does not have any sex predilection. These data do not
support the hypothesis that CIMP-low is merely a mixture
of CIMP-high and CIMP-0 tumors. If this hypothesis were
true, one would expect CIMP-low tumors to show biolog-
ical characteristics between CIMP-high and CIMP-0 tu-
mors (such as a weak female predilection and a KRAS
mutation rate between those of CIMP-high and CIMP-0
tumors). However, the associations of CIMP-low with a
high KRAS mutation rate and male sex predilection are
not compatible with this hypothesis. Thus, our data might
raise an alternative hypothesis that CIMP-low tumors con-
stitute a subtype of colorectal cancer that is different from
CIMP-high and CIMP-0.

We admit that differences between CIMP-low and
CIMP-0 tumors are not as clear-cut as those between
CIMP-high and CIMP-low/CIMP-0. Further investigations
are necessary to confirm or refute the existence of CIMP-
low subtype of colorectal cancer. If CIMP-low indeed



exists, further studies may also be necessary to develop
a better panel of markers specific for CIMP-low to be
clearly distinguished from CIMP-0. Nonetheless, some of
the aforementioned associations were highly significant
and less likely chance events. Our database of popula-
tion-based samples from the prospective cohorts also
makes the possibility of selection bias less likely.

We have introduced the term “CIMP-0" for tumors with
0/5 methylated promoters to be clearly distinguished
from “CIMP-low.” Alternative terms for CIMP-0 would be
“CIMP-negative” or “non-CIMP.” However, these alterna-
tive terms could be very confusing. So far there has been
no study to address differences between CIMP-low and
CIMP-0, and the terms “CIMP-negative” and “non-CIMP”
have been used for both CIMP-low and CIMP-0 tumors.
We believe that the term “CIMP-0" is unequivocal and, at
this time, is the best term for tumors with no methylation in
any of the five CIMP-specific promoters.

In this study, we determined CIMP status using five
carefully selected gene promoters, including CACNATG,
CDKN2A (p16), CRABP1, MLH1, and NEUROG1,"" using
MethyLight.?*2* Compared with qualitative methylation-
specific PCR, MethyLight assays can reliably distinguish
high from low levels of DNA methylation, the latter of
which is likely have little or no biological significance.'®1°
We have demonstrated a high degree of sensitivity
(>90%) and/or specificity (>90%) of each of these five
markers for the prediction of the overall CIMP status."”
Qur criteria for CIMP positivity (tumors with =4/5 methyl-
ated promoters) were based on the finding of a clear
bimodal distribution of the number of methylated mark-
ers'! and trends of KRAS and BRAF mutation frequencies
according to the number of methylated promoters. In this
study, we have found that all but one MSI-H tumors (N =
121) showed either =4/5 methylated promoters (CIMP-
high) or =2/5 methylated promoters (CIMP-low/CIMP-0).
In contrast, the definitions of CIMP used in most previous
studies (=50% methylated loci) were less rigid®® and
may misdiagnose a substantial number of CIMP-low tu-
mors as CIMP-high.

In fact, there are conflicting data in the literature re-
garding KRAS mutations in CIMP-high tumors. The orig-
inal study on CIMP showed a higher KRAS mutation rate
in CIMP-positive colorectal cancers than in CIMP-nega-
tive tumors.® Independent of MSI status, higher frequen-
cies of KRAS mutations in CIMP-high tumors compared
with CIMP-low/negative tumors were demonstrated in
some studies,”® whereas lower frequencies of KRAS mu-
tations in CIMP-high tumors have been shown by our
studies (Ref. 11 and this study). In this study, our results
of high KRAS mutation rates in CIMP-low tumors can
explain these conflicting data in the literature. Previous
studies”® using the criteria for CIMP-high (=2/4 or =2/5
methylated loci, respectively) were not strict, so a con-
siderable number of CIMP-low tumors (frequently KRAS-
mutated) might have been mixed into CIMP-high tumors
(with low KRAS mutation rates).

Although substantial data on CIMP-high colorectal
cancers have accumulated, there are little data on CIMP-
low versus CIMP-0 colorectal cancers in the literature.
Kambara et al® described the frequencies of KRAS and
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BRAF mutations in CIMP-high (=3/4 methylated mark-
ers), CIMP-low (1/4 to 2/4 methylated markers), and
CIMP-negative (0/4 methylated markers) tumors. The au-
thors showed a high KRAS mutation rate in CIMP-low
tumors (43% = 19/44) compared with CIMP-negative
tumors (29% = 10/34), although statistical significance
was not reached. In contrast to our study, Kambara et al®
used methylation-specific PCR assays on MINT1, MINT2,
MINT12, and MINT31 in 104 colorectal cancers and did
not examine the effects of CIMP status independent of
MSI status. An inverse association of KRAS mutation and
MSI-H has been previously shown,®? and the effect of
CIMP status on the KRAS mutation rate independent of
MSI status should be evaluated.

The prognostic significance of CIMP-low has not been
studied. Although biological significance of CIMP-low is
still speculative at this point, analysis of patient survival or
other outcomes will shed lights into biological signifi-
cance to CIMP-low compared with CIMP-high and
CIMP-0. Our prospective cohort studies, the Nurses’
Health Study (N = 121,700 followed since 1976)%° and
the Health Professional Follow-up Study (N = 51,500
followed since 1986)?" are currently ongoing. Thus, rela-
tional data on patient survival and CIMP-high and CIMP-
low will be available in the future.

In conclusion, CIMP-low colorectal cancer is associ-
ated with male sex and KRAS mutations independent of
MSI status. Our data might raise the hypothesis that
CIMP-low colorectal cancer is a different subtype from
CIMP-high and CIMP-0 tumors. Further studies are nec-
essary to confirm or refute this hypothesis.

Note:

Three markers (CDKN2A, CRABP1, and NEUROGT) have
recently been shown to be associated with KRAS muta-
tions after exclusion of BRAF-mutated tumors, suggest-
ing that perhaps a separate KRAS-associated CIMP sub-
grouping exists with an overlapping set of methylation
markers.®® These results are in agreement with our data.
Compared to CACNATG and MLH1, specificities of the
three markers are slightly lower'" (ie, more frequently
positive in CIMP-low tumors); hence, there are positive
associations between the three markers and KRAS mu-
tations.
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