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Table 1. Clinicopathologic features of CRC patients by CIMP marker status of the cancerous tissue
; ; CIMP positive, CIMP negative,
Characteristic Total (n = 94) n.= 26(27.7) n = 68 (72.3) p
Age (y)
Mean 65.2 65.8 64.9 0.66
Range 35-86 45-79 35-86
Gender
Female 49 (52.1) 14 (28.6) 35 (71.4) 1.00
Male 45 (47.9) 12 (26.7) 33 (73.3)
Location®
Proximal 40 (42.6) 17 (42.5) 23 (57.5) <0.01
Distal 54 (57.4) 9 (16.7) 45 (83.3)
Stage
lorll 40 (42.6) 9 (22.5) 31 (77.5) 0.36
Il or IV 54 (57.4) 17: (31:5) 37 (68.5)
Tumor differentiation
Well/Moderate 86 (91.5) 21 (24.4) 65 (75.6) 0.03
Por 8 (8.5) 5 (62.5) 3 (37.5)
KRAS mutation
+ 32 (34.0) 9 (28.1) 23 (71.9) 1.00
= 62 (66.0) 17 (27.4) 45 (72.6)
BRAF mutation
+ 6 (6.4) 5(83.3) 1(16.7) <0.01
- 88 (93.6) 21 (23.9) 67 (76.1)

Values in parentheses indicate percentages.

proximal—cecum, ascending and transverse colon; Distal—descending and sigmoid colon and rectum.

constructed using Minitab and TreeView software, respec-
tively. To avoid an artificial effect of excess signal values, sig-
nal ratios of greater than 10 were defined as 10 for the clus-
tering analysis.

KRAS, BRAF and p53 genes mutation

Mutations in the KRAS gene (codons 12 and 13) and BRAF
gene (codon 600) were determined by the pyrosequencing
method as previously reported.’**' Mutations in the p53
gene (exons 5-8) were determined by direct sequencing anal-
ysis.'® The PCR primer sequences and sequencing primer
sequences used are listed in Supporting Information Table 1.

Statistical analysis

All statistical analyses were conducted using StatView for
Windows (version 5.0). Associations between methylation
status and clinicopathological features were analyzed by an
unpaired f test (Student f test or Welch ¢ test) and Fisher’s
exact test. All reported p values were two-sided, with p <
0.05 being considered statistically significant. Pearson and
Spearman tests were used to determine correlations, with sig-
nificance set at p < 0.05; r represents the measure of the
relationship between two variables and varies from —1 to

Int. J. Cancer: 127, 2095-2105 (2010) © 2010 UICC

+1. Disease-free survival curves were generated with the
Kaplan-Meier method. The log-rank test was used to estimate
disease-free survival. Disease-free survival was calculated
starting from the date of surgical procedure to the date of
finding new metastatic lesion or local recurrences from pri-
mary CRC.

Results

Relationship between CIMP status and clinicopathological
features in CRCs

The DNA methylation status of 94 CRCs was examined by
pyrosequencing analysis. Methylation status was analyzed as
both continuous variable (methylation level) and categorical
variable. Genes with methylation levels greater than 15%
were considered methylation-positive, since lower values
could not be easily distinguished from background.%'**
Samples with simultaneous methylation of at least two of the
five classical CIMP markers (hMLHI, MINTI, MINT2,
MINT3] and pl6) were considered CIMP-positive.” Using
this criterion, 26 (27.7%) CRCs were classified as CIMP-posi-
tive (Table 1). On comparing the clinicopathological features
of the CIMP-positive and CIMP-negative groups, we found
that the CIMP-positive group was significantly associated
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with proximal location, poor differentiation and BRAF muta-
tion (p < 0.01, p = 0.03 and p < 0.01, respectively).

Quantitative methylation analysis in the proximal and

distal colon

The majority of CIMP-negative CRCs appears to be located
in the distal colon. To assess whether DNA methylation of
genes other than the CIMP markers is affected by location,
we first quantitatively examined methylation levels in the 94
corresponding normal-appearing colonic mucosae and com-
pared the levels in the proximal and distal colon (Fig. 1a).
To avoid sampling bias, normal-appearing mucosae of CRC
patients were sampled from two distinct regions, 2 cm and
10 cm from the cancer. Because methylation levels of the two
regions were highly consistent (Supporting Information Table
3), we will hereafter use the average methylation data. Meth-
ylation levels of RASSFIA and SFRPI were significantly
higher in the distal than the proximal normal-appearing
mucosae (p < 0.01 and p < 0.05, respectively). Methylation
levels of RUNX3 and SFRP5 were 15% at most and showed
no difference regardless of location. The classical CIMP
markers exhibited very low levels of methylation. These
methylation patterns were identical in the normal-appearing
mucosae from the 38 colon polyp patients (Fig. 1a), suggest-
ing that the accumulation of DNA methylation in certain
genes is an early event known to be a field defect that occurs
during tumorigenesis.'>

In cancerous tissues, substantially increased methylation
was detected in all of the genes examined (Fig. 1b). Methyla-
tion levels of RASSFIA were significantly higher in the distal
than in the proximal CRCs, as was also observed in the nor-
mal-appearing mucosae (p < 0.05, Fig. 1b). On the other
hand, methylation levels of the four classical CIMP markers,
MLHI1, MINTI, MINT2 MINT31, and a newly proposed
CIMP marker, RUNX3%, were significantly higher in the
proximal than the distal CRCs. We also examined three
genes, MGMT, RASSFIA and SFRPI, in 22 colon polyps (Fig.
1b). Several distal colon polyps showed higher methylation
levels of RASSFIA and MGMT than proximal colon polyps,
though the difference was not statistically significant.

These observations were also reproducible when CIMP-
negative distal CRCs and CIMP-positive proximal CRCs were
compared (Supporting Information Fig. 1). RASSFIA was
most frequently methylated in distal CIMP-negative CRCs
(51%, Fig. 1c). We also found that the methylation levels of
RASSFIA were significantly higher in CIMP-negative than in
CIMP-positive CRCs (mean, 18.3%; 95% CI, 14.6-22.0 vs.
mean, 15.8%; 95% CI, 7.0-24.6; p = 0.03). In contrast, the
five classical CIMP markers, as well as a new CIMP marker,
RUNX3, were remarkably methylated in CIMP-positive
CRCs. Five of six (83.3%) CRC cases with BRAF mutations
fell into the proximal CIMP-positive group. Similarly,
RASSFIA and MGMT were more frequently methylated in
distal than in proximal colon polyps (Fig. 1d).

DNA methylation in colorectal cancers

Concomitant methylation of MGMT, RASSF1A and SFRP1 is
correlated with age in distal normal-appearing mucosa

from CRC cases

Substantial methylation of MGMT, RASSFIA and SFRPI was
detected in normal-appearing mucosa from both CRC and
colon polyp cases. We determined whether methylation of
those three genes is associated with age and might occur con-
comitantly with methylation of the other loci. In distal nor-
mal-appearing mucosa from CRC cases, methylation levels of
the three genes were significantly correlated with patient age
(Pearson’s correlation coefficients, RASSFIA, r = 053, p <
0.01; SFRPI, r = 0.36, p < 0.01; and MGMT, r = 0.37, p <
0.01), as well as with one another (all correlations with p <
0.01, Fig. 2a). In contrast, methylation levels of the genes in
the proximal normal-appearing mucosa did not show strong
correlations with patient age or with one another as was
found in the distal colon (Fig. 2a).

In the normal-appearing mucosa from distal colon polyp
cases, methylation levels of RASSFIA and SFRPI were signifi-
cantly correlated with patient age (RASSFIA, r = 042, p <
0.01; and SFRPI, r = 0.37, p = 0.03; Fig. 2b), as was the case
in CRC. No correlation was observed between the methyla-
tion levels of the three genes in the distal normal-appearing
mucosae (Fig. 2b). Spearman’s correlation coefficients calcu-
lated to evaluate the correlations yielded identical results
(data not shown).

Interestingly, we found simultaneous methylation of the
three target genes, RASSFIA, SFRP1 and MGMT, affected the
patient prognosis (Supporting Information Fig. 2). These data
suggest that DNA methylation in multiple loci is simultane-
ously accumulated with aging in the distal normal-appearing
mucosae in CRC cases and have the clinical impact for
CRGCs.

DNA methylation in normal-appearing

mucosa as a clonal event

Densely methylated CpG promoters result in stable gene
silencing.?* To determine whether low or moderate overall
levels of methylation in normal-appearing mucosae represent
dense methylation in a subset of the cells in the sample or
scattered methylation of different CpGs in a majority of the
cells, we performed bisulfite sequences in RASSFIA and
MGMT (Supporting Information Fig. 3). Several clones
showed dense methylation in the RASSFIA and MGMT CpG
promoter regions, implying that even in normal-appearing
mucosa, a subset of cells harbors dense hypermethylation of
tumor suppressor genes, which may be a component of a
field defect."”

LINE-1 methylation status in CRCs and colon polyps

Aberrant global hypomethylation and regional promoter hy-
permethylation have been observed in many human malig-
nancies®; however, it has not been well documented in non-
cancerous tissues. To assess global DNA methylation in

Int. ). Cancer: 127, 2095-2105 (2010) © 2010 UICC
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Figure 1. Distribution of the promoter methylation status of 10 genes (RASSF1A, SFRP1, MGMT, SFRP5, RUNX3, hMLH1, MINT1, 2 and 31
and p16). Levels of methylation measured by bisulfite pyrosequencing methylation analysis in CRC and colon polyp patients. Each circle
represents the methylation level of normal-appearing mucosae from CRC or colon polyp cases (a) and cancerous tissues from CRC or colon
polyp (b) from the proximal (white) or distal colon (black). Y-axis indicates the level of methylation of each gene. Horizontal bars denote
median methylation levels for each group. *p < 0.05; **p < 0.01. Methylation frequencies and mutation status of CRC (c) and colon polyp
patients (d). Each column represents the methylation status or BRAF or KRAS mutations in cancerous tissues or polyps. Black boxes denote

methylation levels >15% (methylation positive) or mutations in the KRAS or BRAF genes. Numbers inside the gray boxes indicate the
percentage of cases in which the gene was methylated or mutated. Samples with methylation of at least two of the five CIMP markers
(hMLH1, MINT1, 2, and 31 and p16) were considered CIMP positive. The proximal colon includes the cecum, ascending and transverse

colon; the distal includes the descending and sigmoid colon, and the rectum.
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*Peason's correlation coefficients

Figure 2. Correlation analysis between methylation levels of three genes (MGMT, RASSFIA and SFRP1) and patient age in the normal-
appearing mucosae from CRC (a) and colon polyp patients (b). Upper right boxes indicate correlations for proximal colon samples, and
lower left boxes indicate correlations for distal colon samples; r indicates Pearson’s correlation coefficients. Colored boxes indicate a

significant correlation (p < 0.01 or p < 0.05).

normal-appearing muocosa, LINE-1 methylation, a good indi-
cator of global methylation, was assessed by pyrosequencing
(Fig. 3).>* Significant hypomethylation was found in both
CRCs and colon polyps compared with normal-appearing
mucosae (Fig. 3a, p < 0.01). In CRCs, LINE-I1 methylation
was significantly lower in the CIMP-negative than the CIMP-
positive group (mean, 56.8%; 95% CI, 54.7-58.9 vs. mean,
60.9%; 95% CI, 56.9-65.0, p < 0.05). These are concordant
with a previous large-scale study using the same technol-
ogy.*® Interestingly, correlation coefficient analysis revealed a
clear inverse correlation between methylation levels and age
in the distal normal-appearing mucosae (r = —0.48, p <
0.01; Fig. 3b). However, no such correlation was observed in
the proximal normal-appearing mucosae of either CRC or
colon polyp cases (Figs. 3b and 3c). Along with these find-
ings, normal-appearing mucosae with two or more hyperme-
thylated genes showed a significantly lower level of LINE-1
methylation than mucosae with one or no hypermethylated
genes (mean, 67.0%; 95% CI, 65.4-68.6 vs. mean, 69.1%; 95%
Cl, 67.7-70.3, p < 0.05, Fig. 3d). These data suggest that in a
subset of distal CRC cases, the normal-appearing mucosa
becomes susceptible to age-related methylation, wherein even
global DNA methylation is affected, and regional hypermeth-
ylation and global hypomethylation occur simultaneously in
the same individuals.

Genome-wide methylation analysis of CIMP-negative and
CIMP-positive CRCs

To decipher the global DNA methylation targets of CIMP-
negative cancers, especially of distal CRCs, we performed

MCAM in 18 CRCs: 7 CIMP-positive proximal CRCs and 11
CIMP-negative distal CRCs (Materials and methods, and
Supporting Information Table 2). We previously reported
that a signal ratio of Cy5/Cy3 in excess of 2.0 in MCAM is
concordant with hypermethylation status in pyrosequencing
analysis."® In this study, we validated the MCAM data (Cy5/
Cy3>2.0 as methylation positive) with pyrosequencing assays
and found that the specificity and sensitivity were both 77%
(Supporting Information Table 4). Unsupervised hierarchical
clustering analysis using 6,157 genes showed that CIMP-posi-
tive proximal CRCs had a prominent cluster of hypermethy-
lated genes, confirming the five classical CIMP markers as
reliable predictive markers for CIMP (Fig. 4a). Consistently,
larger numbers of hypermethylated genes were observed in
CIMP-positive proximal CRCs than in CIMP-negative distal
CRCs (average of 1,321 genes vs. 1,112 genes, p < 0.05, Fig.
4b).

Although CIMP-positive proximal CRCs were classified by
the five classical CIMP markers, four new CIMP markers,
RUNX3, CACNAIG, NEUROGI and CRABPI, were also
highly positive in these CRCs (Fig. 4c).”>*” However, another
two new CIMP markers, SOCSI and IGF2, were not more
predictive than the five classical CIMP markers. We noted
that mutations in the BRAF gene were found in CIMP-posi-
tive proximal CRCs, whereas mutations in the p53 gene
appeared in CIMP-negative distal CRCs.

Among the 1,224 genes identified from MCAM data that
were methylated in more than half the CRC cases (i.., in
more than 4/7 of the CIMP-positive proximal CRCs and 6/
11 of the CIMP-negative distal CRCs), more genes were

Int. J. Cancer: 127, 2095-2105 (2010) © 2010 UICC
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Figure 3. Distribution of LINE-1 promoter methylation levels measured by bisulfite pyrosequencing methylation analysis in CRC and colon
polyp patients. (a) Each circle represents the methylation level of normal-appearing mucosa, CRC and colon polyp from the proximal (white)
and distal colon (black). Horizontal lines represent median methylation levels for each group. Scatter plots of LINE-1 methylation level vs.
patient age in normal-appearing mucosa from CRC (b) and colon polyp patients () taken from the proximal (white circles) or distal colon
(black circles). (d) Box-and-whisker plot of LINE-1 methylation level in normal-appearing mucosae with hypermethylation detected in 0-1 or
>2 of 3 genes, RASSFIA, SFRP1 and MGMT. The mean is marked by a bold line inside the box whose ends denote the upper and lower

quartiles. Error bars represent 5 and 95 percentile values. *p < 0.05;

methylated in CIMP-positive proximal CRC than CIMP-neg-
ative distal CRCs (1,056 genes vs. 504 genes, among which
336 genes were commonly methylated in both groups, p <
0.01, Fig. 5a). This tendency was also true when analyzing
genes methylated in at least 30% of CRC cases (p << 0.01).
Although CIMP-positive proximal CRCs appear to be more
robustly affected by DNA methylation, there is a subset of
genes preferentially methylated in CIMP-negative distal
CRCs.

Combined array data analysis of CRCs and eight normal-
appearing mucosae revealed that DNA methylation in either
both normal-appearing mucosae and CRCs (age-related

Int. J. Cancer: 127, 2095-2105 (2010) © 2010 UICC

**p < 0.01.

methylation, type A genes), or specifically in CRCs (cancer-
specific methylation, type C genes).” The ratios of type A to
type C genes in CIMP-negative distal CRCs and CIMP-posi-
tive proximal CRCs were significantly different. More than
half of the hypermethylated genes in CIMP-negative distal
CRCs were also methylated in the normal-appearing muco-
sae, as opposed to CIMP-positive proximal CRCs, where
more than 60% of hypermethylated genes were cancer spe-
cific (p < 0.01, Fig. 5b). A heat-map overview of 168 genes
(type C, 79 genes; type A, 89 genes), which were methylated
in more than half of CIMP-negative distal CRCs revealed
that DNA methylation was also found in CIMP-positive

-302-

7}
2
]
-
o
-
=
Y
O
St
W
¥
-
=
51
]
o/




w
9
=
=
)
=
&
.
]
¥
=
R
®)

2102

a Simitarity
48 66 B3 100  g457 genes
=i i
1 o
L=
e 1
|2
o

DNA methylation in colorectal cancers

b 1s00- C
1600 1

4 1
1400 }
1200 1 2 4
=~ 6

4 o
1000 $ é
800 ©
11
600 e
3
400 - o ¢
= 3§
o 7

% %
2 2
X T
= o)

Figure 4. MCAM analysis of CRC cases. (a) Heat-map overview and cluster analysis of hierarchical cluster analysis using the DNA
methylation status of 18 samples [11 CIMP-negative distal CRCs (CIMP (=) D), and 7 CIMP-positive proximal CRCs (CIMP (+) P)]. Red,
yellow and blue in the cells reflect methylation levels as indicated in the scale bar below the matrix (log2-transformed scale). All 7 CIMP-
positive CRCs fall into one subgroup (blue line). (b) Box-and-whisker plot showing the number of methylated genes in CIMP-positive
proximal CRCs and CIMP-negative distal CRCs. The median is marked by a bold line inside the box whose ends represent the upper and
lower quartiles. Error bars denote 5 and 95 percentile values. *p < 0.05. (c) Comparison of methylation status of CIMP-positive and CIMP-
negative CRCs. Each column represents the mutation or methylation status of each CRC case. Blue boxes indicate mutations in the KRAS,
BRAF or p53 genes. Black and red boxes indicate a methylation-positive status determined by pyrosequencing or MCAM analysis (average

Cy3/Cy5 signal ratio > 2.0), respectively.

proximal CRCs in a certain extend (Fig. 5¢c). We further vali-
dated the identified hypermethylated genes in CIMP-negative
distal CRCs. Methylation levels of HOXA5 (type A gene)
and PDEIOA (type C gene) were examined by pyrosequenc-
ing in CRCs and their corresponding normal-appearing
mucosae (Fig. 5d). In the normal-appearing mucosae of CRC
cases, DNA methylation levels of both genes were signifi-
cantly higher in the distal than the proximal colon (HOXAS5,
p < 0.05 PDEIOA, p < 0.01). DNA methylation levels of
PDEIOA genes were also higher in the distal than the proxi-
mal CRCs (p < 0.01).

Discussion

Alterations in DNA methylation represent epigenetic phe-
nomena that appear to be early events in tumorigenesis.”®
Recent comprehensive studies have suggested that CIMP is a
distinct colon tumorigenesis pathway that shows an accumu-
lation of high rates of aberrant promoter methylation events.
CIMP tumors have a characteristic phenotype with such fea-

tures as BRAF or KRAS mutations, a specific histology (muci-
nous or poorly differentiated) and proximal location.>**72-!
In addition, cancer-specific DNA methylation is more fre-
quent than age-related DNA methylation in a subclass of
CIMP-positive CRCs.* The CIMP-positive tumors we ana-
lyzed exhibited these features; however, we also found fre-
quent methylation of some genes in the CIMP-negative distal
CRCs. This suggests that during colon tumorigenesis, other
mechanisms besides CIMP could be causing aberrant DNA
methylation in the distal colon.

By focusing on the differences in hypermethylated genes
between CIMP-positive proximal and CIMP-negative distal
CRCs, our genome-wide analysis revealed that hypermethy-
lated genes in the CIMP-negative distal CRCs largely over-
lapped with those in the CIMP-positive proximal CRCs; how-
ever, a set of genes was preferentially methylated in the
CIMP-negative distal CRCs. Along with RASSFIA and
SERPI, two identified genes, HOXA5 and PDEIOA, were also
frequently methylated in distal normal-appearing mucosae

Int. . Cancer: 127, 2095-2105 (2010) © 2010 UICC
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Figure 5. MCAM and pyrosequencing analysis associated with CIMP-negative distal CRCs. (@) Venn diagram illustrating the number of genes
that were methylation positive in more than half of CRC cases as determined by MCAM. More genes were methylated in CIMP-positive
proximal CRCs than CIMP-negative distal CRCs (1,056 genes vs. 504 genes, among which 336 genes were commonly methylated in both
groups). (b) Percentages of type A (black box) and type C (white box) genes among CIMP-negative distal (CIMP (—) D), CIMP-positive
proximal (CIMP (+) P) CRCs and both (common). **p < 0.01. () Heat-map overview with 168 genes which were methylation positive in

more than half of CIMP-negative distal CRC cases. Red, yellow and blue

in the cells reflect methylation levels as indicated in the scale bar

below the matrix (log2-transformed scale). (d) Levels of methylation in HOXA5 and PDE10A measured by bisulfite pyrosequencing
methylation analysis in CRC cases. Each circle represents the methylation levels of normal-appearing mucosae (b) and CRCs (c) from the

proximal (white) or distal colon (black). *p < 0.05; **p < 0.01.

and CRCs. HOXAS5, a developmental regulator of several tis-
sues, has also been known to act as a tumor suppressor
through induction of apoptosis of cancer cells.*** A homo-
zygous deletion at 6q26-27, which includes the PDEIOA
genes, has been observed in glioblastoma.®  Simultaneous
silencing of these sets of genes by epigenetic mechanisms in
addition to genetic alteration (e.g, mutations in the p53
gene) may contribute the distal colon tumorigenesis.

The multistep carcinogenesis of CRCs has suggested the
existence of a period of preneoplastic condition, field defect,
in which cells accumulate genetic and epigenetic alterations
and are predisposed to tumor development.>*>*” Age-related
epigenetic defects have been proposed as potential sources of

Int. ). Cancer: 127, 2095-2105 (2010) © 2010 UICC

the field defect in colon carcinogenesis.">** In this study, we
analyzed the DNA methylation status of normal-appearing
mucosae to elicit the DNA methylation behavior of distal
CRC compared with proximal CRC. In the distal normal-
appearing mucosae of CRCs, methylation levels of RASSFIA,
SFRP1 and MGMT were significantly correlated with one
another and associated with age, whereas global methylation
levels (estimated as LINE-1 methylation levels) diminished
with age. Both regional hypermethylation and global hypo-
methylation appear to occur simultaneously in a subset of
distal normal-appearing mucosae. These data indicated that
distal CRCs might be closely associated by field defect where
age-related DNA methylation target genes were embedded,
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involving the pathways and providing the cell with selective
advantages that promote tumor progression.

The characteristic DNA methylation behavior in distal
normal-appearing mucosa and CRCs may be partially
explained by various environmental factors in the distal co-
lon, where continuous exposure to stool is common. > %342
In addition, absorption of water from the stool increases the
risk of exposure to higher concentrations of exogenous sub-
stances that may act as epimutagenes, proposed environmen-
tal factors that can affect the epigenetic status of genes.’>*?
The levels of exposure to environmental factors, patterns of
genetic defects and types of epimutagenes present differ in
each case by location and may affect epigenetic variations.
Consequently, accumulation patterns of DNA methylation in
normal-appearing mucosae is not uniform by location, as the
present study also indicates.

Although the fundamental cause of aberrant DNA methyl-
ation in cancers is still under investigation, combinations of
such environmental exposures and genetic alterations might
facilitate the deregulation of epigenetic control. In cancer cell
lines, hypermethylation is triggered by low and random levels
of DNA methylation (seeding) together with gene inactiva-
tion by the removal of Spl transcription factor binding
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sites.”> An Sp1/Sp3 binding polymorphism in the RIL pro-
moter has also been reported to confer methylation protec-
tion.* Dysregulation of such cis-acting factors in addition to
environmental exposures may be pivotal in perpetuating the
hypermethylation of a subset of genes. Nevertheless, our
study showed here that different mechanisms of acquiring
epigenetic changes may be present during the tumorigenesis
of CRCs.

In conclusion, our comprehensive analysis deciphered that
particular patterns of aberrant DNA methylation in CIMP-
negative distal CRCs are active during colon tumorigenesis;
global DNA methylation levels were decreased and age-
related DNA methylation in multiple genes was inappropri-
ately induced, which may dictate a characteristic pathogene-
sis. Because recent combined genetic and epigenetic analyses
of sporadic CRC suggest that there are different subsets pos-
sessing distinct clinicopathological features,* elucidation of
the precise roles of epigenetic abnormalities might be a great
help for the prevention, screening and treatment of CRCs.
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