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Alterations in DNA methylation play an important pathophy-
siological role in the development and progression of colorec-
tal cancer. We comprehensively profiled DNA methylation al-
terations in 165 Korean patients with colorectal cancer (CRC), 
and conducted an in-depth investigation of cancer-specific me-
thylation patterns. Our analysis of the tumor samples revealed 
a significant presence of hypomethylated probes, primarily 
within the gene body regions; few hypermethylated sites were 
observed, which were mostly enriched in promoter-like and 
CpG island regions. The CpG Island Methylator Phenotype- 
High (CIMP-H) exhibited notable enrichment of microsatellite 
instability-high (MSI-H). Additionally, our findings indicated a 
significant correlation between methylation of the MLH1 gene 
and MSI-H status. Furthermore, we found that the CIMP-H had 
a higher tendency to affect the right-side of the colon tissues 
and was slightly more prevalent among older patients. Through 
our methylome profile analysis, we successfully verified the 

methylation patterns and clinical characteristics of Korean pa-
tients with CRC. This valuable dataset lays a strong foundation 
for exploring novel molecular insights and potential therapeu-
tic targets for the treatment of CRC. [BMB Reports 2024; 57(2): 
110-115]

INTRODUCTION

Colorectal cancer (CRC) is the third most diagnosed cancer 
and the second leading cause of cancer-related deaths world-
wide (1). Epigenetic alterations play a crucial role in the patho-
genesis of CRC (2), and increasing evidence suggests that epi-
genetic changes induced by bacteria and host diet play an im-
portant role in the carcinogenesis and prognosis of CRC (3, 4). 
One oncogenic mechanism is hypermethylation of promoter 
regions that cause epigenetic silencing of tumor suppressor genes; 
however, genome-wide hypomethylation is often observed in 
patients with CRC (5). Nevertheless, little is known about the 
role of global hypomethylation at CpG sites outside gene pro-
moters in cancer development (6).

Epigenetic alterations are often accompanied by altered gene 
expressions. The occurrence of CRC is predominantly attributed 
to chromosomal instability (CIN), which is closely related to 
global hypomethylation (7). About 10-15% of CRCs are caused 
by a defect in the DNA mismatch repair (MMR) system, which 
can arise from genetic mutations in MMR genes or silencing of 
MLH1 gene due to hypermethylation of their promoter regions 
(8). Microsatellite instability (MSI) is a genetic condition cha-
racterized by increased susceptibility to mutations due to im-
paired DNA-MMR mechanisms. CRCs exhibiting high MSI (MSI-H) 
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Table 1. Clinical characteristics of 165 CRC patients

Clinicopathological factors Number of subject (%)

Sex
  Female 67 (40.6)
  Male 98 (59.4)
Age (median: 63)
  ≤ 60 69 (41.8)
  ＞ 60 96 (58.2)
Location*
  Right-sided 58 (35.2)
  Left-sided 64 (38.8)
  Rectum 41 (24.9)
  Synchronous 2 (1.2)
MSI
  MSI-H 27 (16.4)
  MSI-L 2 (1.2)
  MSS 132 (80)
  NA 4 (2.5)
Tumor stage (AJCC 8th edition)
  I 10 (6.1)
  II 39 (23.6)
  III 107 (64.8)
  IV 9 (5.5)
T stage
  II 15 (9.1)
  III 107 (64.8)
  IV 43 (26.1)
N stage
  N0 49 (29.7)
  N1 82 (49.7)
  N2 34 (20.6)
M stage
  M0 156 (94.5)
  M1 9 (5.5)
Differentiation**
  WD 35 (21.2)
  MD 107 (64.8)
  PD 8 (4.8)
  Mucinous 15 (9.1)
Pathology
  Adenocarcinoma 150 (90.9)
  Mucinous carcinoma 15 (9.1)

*Descending, rectosigmoid, sigmoid, splenic flexure tumors are repre-
sented as left-sided; Appendix, ascending, cecum, hepatic flexure, ile-
ocecal valve, and transverse tumors or multiple presence of these tu-
mors are represented as right-sided. Synchronous represents the pres-
ence of multiple tumors (left- and right-sided). **WD, MD and PD re-
present Well-Differentiated, Moderately-differentiated, and Poorly-Differ-
entiated, respectively. NA denotes the absence of information.

are associated with a distinct clinical and pathological profile 
(9). CpG island methylator phenotype (CIMP) is a subset of CRCs 
distinguished by the inactivation of tumor suppressor genes, 

caused by hypermethylation of promoter CpG island sites; 
CIMP is known to have substantial effects on the development, 
progression, and prognosis of CRC (10-13). Presence of CIMP 
in CRC has been associated with distinct clinical and mole-
cular features, and it is typically seen in association with MSI 
and BRAF mutations (14). Hence, DNA methylation has emerged 
as a potential predictive biomarker for therapeutic interventions, 
showing significant correlations with treatment outcomes in 
some studies (15, 16). However, majority of the available evi-
dence was derived from small-sized studies. 

In this study, we analyzed a comprehensive collection of 
methylation datasets containing clinical and molecular infor-
mation. We aimed to obtain an integrated methylome profile 
that can be used for future research. These data are expected 
to have a variety of applications, ranging from deciphering the 
molecular characteristics of cancer subtypes to exploring novel 
biomarkers, identifying prognostic signatures, and analyzing 
treatment-related variations.

RESULTS

Clinical characteristics of patients with CRC
We analyzed 165 tumors from Korean patients with CRC who 
underwent surgical resection in South Korea, and matched 
them with normal samples. The patient characteristics are pre-
sented in Table 1 and Supplementary Fig. 1. The median age 
of the patients was 63 years (range: 23-90 years), where more 
than half of the patients (N = 96, 58.2%) were aged ＞ 60 years. 
Ninety-eight (59.4%) patients were male, and approximately 
two-thirds of the patients had tumors on the left side (N = 64, 
38.8%) at stage III (N = 107, 65%). Most patients had mode-
rately differentiated adenocarcinoma (N = 107, 64.8%), and 
15 patients (9.1%) had mucinous adenocarcinoma. Most pa-
tients had tumors with microsatellite stability (MSS) (N = 132, 
80%); 27 (16.4%) patients had tumors with high MSI (MSI-H). 

Preprocessing of DNA methylation
From the methylation EPIC array used, raw intensities of 
865,859 probes were obtained for all 165 tumors and matched 
normal samples. To evaluate the quality of the probes, we 
examined their overall beta value distribution, control strip 
plots, bisulfite conversion efficiency, extension quality, and 
specificity (Supplementary Fig. 2). After array normalization 
between type I and type II probes, we corrected the data for 
known batch effects and filtered 1,045 probes using the 
ComBat method (17, 18). We also removed additional probes, 
such as those for sex chromosome methylation data (19,164 
probes), those for known SNP sites (161,056 probes), those 
which we failed to identify (2,123 probes) based on P-values 
of each detection ratio, and those with beta value differences 
exceeding 0.1 (88,298 probes). The filtering process yielded 
612,329 high-quality probes for further analyses (Fig. 1).  
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Fig. 1. Schematic representation of preprocessing of EPIC array me-
thylation profile. This study involved the processing of 339 raw 
EPIC array-based methylation profiles, comprising 169 tumor samples 
and 170 normal samples. Preprocessing was conducted in accordance 
with the minfi pipeline. Normalization was facilitated using the subset- 
quantile within array normalization (SWAN) method, and batch cor-
rection was accomplished using the ComBat method. Nine samples 
that did not match between methylation-based sex prediction and 
clinical information were excluded. After filtering out the probes 
with poor performance, SNPs, sex chromosomes, and low-variable 
sites, the final methylation profiles were composed of 165 tumor 
and 165 normal samples (164 of which were matched) with the 
methylation quantification of 612,329 probes.

Fig. 2. Differences in DNA methylation between colon tumor and 
normal tissues. (A) Principal component plot including data from 
612,329 preprocessed cg probes. (B) Scatter plot of mean beta values 
between normal and tumor samples. Each gray line represents the 
criteria of differentially methylated probes (|mean difference| ＜ 0.15). 
(C) Distribution of the number of DMPs between tumor and normal 
samples. (D) Heatmap of beta values for differentially methylated 
probes. Used probes were selected based on top 5% of total hyper- 
and hypomethylated probes according to mean differences between 
normal and tumor samples. (E) Odds ratios of the number of defined 
DMPs based on genomic regions. Left: gene body structure, Right: 
around CpG island.

Methylation patterns in tumors
We conducted principal component analysis (PCA) to assess 
whether well-curated samples and high-quality probe informa-
tion could effectively distinguish the DNA methylation charac-
teristics between normal and tumor cells. PC1 accounted for 
32.4% of the variation in the samples, providing sufficient evi-
dence of intrinsic differences between normal and tumor tissues 
(Fig. 2A). Next, we performed a comparative analysis of me-
thylation sites in normal and tumor tissues and discovered 
82,897 differentially methylated positions (DMP) (19, 20). Hy-
permethylation was defined when the tumor methylation value 
was 0.15 higher than that of normal tissue (q-value ＜ 0.000001, 
18,814 sites). Conversely, hypomethylation was defined when 
the tumor methylation value was 0.15 lower than that of nor-
mal cells (q-value ＜ 0.000001, 64,083 sites) (Fig. 2B, C). The 
average methylation pattern was generally higher in normal 
samples (tumor: 0.5586, normal: 0.5884), whereas hypomethy-
lation was more prevalent in tumor samples (Fig. 2C, D). The 
overall occurrence of these hypomethylation patterns in tumors 
was consistent with the association between genomic insta-

bility and tumor initiation (Fig. 2C) (21). To analyze the me-
thylation patterns in specific genomic regions, we conducted 
an enrichment analysis for hyper- and hypomethylation in 
each region. While gene body regions and 3’ untranslated 
regions (UTRs) were not hypermethylated, promoter-like regions 
such as TSS1500, TSS200, 5’ UTR, and first exons harbored a 
significant number of hypermethylated sites in tumors (Fig. 
2E). Furthermore, CpG islands and nearby regions were also 
highly enriched in hypermethylated sites. In contrast, only open 
sea regions showed hypomethylation enrichment in tumors 
(Fig. 2E).

CIMP subgroup for 165 colon tumor samples
Considering that CpG islands and promoter regions contain 
multiple hypermethylation sites (Fig. 2E), we conducted a 
more extensive investigation of CIMP, which is characterized 
by simultaneous hypermethylation of multiple CpG islands 
located in the promoter regions of specific genes. Additionally, 
CIMP is associated with distinct clinicopathological features, 
including MSI, age, and tumor location (13). For CIMP analy-
sis, we used a set of 4,327 probes of 258 CIMP marker genes 
(22). Among them, we selected 2,352 highly variable probes 
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Fig. 3. CpG island methylator phenotype (CIMP) subgroups for 
165 colon tumors samples. (A) Clustering of colon tumor samples 
based on CIMP marker probes. Synchronous represents the presence 
of multiple tumors (L&R: left- and right-sided, R: right-sided). WD, 
MD, and PD represent Well-Differentiated, Moderately-Differentiated, 
and Poorly-Differentiated, respectively. (B) Boxplot for patients’ mean 
CIMP marker probe methylation levels according to CIMP and MSI 
status. (C) Proportion of MSI and MSS status probes according to 
CIMP status. (D) Boxplot for the distribution of MLH1 gene methy-
lation according to CIMP and MSI status. Notation “*” represents 
the significance of comparisons (t-test, P ＜ 0.05). (E) Proportion of 
tissue location status of patients according to CIMP status. Descen-
ding, rectosigmoid, sigmoid, splenic flexure tumors are represented 
as left-sided; appendix, ascending, cecum, hepatic flexure, ileocecal 
valve, and transverse tumors are represented as right-sided.

from 165 samples (standard deviation ＞ 0.15). Using the 
K-means algorithm with 100 iterations of these probes, tumor 
samples were clustered into CIMP-high (CIMP-H; N = 49, 
29.7%), CIMP-low (CIMP-L; N = 71, 43%), or non-CIMP (N = 
45, 27.3%) groups based on average methylation levels (Fig. 
3A); mean of methylation levels in the three groups showed 
significant differences (t-test, P ＜ 0.001) (Fig. 3B). We then 
stratified the tumor samples based on CIMP and clinical 
features (Fig. 3A). Among the CIMP-H clustered patients, 35% 
exhibited MSI status; in contrast, MSI was detected only in 7% 
of CIMP-L and 16% of non-CIMP patients (Fig. 3C). This result 
showed a significant enrichment of patients with MSI-H or 
MSI-L within the CIMP-H group (Fisher’s exact test, P ＜ 0.001). 
Subsequently, we investigated the methylation status of MLH1, 
a gene responsible for DNA mismatch repair. Defects in MLH1 
are known to be associated with MSI. Overall, MLH1 methy-
lation levels were higher in CIMP-H (mean methylation: 0.30) 
than in CIMP-L (mean methylation: 0.25) or non-CIMP (mean 
methylation: 0.23) groups. Additionally, high correlation was 
observed between MLH1 methylation and MSI-H in the CIMP-H 
(Fig. 3D). Among patients with CIMP-H and MSI-H, the mean 

MLH1 methylation level was 0.41, which was significantly 
higher than that in patients with CIMP-H and MSS (t-test, P ＜ 
0.001). Furthermore, the CIMP status was correlated with patient 
age and the anatomical location of tumors in the large intestine. 
In the CIMP-H group, 30 tumors (62%) were collected from 
the right-sided colon, 11 (23%) from the rectum, and 7 (15%) 
from left-sided colon (Fig. 3E), without considering synchronous 
tumors (i.e., presence in both left and right sides). The CIMP-L 
and non-CIMP contained 13 (18%) and 15 (34%) right-sided 
colon tumors, respectively. These results revealed a higher en-
richment of right-sided colon tumor samples in the CIMP-H 
(Fisher’s exact test, P ＜ 0.01). When comparing age distri-
bution according to CIMP, the mean age of CIMP-H patients 
was 65.8 years, which is slightly higher than that of CIMP-L 
(mean age: 63.7 years), and significantly higher than that of 
non-CIMP (mean age: 55.8 years) groups (t-test, P ＜ 0.05). 
Next, we compared the patient’s survival outcome on the basis 
of CIMP. Patients who were classified as CIMP-H showed a 
worse prognosis than those classified as non-CIMP (Supple-
mentary Fig. 3A). No significant prognostic differences were 
observed between CIMP-H and CIMP-L. To further investigate 
this observation, we identified potential prognostic methylation 
markers by conducting univariate Cox regression analysis using 
CIMP-H marker probes. We discovered 80 significant probes 
capable of differentiating patient outcomes (Supplementary 
Fig. 3B and Supplementary Table 1). For example, patients 
who were hypermethylated at cg19074340, located in the 
WT1 promoter region, had a worse prognosis than those who 
had hypomethylation at this site. We also compared overall 
methylation of gene promoters between MSI and MSS within 
CIMP-H samples. Our observations revealed several genes, in-
cluding WNT1, SFRP2, NFAR5, and AXIN2, were hypermethy-
lated in MSI-H and were associated with the WNT signaling 
pathway (Supplementary Fig. 4A). For instance, the promoter 
of SFRP2 gene was significantly hypermethylated in MSS 
within CIMP-H (Supplementary Fig. 4B), and the promoter of 
WNT1 gene was hypermethylated in MSI-H within CIMP-H 
(Supplementary Fig. 4C).

DISCUSSION

In this study, we aimed to obtain integrated methylome pro-
files for different clinical and pathological subtypes of colorec-
tal cancer. Integrating methylome profiles with patient data 
will create a valuable resource that will enable interpretation 
of the molecular mechanisms of methylation changes asso-
ciated with cancer development (23). Our dataset showed that 
tumor samples contained a larger number of hypomethylated 
sites than hypermethylated sites. In addition, promoter-like re-
gions and CpG island regions contained a higher proportion of 
hypermethylated sites, whereas hypomethylated probes were 
predominantly located in open sea regions. We clustered Korean 
patients with CRC into three distinct CIMP classes, namely 
CIMP-H, CIMP-L, and non-CIMP. The CIMP-H group more fre-
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quently developed right-sided colorectal tumors with elevated 
MLH1 gene methylation and enrichment of MSI patients, 
consistent with previous findings (24, 25). The CIMP-H group 
was significantly enriched in MSI, with elevated MLH1 methy-
lation, and a significant relationship between MLH1 methyla-
tion and MSI-H was observed. CIMP was also correlated with 
the anatomical location of the tumors and patient age, with a 
higher proportion of right-sided colon tumors and slightly older 
patients in the CIMP-H group.

DNA methylation biomarkers have been associated with ad-
vanced disease stages or poor outcomes in patients with CRC, 
but there is insufficient evidence for their use in routine cli-
nical practice for CRC, given the difficulties in their validation 
(15, 16, 26). Although a single-medical-center design and the 
relatively small study population may limit its applicability, 
our study showed characteristics of age, sex, and anatomical 
locations similar to those in other studies based on Korea 
National Cancer Incidence Database (27, 28), which, to some 
extent, could be representative of the general frequency of 
Korean patients with CRC. In addition, given the limited reports 
on the methylome of Korean patients with CRC, our dataset is 
capable of representing clinical features of CRC in Korea. We 
also investigated the correlation between prognosis of patients 
and CIMP; patients with CIMP-H displayed a worse prognosis 
than those classified as non-CIMP. Using univariate Cox re-
gression models, we identified 80 significant methylation markers, 
such as cg19074340 in the WT1 gene promoter region, that 
were strongly associated with patient prognosis. Furthermore, 
we found that SFRP2 and WNT1 genes with hypermethylated 
promoters in MSI or MSS subtypes within CIMP-H samples 
were extensively associated with WNT signaling pathway. This 
detailed exploration of gene methylation in the context of 
CIMP enhances our understanding of the complex molecular 
interactions that drive colorectal cancer prognosis. Further re-
search is warranted to refine these markers and explore their 
potential therapeutic implications.

Overall, we highlighted the clinical characteristics of Korean 
patients with CRC and provided insights into the methylation 
patterns in colon tumors compared with those in normal tissues. 
These results constitute a representative dataset for validating 
the relationship between clinical and epigenetic features. In 
parallel with our efforts to construct a more comprehensive 
methylome profile, further studies based on this profiling could 
contribute to the understanding of CRC development and may 
have implications for molecular characterization, biomarker 
discovery, and treatment analysis.

MATERIALS AND METHODS

Ethics approval statement
This study was approved by Samsung Medical Center Institu-
tional Review Board (IRB 2017-01-131) and Yonsei University 
Institutional review board (approval number: 7001988-201910- 
BR-727-02).

Study population
We collected data from 170 patients who underwent patho-
logical confirmation of colorectal cancer; this involved a de-
tailed procedure. The methylation dataset comprised 339 arrays 
distributed by Samsung Medical Center. From this total, 169 
tumor and 170 normal (matched 169) samples were identified. 
All normal samples were obtained from the margins of the 
resected specimens farthest from the tumor site. After excluding 
four tumor and five normal samples that were mismatched 
with clinical sex information based on methylome-based cri-
teria, 165 tumor and 165 normal (164 matched) samples were 
analyzed using the EPIC array and subjected to preprocessing 
and quality control for downstream analysis.

DNA extraction and EPIC array-based methylation assay
Genomic DNA was isolated from tumor and adjacent normal 
tissues using a PureLinkTM Genomic DNA Mini Kit (Invitrogen, 
Waltham, MA, USA). The quality of the genomic DNA was 
checked using NanoDropⓇ (ND-2000, Waltham, MA, USA) 
and gel electrophoresis (1% agarose gel, 100 V, 30 min). Intact 
genomic DNA was diluted to 50 ng/μl based on Quant-iT 
Picogreen (Invitrogen, Waltham, MA, USA) quantitation and 
subjected to bisulfite conversion using EZ DNA Methylation 
Kit (ZymoResearch, USA). Subsequently, the converted genomic 
DNA was amplified up to 1,000-fold through whole-genome 
amplification and then hybridized to Infinium MethylationEPIC 
BeadChip (V1; WG-317-1003, Illumina, San Diego, CA, USA) 
following the standard recommended Illumina protocol. After 
completing the single-base extension in the sd, the BeadChip 
was imaged using the iScanTM system (SY-101-1001, Illumina, 
San Diego, CA, USA) to yield raw data in the IDAT format.

Normalization, batch correction, and probe filtering
The EPIC array dataset was processed using the established 
minfi pipeline for Illumina methylation arrays (19). Raw signal 
intensities from 865,859 probes were extracted, followed by 
the application of subset-quantile within array normalization 
(SWAN) to correct for technical differences between type I and 
type II probes (18). Batch effects were addressed using surro-
gate variable analysis (SVA) and the ComBat method (17). To 
handle batch correction, we used sentrix ID information be-
cause the dataset consisted of one set before 2042203330001 
and another set after 2042203330001. In the batch correction 
process, we manually removed 1,045 probes based on the 
Illumina EPIC array manual version 1.05B. Subsequently, poor-
ly performing probes, sex chromosomes, and known SNP sites 
were excluded from downstream analysis. Additionally, if the 
beta range was ＜ 0.1, the probes were removed. Ultimately, 
612,329 probe methylation beta values remained for 165 tumor 
and 165 normal samples. 
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