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DNA methylation regulates gene expression and contributes to 
tumorigenesis in the early stages of cancer. In colorectal cancer 
(CRC), CpG island methylator phenotype (CIMP) is recognized 
as a distinct subset that is associated with specific molecular 
and clinical features. In this study, we investigated the genome- 
wide DNA methylation patterns among patients with CRC. 
The methylation data of 1 unmatched normal, 142 adjacent 
normal, and 294 tumor samples were analyzed. We identified 
40,003 differentially methylated positions with 6,933 (79.8%) 
hypermethylated and 16,145 (51.6%) hypomethylated probes 
in the genic region. Hypermethylated probes were predominant-
ly found in promoter-like regions, CpG islands, and N shore sites; 
hypomethylated probes were enriched in open-sea regions. 
CRC tumors were categorized into three CIMP subgroups, with 
90 (30.6%) in the CIMP-high (CIMP-H), 115 (39.1%) in the 
CIMP-low (CIMP-L), and 89 (30.3%) in the non-CIMP group. 
The CIMP-H group was associated with microsatellite instability- 
high tumors, hypermethylation of MLH1, older age, and right- 
sided tumors. Our results showed that genome-wide methyla-
tion analyses classified patients with CRC into three subgroups 
according to CIMP levels, with clinical and molecular features 

consistent with previous data. [BMB Reports 2023; 56(10): 563- 
568]

INTRODUCTION

Colorectal cancer (CRC) is one of the most common cancer 
types and the leading cause of death worldwide (1). Numerous 
attempts have been made to better understand the molecular 
basis of CRC; however, CRC prognosis is currently assessed 
using TNM staging. The mean 5-year survival rate of patients 
with localized CRC is 90%, but that of patients with advanced 
CRC is only approximately 13-17% (2, 3).

CRC tumorigenesis occurs through the accumulation of ge-
netic and epigenetic mutations from adenoma to adenocar-
cinoma (4). However, not all CRCs arise from conventional 
genetic mutations in genes such as APC, KRAS, and TP53, 
suggesting that other mechanisms also contribute to the de-
velopment of CRC (5). Epigenetic alterations, particularly DNA 
methylation, are recognized as alternative mechanisms that 
can lead to inappropriate gene expression and contribute to 
early-stage tumorigenesis (6, 7). DNA methylation predominant-
ly occurs at CpG sites (present in 70% of human promoters), 
which generally leads to epigenetic transcriptional silencing 
(8). In CRC, the CpG island methylator phenotype (CIMP) is a 
distinct subset associated with BRAF mutations and mismatch 
repair deficiency due to CIMP-associated methylation of MLH1 
(9). Our genome-wide methylation analyses showed that the 
patients with different CIMP levels had significant correlation 
with clinical and molecular features consistent with previous 
data.
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Table 1. Patient characteristics

Parameter N (%)

Sex
  Male 181 (61.6)
  Female 113 (38.4)
Age, year 62.0 (20.0; 83.0)*
Location 
  Cecum 7 (2.4)
  Ascending 57 (19.4)
  Transverse 14 (4.8)
  Descending 21 (7.1)
  Rectum 58 (19.7)
  Rectosigmoid 23 (7.8)
  Sigmoid 113 (38.4)
  Synchronous 1 (0.3)
Pathology 
  Adenocarcinoma 275 (93.5)
  Mucinous 17 (5.8)
  Mucinous with signet ring carcinoma 1 (0.3)
  Signet ring cell carcinoma 1 (0.3)
Differentiation
  Well differentiated 5 (1.7)
  Moderately differentiated 249 (85.9)
  Poorly differentiated 36 (12.4)
  N/A 4 (1.4)
MSI status
  MSI-H 16 (5.4)
  MSI-L 18 (6.1)
  MSS 258 (87.8)
  N/A 2 (0.7)
KRAS 
  Mutant 110 (37.4)
  Wild type 159 (54.1)
  N/A 25 (8.5)
BRAF 
  Mutant 4 (1.4)
  Wild type 42 (14.3)
  N/A 248 (84.4)
NRAS 
  Mutant 1 (0.3)
  Wild type 50 (17.0)
  N/A 243 (82.7)
Stage (AJCC)
  II 65 (22.1)
  III 165 (56.1)
  IV 63 (21.4)
  N/A 1 (0.3)

N, number of samples; MSI, microsatellite instability; MSS, microsatel-
lite stability; MSI-H, high microsatellite instability; MSI-L, low microsa-
tellite instability; N/A, not applicable; AJCC, American Joint Committee 
on Cancer.
*Median age of patients with CRC and overall range in this study.

RESULTS

Clinicopathological characteristics of the patient cohort
Initially, 299 patients with stage II, III, or IV CRC were in-
cluded in the study. Patients whose sex and chromosomal data 
did not match were excluded considering sample contami-
nation (n = 5); thus, 1 unpaired, 142 paired normal, and 294 
tumor samples were analyzed.

More than half of the patients (n = 181, 61.6%) were male, 
with a median age of 62 years (range 20-83). The most common 
tumor locations were sigmoid colon (n = 113, 38.4%), followed 
by rectum (n = 58, 19.7%), and ascending colon (n = 57, 
19.4%). Approximately half of the patients had stage III disease 
(n = 165, 56.1%), and a similar number of patients had stage 
II (n = 65, 22.1%) or IV disease (n = 63, 21.4%). Pathological 
reports showed that most cases were adenocarcinomas (n = 
275, 93.5%), with a few mucinous adenocarcinomas and signet 
ring carcinomas. Most of the tumors were moderately differ-
entiated (n = 249, 85.9%), 12.4% were poorly differentiated 
(n = 36), and 1.7% were well differentiated (n = 5). Among 
patients tested for the presence of KRAS mutations, 40.9% (n 
= 110/269) had mutations in exons 2, 3, or 4. Only a few 
patients were tested for BRAF and NRAS; four patients had 
BRAF mutations, and one patient had an NRAS mutation 
(Table 1 and Supplementary Fig. 1).

Preprocessing of the DNA methylation profile of Korean 
patients with CRC
DNA methylation of the CRC samples was performed using a 
high throughput assay termed EPIC array, which enables exam-
ination of over 850,000 methylation sites across the genome. 
The EPIC array dataset was processed using the previously 
defined pipeline minfi (10). We initially examined the quality 
of the EPIC array by inspecting the overall distribution of beta 
values and control strip plots, including those for bisulfite 
conversion efficiency, extension quality, and specificity (Supple-
mentary Fig. 2). We then applied subset-quantile within array 
normalization (SWAN) (11) to correct technical differences be-
tween type I and II probes within each array. Next, we ad-
dressed known batch effects specific to each EPIC array batch 
type (with removing 1,047 probes). For downstream studies, 
we filtered out 2,123 poorly performing probes, 19,575 sex 
chromosomes, and 161,412 known single nucleotide poly-
morphism (SNP) locus probes. If the beta range was less than 
0.1 in all samples, we excluded these probes (83,655) from 
further analyses. In total, 616,162 probe methylation profiles 
of 294 tumor and 143 normal samples (matched 142) were 
used for downstream analysis (Fig. 1). Using principal compo-
nent (PC) analysis, we compared the distribution of beta values 
between the raw and processed probes and found sex- and 
batch-related biases in the raw beta values (Supplementary Figs. 
3A and 4A) prior to preprocessing. Following normalization 
and filtering procedures, we obtained high-quality data, effect-
ively harmonized the dataset, and eliminated technical noise 
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Fig. 1. Construction of the colorectal cancer (CRC) methylome pro-
file. (A) Sample collection and preparation: initial processing involved 
extraction and measurement of 443 raw EPIC array-based methyla-
tion profiles. These consisted of 299 tumor samples and 144 matched 
normal samples from Korean patients with CRC at Seoul National 
University Hospital. (B) Preprocessing of the methylome profile: the 
preprocessing procedure adhered to the minfi pipeline protocol. The 
subset-quantile within array normalization (SWAN) method was used 
for normalization, and the ComBat method was applied for batch 
correction. One normal and five tumor samples showing discrepan-
cies between methylation-based sex prediction and clinical infor-
mation were excluded. After the removal of poorly performing, SNP 
locus, sex-chromosome, and low variable site probes, the finalized 
methylation profile comprised 294 tumor and 143 normal samples 
(142 matched), quantified at 616,162 probe sites.

Fig. 2. Differential methylation patterns between tumor and normal 
tissues. (A) PC plot based on 616,162 preprocessed probes. (B) 
Scatter plot of mean beta values between tumor and normal samples. 
(C) Heatmap of the expression of differentially methylated probes. 
Probes were randomly selected among 5% of total differentially 
methylated positions (DMPs) in each hypermethylation and hypo-
methylation. (D) Total number of DMPs between tumor and normal 
samples. Purple and light purple represent the DMP of the genic 
(including the promoter region) and intragenic regions, respective-
ly. The numbers within parentheses represent the number of DMPs. 
(E) Odds ratios of the number of region-dependent DMPs with 
the total EPIC array positions. Shore represents the region up to 2 
kb upstream (N shore) or downstream (S shore) from the start of 
the CpG island, and shelf represents the region from 2 to 4 kb 
upstream (N shelf) or downstream (S shelf) from the start of the 
CpG island.

and sex-based biases. The preprocessing step is illustrated in 
the PC plots in Supplementary Figs. 3B and 4B.

Differential methylation patterns between normal and tumor 
samples
Based on 616,162 processed methylation probes, we observed 
a clear separation between the tumor and normal samples 
within the dimensionality reduction plot (Fig. 2A), as indicated 
by the PCs (explained variance of PC1: 29.53%). The overall 
methylation levels were slightly higher in the normal samples 
(0.5848) than in the tumor samples (0.5602; Fig. 2B). Subse-
quently, we identified 40,003 differentially methylated positions 
(DMPs) between the tumor and normal samples (Supplemen-
tary Tables 1 and 2). There were more hypomethylated (31,312 

probes) than hypermethylated (8, 691 probes) sites in the tumor 
samples (Fig. 2C, D). Among these DMPs, 6,933 (79.8%) hyper-
methylated probes (i.e., promoter, untranslated region [UTR], 
and gene body) and 16,145 (51.6%) hypomethylated probes 
were found in the genic region (Fig. 2D, Supplementary Tables 
3 and 4). To investigate the abundance of DMPs in different 
genic and CpG island regions, we calculated the odds ratio 
(OR) of DMPs for hyper- and hypomethylated probes in re-
lation to various genomic annotations, such as gene promoter 
regions, body regions, and islands or shores. In promoter-like 
regions (TSS1500, TSS200, 5’ UTR, and first exon), the ORs be-
tween the number of observed and expected hypermethylated 
probes were 1.43, 3.38, 2.07, and 4.26, respectively (Fig. 2E 
and Supplementary Table 3), with significant P-values (＜ 0.0001). 
Likewise, hypermethylated probes were highly enriched in the 
CpG island regions and N shore sites (Fig. 2E and Supple-
mentary Table 5; OR: 14.70 and 1.25, respectively). In contrast, 
27,131 hypomethylated probes in tumor samples were predo-
minantly found in open-sea regions (OR: 4.32), which were 
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Fig. 3. CpG island methylator phenotype (CIMP) clustering of 294 
tumor samples. (A) Heatmap of 294 CRC samples based on the 
methylation level of CIMP marker probes. Samples were clustered 
in each CIMP-based group and sorted according to MLH1 methy-
lation level. (B) Boxplot of the mean methylation levels of CIMP 
marker genes, according to the CIMP and MSI statuses. (C) Pro-
portions of samples with the MSI and MSS statuses according to 
the CIMP status. (D) Boxplot of the distribution of MLH1 methy-
lation according to the CIMP and MSI statuses. (E) Distribution of 
tissue location among the CIMP groups. Tumors at descending, recto-
sigmoid, and sigmoid colon are considered left-sided, and those 
at cecum, ascending colon, and transverse colon are considered 
right-sided. Synchronous tumors occurred as multiple tumors on both 
left and right sides simultaneously.

considerably distant from the CpG island regions (Supplemen-
tary Table 6).

CIMP feature-based clustering for 294 tumor samples
To assess the abundance of CIMP, we used a set of 4,327 CpG 
island probes from previously defined 258 CIMP gene markers 
(12). Among the 4,327 probes, we selected 1,930 highly 
variable sites (standard deviation ＞ 0.15) and clustered CRC 
samples based on these CIMP marker probes. Consequently, 
294 tumor samples were assigned to three clusters: CIMP-high 
(CIMP-H), CIMP-low (CIMP-L), or non-CIMP, according to the 
respective mean methylation level of each cluster (Fig. 3A). 
Based on the established criteria, we identified 90 (30.6%) 
CIMP-H, 115 (39.1%) CIMP-L, and 89 (30.3%) non-CIMP pa-
tients with CRC, and their mean CIMP marker probe methyla-
tion levels exhibited significant pairwise differences (Fig. 3B). 
Next, we compared the CIMP clusters with the clinical cha-
racteristics of patients with CRC. In the CIMP-H group, 18 (20%) 
patients (Fig. 3C) showed high or low microsatellite instability 
(MSI-H or MSI-L). In contrast, only 7% of the patients in both 
the CIMP-L and non-CIMP groups presented with MSI-H or 
MSI-L status. We ascertained that the patients with MSI-H or 

MSI-L status were significantly enriched in the CIMP-H group 
(P ＜ 0.05). We next investigated the methylation levels of 
MLH1, a well-known DNA mismatch repair gene, and found 
that the overall MLH1 methylation levels were higher in the 
CIMP-H group (mean methylation: 0.26) than in the CIMP-L 
(mean methylation: 0.23) and non-CIMP (mean methylation: 
0.21) groups. We also observed a significant association between 
MLH1 methylation and the MSI-H status in the CIMP-H group 
(Fig. 3D). Notably, in the CIMP-H group, patients with the MSI-H 
status had a higher mean MLH1 methylation level (0.47) than 
those with the MSS and MSI-L status (0.24; T-test, P ＜ 0.05). 
Additionally, the CIMP status correlated with anatomical loca-
tion and patient age. In the CIMP-H group, 36 (40%) tumor 
samples were found in the right-sided colon, 35 (39%) in the 
left colon, and 18 (20%) in the rectum. In contrast, the CIMP-L 
and non-CIMP groups included 22 (19%) and 20 (2%) right 
colon tumors, respectively (Fig. 3E). Comparison of age distri-
bution according to the CIMP status revealed that the mean 
age of CIMP-H patients was 62.9 years, which was slightly 
higher than that of CIMP-L (58.3 years) and non-CIMP (59.1 
years) patients (T-test, P ＜ 0.05). Moreover, in the data under 
study, a higher frequency of KRAS mutations was observed in 
patients with CIMP-H compared to those with CIMP-L and 
non-CIMP. Among CIMP-H patients with confirmed KRAS mu-
tational status, 41 (52.5%) had KRAS mutations. Nevertheless, 
within the cohort of patients characterized by both CIMP-H 
and MSI-H, only a single case was observed to harbor the 
KRAS mutation. Other clinical features, including sex, AJCC 
stage, differentiation, and T, N, and M stage were not signi-
ficantly associated with CIMP status (Supplementary Fig. 5). In 
the survival analysis, the CIMP-H group showed worse prog-
nosis than the CIMP-L and non-CIMP groups (Supplementary 
Fig. 6).

We focused on 142 pair-wise matched samples for in-depth 
analysis. The differences between tumor and adjacent-matched 
normal tissues demonstrated a strong association with CIMP 
signals (Supplementary Fig. 7A). We classified the samples into 
three distinct clusters – C1, C2, and C3 – by pair-differences 
for the 10k most variable probes. These clusters demonstrated 
high enrichment of specific CIMP subgroups, with 97.5% for 
C1, 63.3% for C2, and 49.1% for C3, which corresponds to 
the CIMP-H, CIMP-L, and non-CIMP categories, respectively 
(Supplementary Fig. 7B). The methylation differences observed 
in C1 and C2, which correspond to CIMP-H and CIMP-L, 
respectively, were characterized by strong hypermethylation in 
the CpG island region (Supplementary Fig. 7C) and by hypo-
methylation in the open-sea region (Supplementary Fig. 7D). 
Interestingly, the C3 cluster, which primarily consisted of non- 
CIMP and CIMP-L samples, did not show significant differ-
ences in methylation in the open-sea region between tumor 
and normal tissues, in contrast to the methylation patterns of 
C1 and C2 (Supplementary Fig. 7D). We thus analyzed CpG 
island and open-sea methylation differences within the CIMP-L 
samples across C2 and C3. There was no significant difference 
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in CpG island methylation between C2 and C3, whereas open- 
sea methylation was markedly higher in C2 (Supplementary 
Fig. 7E). 
DISCUSSION

Here, we present genome-wide methylation data from high- 
throughput microarrays and their clinical implications from a 
large cohort of patients with CRC. Our analyses showed that 
hypermethylated and hypomethylated DMPs were located in 
distinctly different genomic regions and that CIMP-H was asso-
ciated with MSI-H tumors and MLH1 hypermethylation.

Our genome-wide methylation data of tumors and matched 
normal tissues identified 40,003 DMPs with 6,933 (79.8%) 
hypermethylated and 16,145 (51.6%) hypomethylated probes 
in genic regions. Hypermethylated probes were predominantly 
found in promoter-like regions, CpG islands, and N shore sites, 
whereas hypomethylated probes were enriched in open-sea 
regions. Our findings are consistent with those of previous 
reports (13, 14) that neoplastic cells often present with methy-
lation at the promoter sites of selected CpG islands, which 
leads to the silencing of tumor suppressor genes and promotes 
tumorigenesis (15).

CIMP analyses categorized the tumor samples into three 
subgroups: CIMP-H, CIMP-L, and non-CIMP. Patients in the 
CIMP-H group were older and had more frequent right-sided 
tumors, concordant with the results of a previous study (16). 
Moreover, CIMP-H tumors were strongly associated with MSI-H 
and MLH1 hypermethylation, which has also been reported in 
previous studies (17, 18). CIMP-positive tumors are traditional-
ly categorized into subgroups that exhibit unique molecular 
characteristics, often marked by prevalent mutations in either 
KRAS or BRAF genes, as noted in several studies (8, 19-21). 
Within our study’s patient population, the CIMP-H subgroup 
demonstrated an elevated frequency of KRAS mutations. How-
ever, in the combined subgroup of CIMP-H and MSI-H, we 
confirmed only one instance of KRAS mutation. This suggests 
the existence of more intricate sub-molecular classifications 
within the CIMP-H group (22-24). 

In-depth analyses of the 142 tumor and normal matched 
samples suggested that the methylation phenotypes in CRC are 
not solely governed by CpG island methylation but also by 
regions beyond CpG islands, such as open-sea regions. Our 
results imply complexity in CRC methylation phenotypes that 
extends beyond the conventional CIMP status, underscoring 
the need for a more nuanced understanding of methylation 
dynamics of CRC. Our findings also highlight the importance 
of understanding the global methylation landscape when exam-
ining methylation patterns, which potentially offers more com-
prehensive insights into CRC subtypes and contributes to refined 
diagnostic and therapeutic strategies. Lastly, we examined the 
methylation patterns of various MMR-related genes, (including 
MSH2, MSH3, MSH5, MSH6, MLH3, PMS1, and PMS2) within 
CIMP-H CRC samples. Interestingly, our results did not reveal 

significant differences between MSI-H and MSS samples, sug-
gesting that the MSI status in CIMP-H CRC might not be prin-
cipally driven by the methylation alterations in these MMR 
genes, excluding MLH1. For a deeper investigation into methy-
lation dynamics, we performed a genome-wide analysis encom-
passing all 27,365 genes on the EPIC array. We thus identified 
207 genes, including MLH1, that exhibited a considerable 
mean methylation difference (＞ 0.2, P ＜ 0.05) between MSI-H 
and MSS samples. Notably, this gene set was enriched for con-
stituents of the WNT signaling pathway, such as DKK1, WNT5A, 
ROR2, and LEF1 (Supplementary Fig. 8). When analyzing MMR- 
related genes among CIMP-H samples, we observed that hypo-
methylation of WNT5A and DKK1, members of the WNT 
pathway, was associated with the MSI-H subtype of CRC, in 
accordance with previous studies (25-27). Considering the criti-
cal role of WNT signaling in intestinal homeostasis and its 
deregulation in CRC (28), these epigenetic alterations could po-
tentially contribute to oncogenic processes. Despite the limited 
number of MSI-H samples, our results uncover potential epi-
genetic markers for the MSI-H subtype, especially within the 
CIMP-H group, which broadens our understanding of the in-
tricate interplay between genetic and epigenetic changes in 
CRC. These findings also provide the basis for future research 
to validate and further explore epigenetic markers linked to 
MSI status, which, through the development of efficient diagno-
stic assay such as high resolution melting curve analysis (29), 
may enhance the clinical management of CRC. In conclusion, 
we believe that this report provides a comprehensive analysis 
of the methylation landscape and its association with clinical 
characteristics in a CRC cohort, contributing to refined diagno-
stic and therapeutic strategies. Further investigation of cohort- 
specific DNA methylation markers and their matched muti-omics 
will also provide a deeper understanding of the prognosis of 
CRC based on methylation status.

MATERIALS AND METHODS

Ethics statement
This study was approved by the Institutional Review Boards of 
the Seoul National University Hospital (IRB No. 2103-121-1206) 
and Yonsei University Institutional review board (approval 
number: 7001988-201910-BR-727-02). All methods were per-
formed in accordance with the relevant guidelines and regula-
tions and carried out in accordance with the Declaration of 
Helsinki.

Methylation EPIC array data set and data analysis methods
The detailed materials and methods on EPIC array generation 
and statistical analyses are provided in Supplementary Note 1.
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