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Colorectal cancer (CRC) is a major health concern and unders-
tanding its molecular characteristics is crucial for improving its 
diagnosis and treatment. Here, we present a comprehensive 
analysis utilizing RNA-sequencing (RNA-seq) data and clinical 
information from Korean patients with CRC. Differential gene 
expression analysis identified significant changes in gene ex-
pression between tumor and normal tissues. Gene Set Enrichment 
Analysis (GSEA) revealed dysregulated pathways associated 
with tumor progression. Furthermore, using CMScaller, we 
successfully stratified CRC tissues into distinct molecular sub-
types. Upon reviewing the public consensus molecular sub-
type (CMS) signature, it was confirmed that it shares similar 
biological characteristics with the existing CRC. Additionally, 
biological characteristics of the group that could not be classified 
using CMScaller were found to resemble those of CMS2. Finally, 
distinguishing characteristics were observed between the tumor 
and normal groups when analyzed from an immunological 
perspective. Patients with CRC were checked for immunothe-
rapy responsiveness, and those who clinically responded to 
immunotherapy were identified. Survival analysis confirmed 
that certain microsatellite stable (MSS) samples were respon-
sive to immunotherapy and showed a relatively better prognosis. 

Furthermore, analysis of various immune cell types to identify 
genes involved in the response to immunotherapy revealed 
that RORC, NOS2, and KLRK1 are potential candidate genes. 
Our findings provide valuable insights into the molecular 
landscape of CRC in the Korean population and underscore 
the potential for integrating RNA-seq data with clinical infor-
mation to improve cancer research and patient care. Immuno-
therapy was found to be effective in Korean patients with CRC.
[BMB Reports 2026; 59(5): 273-282]

INTRODUCTION

As of 2022, colorectal cancer (CRC) ranked third in terms of 
the incidence of malignant tumors and second in terms of the 
cause of cancer-related deaths globally (1). According to the 
latest statistical data reported by the Ministry of Health and 
Welfare of Korea in 2024, CRC had the second highest crude 
and age-standardized incidence rates (2). The incidence rates 
are three to four times higher in developed countries than in 
developing or transitioning countries, and up to 2.5 million 
new cases are expected to be diagnosed worldwide by 2035 
(3). However, in terms of cancer-related deaths, less variation 
is observed given the relatively higher case fatality rate in 
developing or transitioning countries. Although much progress 
has been made in the treatment of CRC, stage IV CRC still has 
a survival rate of less than 20%, which is much lower than that 
for stages I and II. Therefore, diagnosing CRC at an early stage 
and tailoring treatment for advanced stages offer crucial treat-
ment opportunities. From this perspective, it is important to 
identify the molecular characteristics and apply the latest 
diagnostic tools and targeted treatments.

RNA-sequencing (RNA-seq) is a widely used analytical method 
based on gene expression level in the field of cancer research, 
and is commonly used to identify the characteristics of a co-
hort (4). The Cancer Genome Atlas Network (TCGA) consortium 
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Fig. 1. Overview of AMC cohort and RNA-seq preprocessing. (A) The
AMC cohort consists of 323 samples, including tumor-only, paired,
and normal-only samples. The cohort comprises 249 tumor-only sam-
ples, 70 paired samples (35 tumor-normal pairs), and 4 normal-only 
samples. (B) A schematic flowchart illustrates the RNA-seq prepro-
cessing pipeline. The pipeline includes the following steps: QC, Read 
Alignment, Sample Filtering, Normalization, and DEG Identification.
(C) A boxplot summarizes the percentage of uniquely mapped reads, 
multi-mapped reads, and unmapped reads across all samples. The 
majority of samples used for downstream analysis show a high 
proportion of uniquely mapped reads, with the exception of two 
samples that had a uniquely mapped reads ratio below 70%.

performed a comprehensive analysis of CRC using RNA-seq 
and reported meaningful results (5). Advances in technology 
have made it possible to consider individual variability and move 
toward personalized medicine. Recently, the results of RNA-seq 
analysis in a Korean cohort were reported, and the RNA-seq 
data were analyzed according to the Consensus Molecular Sub-
type (CMS) classification (6). However, further analysis of the mole-
cular and biological characteristics of the Korean CRC cohort is 
required in relation to diagnosis, treatment, and prognosis. 

This study aimed to perform RNA-seq in a Korean cohort and 
analyze the results and clinical information. Additionally, we 
compared the molecular characteristics of CRC tumor with 
those of normal colon mucosa and resultingly, we aimed to 
deepen our understanding of the role of RNA-seq in the Korean 
CRC cohort and to confirm the applicability of immunotherapy.

RESULTS

Clinical characteristics of the study cohort and RNA-seq
To obtain the transcriptomic profile, RNA-seq data were gene-
rated from a cohort of 288 patients diagnosed with colorectal 
adenocarcinoma at the Asan Medical Center (AMC). The study 
cohort consisted of 249 tumor-only tissues, 70 tumor-normal 
matched tissues, and four normal-only tissues (Fig. 1A, Supple-
mentary Table 1). The quality of the reads, as assessed using the 
Phred score, was predominantly ＞ 30 (Supplementary Fig. 1A, 
Supplementary Table 2). Fastq files were aligned using STAR, 
and read counts were quantified using RSEM (Fig. 1B) (7, 8). 
Considering a previous report highlighting the strong influence 
of quality-based trimming on the estimation of gene and isoform 
expression levels (9), we performed an analysis without trimming 
using the default approach. Two samples with less than 70% 
uniquely aligned reads were excluded because they were dee-
med to have poor-quality data (Fig. 1C). The average mapped 
length distribution of reads across all samples was similar and the 
number of mapped reads exceeded 40 million, which indicated 
sufficient saturation for analysis (Supplementary Fig. 1B, Supple-
mentary Fig. 1C, Supplementary Table 2). As a result, we prepro-
cessed RNA-seq data from 323 tissues of 288 patients, and con-
ducted quality control measures addressing both qualitative and 
quantitative aspects; this led to the exclusion of two samples.

This cohort comprised 193 and 128 retrospectively and pros-
pectively collected tissues, respectively. The study cohort consi-
sted of 126 female and 160 male patients, with a mean age of 
60.5 ± 11.22 years. The follow-up period was 60.75 ± 30.96 mon-
ths. The tumor was located in the right colon (cecal–splenic flexure 
of the transverse colon) in 86 patients (30.1%), left colon (splenic 
flexure of the transverse colon–distal sigmoid colon) in 91 patients 
(31.8%), and rectum in 109 patients (38.1%). The most frequently 
performed surgery was low anterior resection (111 patients, 38.8%), 
followed by right hemicolectomy (82 patients, 28.7%), and ante-
rior resection (72 patients, 25.2%). The majority of the tumors were 
ulcerofungating: Bormann type II (225 patients, 78.7%), T3 (219 pa-
tients, 76.6%), N1b (87 patients, 30.4%), M0 (275 patients, 96.2%), 

stage IIIB (169 patients, 59.1%), and well- or moderately-differ-
entiated (262 patients, 91.6%). Lymphovascular and perineural 
invasions were found in 169 (59.1%) and 105 patients (36.7%), 
respectively. Immunohistochemistry (IHC) results showed Microsa-
tellite Instability (MSI)-high in 20 patients (7.0%), KRAS mutant in 
24 patients (8.4%), NRAS mutant in 9 patients (3.1%), and BRAF 
mutant in 9 patients (3.1%). Two hundred forty-five patients (85.4%) 
received chemotherapy after surgery, and 31 patients (10.8%) 
received adjuvant radiotherapy. In the study cohort, 10 patients 
(3.5%) developed local recurrence, 91 (31.8%) developed systemic 
recurrence, and 6 (2.1%) developed combined local and systemic 
recurrences (Table 1). The distribution of the main variables used 
for the analysis, as well as those in the overall clinical data, was 
examined (Supplementary Fig. 2).

Analysis of differentially expressed genes (DEGs) between 
tumor and normal tissues in the AMC CRC cohort
The distribution of RNA-seq data from the AMC cohort was 
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Table 1. Clinical profile of the AMC CRC cohort

Variables No. of patients (%) or values as mean ± standard deviation

(n = 286)
Sex, female/ male 126/ 160 (44.1/ 55.9)
Age at operation, years 60.50 ± 11.22
Follow-up period, months 60.75 ± 30.96
Preoperative CEA level
   ＜ 6.0 ng/dL 212 (74.1)
   ≥ 6.0 ng/dL 74 (25.9)
Tumor location
   Right (Cecum~SF of Transverse) 86 (30.1)
   Left (SF of Transverse~Rectosigmoid) 91 (31.8)
   Rectum 109 (38.1)
Operation name
   Right hemicolectomy 82 (28.7)
   Left hemicolectomy 14 (4.9)
   Anterior resection 72 (25.2)
   Low anterior resection or ultra-low anterior resection 111 (38.8)
   Abdominoperineal resection or Hartmann's operation 3 (1.0)
   Total colectomy or Total proctocolectomy 4 (1.4)
Tumor size, cm 5.36 ± 1.84
Bormann type
   I 24 (8.4)
   II 225 (78.7)
   III 37 (12.9)
Harvested lymph node
   Number ＜ 12 2 (0.7)
   Number ≥ 12 284 (99.3)
T-category
   T1 1 (0.3)
   T2 11 (3.8)
   T3 219 (76.6)
   T4a 50 (17.5)
   T4b 5 (1.7)
N-category
   N0 46 (16.1)
   N1a 72 (25.2) 
   N1b 87 (30.4)
   N1c 11 (3.8)
   N2a 39 (13.6)
   N2b 31 (10.8)  
M-category
   M0 275 (96.2) 
   M1a 7 (2.4) 
   M1b 2 (0.7) 
   M1c 2 (0.7)  

assessed using a multidimensional scaling (MDS) plot which 
confirmed a distinct separation between tumor and normal 
tissues as well as a lack of batch effect between prospectively 
and retrospectively collected tissues (Fig. 2A). Subsequently, 
the DEGs between tumor and normal tissues were calculated 

(Fig. 2B, Supplementary Table 3). Gene Set Enrichment Analysis 
(GSEA) was performed using gene sets, such as KEGG path-
ways, biological processes, and GEO signatures, to compare 
tumor and normal tissues (Supplementary Table 4). Upregulated 
genes in tumor tissues were enriched in pathways associated 
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Table 1. Continued

Variables No. of patients (%) or values as mean ± standard deviation

Pathologic stage
   I 2 (0.7)  
   IIA 39 (13.6)
   IIB 3 (1.0)
   IIC 1 (0.3)
   IIIA 10 (3.5)
   IIIB 169 (59.1) 
   IIIC 51 (17.8) 
   IVA 7 (2.4)  
   IVB 2 (0.7)  
   IVC 2 (0.7)  
Differentiation
   WD/MD 262 (91.6) 
   PD/Mucinous 24 (8.4) 
Lymphovascular invasion
   negative 117 (40.9)
   positive 169 (59.1)
Perineural invasion
   negative 181 (63.3)
   positive 105 (36.7)
Microsatellite instability
   MSS 238 (83.2)
   MSI-L 12 (4.2)
   MSI-H 20 (7.0)
   Not done 16 (5.6)
KRAS
   Mutant 24 (8.4)
   Wild 27 (9.4)
   Not done 235 (82.2)
NRAS
   Mutant 9 (3.1)
   Wild 32 (11.2)
   Not done 245 (85.7)
BRAF
   Mutant 9 (3.1)
   Wild 38 (13.3)
   Not done 239 (83.6)
Adjuvant chemotherapy 
   Yes 245 (85.7)
   No 41 (14.3)
Adjuvant radiotherapy 15 (8.7)
   Yes 31 (10.8)
   No 255 (89.2)
Reccurrence
   No 179 (62.6)
   Local recurrence 10 (3.5)
   Systemic recurrence 91 (31.8)
Local and systemic recurrence 6 (2.1)

CEA, carcinoembryonic antigen; WD, well-differentiated; MD, moderately-differentiated; PD, poorly-differentiated;  MSS, microsatellite instability 
stable; MSI-L, microsatellite instability low; MSI-H, microsatellite instability high; FL, 5-fluorouracil with leucovorin; FOLFOX, combination of 5-FU 
and oxaliplatin; FOLFIRI, combination of 5-FU and irinotecan.
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Fig. 2. Analysis of DEGs and gene sets in tumor and normal sam-
ples from the AMC cohort. (A) MDS plot showing the clustering 
of tumor and normal samples based on gene expression profiles. Tumor
samples (red) and normal samples (blue) are distinctly separated. The
prospective and retrospective samples are also color-coded to demon-
strate their distribution. (B) Heatmap illustrating DEGs between tumor
and normal samples. (C) KEGG pathway analysis of the DEGs. The
bar chart shows the enriched pathways identified from the DEGs. 
The x-axis represents the normalized enrichment score (NES), while 
the y-axis lists the pathway names. (D) GSEA results highlighting 
RNA-seq GEO signatures. The NES and FDR values demonstrate 
the statistical significance of the results.

Fig. 3. CMS classification and analysis in the AMC cohort. (A) Heat-
map of CMS classification for tumor samples (N = 282) from the 
AMC cohort, integrated with clinical and molecular data. Clinical 
parameters such as MSI status, stage, and other relevant information
are annotated alongside the CMS classification. Missing data are 
indicated in white (NA values). (B) Pie charts illustrating the distri-
bution of MSI types and recurrence status within the CMS groups. 
The CMS subgroups show the proportions of MSI-H and MSI-L/ 
stable samples, as well as the presence or absence of recurrence. 
(C) Survival analysis across CMS groups. Kaplan-Meier (KM) survi-
val curves demonstrate differences in overall survival among the 
CMS subgroups. The x-axis represents time (days), and the y-axis 
represents survival probability. The P-values shown are adjusted using
the BH method. (D) Heatmap showing the enriched gene signa-
tures and pathways associated with each group. The significance 
scores for different pathways are compared across each group, re-
vealing distinct molecular signatures linked to each classification.

with cell cycle, DNA replication, mismatch repair, and IL-17 
expression, whereas downregulated genes were primarily invol-
ved in metabolism (Fig. 2C). IL-17 has been identified as a 
promoter of CRC tumorigenesis and a potential diagnostic 
marker of CRC (10). Defective DNA mismatch repair (dMMR) 
occurs in approximately 15% of CRCs patients and is associ-
ated with chemotherapy (11). Furthermore, when analyzed as 
a gene set using public data, colorectal adenocarcinomas were 
significantly enriched (Fig. 2D). The DEGs identified between 
tumor and normal tissues in our RNA-seq data exhibited trans-
criptomic characteristics comparable to those observed in 
other CRCs from public data.

CMS classification of RNA-seq data from AMC cohort
CMS classification was performed on RNA-seq data from the 
AMC cohort using the CMScaller (12). The subtypes are sum-
marized using a heatmap and clinical data (Fig. 3A). Consistent 
with previous reports, MSI-H was most prevalent in CMS1, 
and the recurrence rate was higher in CMS4, which is known 

to have poor prognosis (Fig. 3B) (13). When survival analysis 
was performed between the CMS groups using clinical infor-
mation, the CMS4 group showed the poorest prognosis after 
applying the Benjamini-Hochberg (BH) adjustment (Fig. 3C). 
DEGs were identified for each type, and the GSEA results 
showed that MSI and DNA repair were enriched in CMS1, 
MSS, and MYC in CMS2, differentiation related to the meta-
bolic pathway in CMS3, and EMT in CMS4 (Fig. 3D, Supple-
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Fig. 4. Analysis of immunological aspects of the AMC cohort. (A) 
Boxplots showing stromal scores, immune scores, and tumor purity
scores between tumor and normal groups of the AMC cohort using
the ESTIMATE algorithm. Tumor groups exhibit significant differences
in stromal, immune, and tumor purity scores compared to normal 
groups. (B) Boxplots comparing 22 immune cell type infiltration 
levels between tumor and normal groups using CIBERSORTx. 
Each boxplot represents the distribution of immune cell propor-
tions across tumor and normal samples, highlighting significant 
differences in specific immune cell types. (C) Heatmap comparing 
the 22 immune cell type proportions between tumor and normal 
groups based on CIBERSORTx analysis. The heatmap illustrates the
relative abundance of each immune cell type. (D) Violin plots 
showing the expression levels of three immune checkpoint inhi-
bitors (e.g., PD-1, PD-L1, and CTLA-4) between tumor and normal 
groups. The plots indicate significant differences in expression levels,
with statistical significance determined using the Wilcoxon test (P ＜
0.05). Notation: ‘*’ represents statistically significant differences.

mentary Table 5), which is consistent with previously reported 
CMS results (14). Furthermore, gene expression-based analysis 
of the group not classified by CMScaller revealed biological 
characteristics similar to those of CMS2. This suggests that the 
unclassified group may not have been distinctly separated due 
to the lack of clear DEGs compared to CMS2 (Supplementary 
Fig. 3). Our analysis of the association between CMS and clinical 
information from the AMC cohort confirmed the findings of 
previous studies and helped verify the consistency of our data.

Immunological and purity analysis using tumor and normal 
RNA-seq data from the AMC cohort
First, we used the estimation of stromal and immune cells in 
malignant tumours using expression data (ESTIMATE) algorithm 
for immunological analysis and purity measurements in the 
AMC cohort, which is a tool designed to infer tumor purity 
and the presence of stromal and immune cells in tumor tissues 
using gene expression data. The results showed that the tumor 
group had lower immune, stromal, and ESTIMATE scores and 
higher tumor purity than the normal group (P ＜ 0.05, Fig. 4A). 
Next, CIBERSORTx was used to measure and compare the 
immune cell infiltration fractions in the tumor and normal 
groups (Fig. 4B, C). Considering only the significant results, the 
tumor group had higher amounts of T cells CD4 naive, T cells 
CD4 memory activated, NK cells resting, Macrophages M0, 
Macrophages M1, Dendritic cells activated, Mast cells activated 
and Neutrophils. In contrast, other immune cell types were 
more prevalent in the normal group. Finally, when the expre-
ssion levels of the three immune checkpoint inhibitors were 
examined in each group, CTLA4, PD1 (PDCD1), and CD80 
were found to be high in the tumor group (Fig. 4D). These 
results show that there are differences in the immune micro-
environment between the tumor and normal groups; for the 
tumor group, first-generation immunotherapy targeting CTLA4, 
as well as second-generation immunotherapy targeting PD-1, 
may be effective (15). Evidence suggests that increased CTLA4 
and CD80 expression enhances their binding potential, increasing 
the applicability of CTLA4 as a target for first-generation immu-
notherapy strategies, while elevated PD-1 expression strengthens 
its interaction with PD-L1, contributing to T-cell exhaustion 
and making the PD-1/PD-L1 axis a key target for second- 
generation therapies designed to restore T-cell functionality 
and immune response.

In silico analysis of immunotherapy response in the AMC 
cohort
This study additionally performed an analysis focusing on 
tumor samples because analysis of the tumor microenviro-
nment (TME) helps identify predictors of immunotherapy res-
ponse (16). The tumor immune dysfunction and exclusion (TIDE) 
algorithm was used to determine the response of tumor 
samples to cancer immunotherapy. TIDE is used to check for 
immune dysfunction and exclusion in tumor samples and 
predict the response to immunotherapy. The TIDE results 

showed that patients with AMC CRC could be divided into 
responders and nonresponders to immunotherapy (Fig. 5A). 
The characteristics of each group, classified as responders and 
nonresponders by TIDE, were examined from an immuno-
logical perspective (Supplementary Fig. 4). Additionally, the 
MSI status of CRC is a known biomarker for determining the 
applicability and responsiveness to immunotherapy, with the 
dMMR/MSI-H group reported to have a favorable prognosis in 
response to immunotherapy (17). In our survival analysis 
based on clinical information regarding the MSI status of CRC 



 Analysis of Korean colorectal cancer transcriptome
Jinseon Yoo, et al.

279http://bmbreports.org BMB Reports

Fig. 5. In silico analysis of immunotherapy responsiveness in the 
AMC cohort. (A) Bar plot showing the classification of immuno-
therapy responsiveness in tumor samples from the AMC cohort 
based on the TIDE score. Tumor samples are categorized as responsive
(blue) or non-responsive (red) to immunotherapy, with TIDE scores
represented on the y-axis. (B) KM survival curves comparing overall
survival between MSI subgroups (e.g., MSI-H and MSS) based on 
immunotherapy responsiveness. The x-axis represents time (days), 
and the y-axis shows survival probability. The P-values shown are 
adjusted using the BH method. (C) Boxplots comparing the expre-
ssion levels of the CD8 T effector gene signature as well as genes
associated with various innate cell types between MSS-R (responsive)
and MSS-NR (non-responsive) groups. Statistical significance is deter-
mined, highlighting the differential expression of CD8 T effector- 
related genes and innate immune cell-associated genes.

tissues from AMC, the MSS-Responder group exhibited a better 
prognosis after applying the BH adjustment (Fig. 5B). Before 
adjustment, the significance level for the MSS vs. Nonres-
ponder comparison was 0.049, which decreased to 0.292 after 
adjustment. Furthermore, when assessing the expression levels 
of various genes related to CD8 T effector cells and multiple 
innate cell types, we observed that the MSS-Responder group 
exhibited higher expression levels of several CD8 T effector 
genes as well as innate cell type-related genes such as RORC, 
NOS2, and KLRK1 compared to the MSS-Nonresponder group. 

Additionally, signatures utilized in the TIDE algorithm, including 
MSI Expr Sig, Merck18, MDSC, and CAF, also showed potential 
for predicting responders, further supporting the identification 
of immune checkpoint inhibitor responder groups among 
AMC CRC patients. These findings suggest that these genes 
and signatures could serve as potential candidate markers for 
identifying responders. Thus, these results highlight the clinical 
potential of applying immune checkpoint therapies to patients 
within this group (Fig. 5C). These results align with those of 
previous reports and indicate the potential applicability of 
immunotherapy and immunotherapy-based combination treat-
ments for a specific subset of CRC tissues from AMC (18-20).

DISCUSSION

We analyzed RNA-seq data from 321 CRC tissues, thereby 
making them accessible for future research purposes. The 
provided dataset consisted of read counts and gene expression 
matrices along with the corresponding clinical information. 
Furthermore, we employed the CMScaller to assign CMS 
information to each tumor sample. Filtering steps were applied 
based on the mapping ratio and the quantity of mapped reads, 
which could be adjusted according to user preferences. Both 
read counts and normalized gene expression data were avai-
lable in the dataset. In this study, we identified the biological 
characteristics and compared the tumor and normal groups. 
Differential expression and gene set analyses were performed 
based on gene expression levels, and it was confirmed that 
pathways related to DNA repair, p53, and IL-17 signaling were 
enriched in the tumor group. We used the reported CRC- 
related data to confirm that it was similar to existing CRC cha-
racteristics, which was analyzed using TCGA-COADREAD public 
data. CMS was confirmed and analyzed using clinical infor-
mation and in silico methods, incorporating TCGA-COADREAD 
data for validation (Supplementary Fig. 5). These results suggest 
that globally accepted treatments can be applied to Korean 
patients with CRC. Differences in the microenvironment com-
position between the tumor and normal groups were confirmed 
through analysis of the immune microenvironment, and the 
possibility of applying immunotherapy to tumors was iden-
tified by examining the expression levels of specific markers. 
Finally, we investigated the possibility that some patients with 
MSS-CRC may respond to immunotherapy. Despite promising 
findings, several limitations must be noted. First, while in- 
silico analyses offer valuable insights, they inherently lack the 
biological validation that in vitro or in vivo studies can provide. 
Thus, further experimental studies are necessary to confirm the 
potential immunotherapy responsiveness of these patient groups. 
Notably, previous studies have validated the accuracy and 
reproducibility of CIBERSORT in analyzing tumor-infiltrating 
immune cell (TIIC) subsets using immunohistochemistry (IHC) 
data and multiple independent datasets, including TCGA CRC 
and GSE39582. In our study, CIBERSORTx was applied to 
analyze immune-infiltrating cells in AMC Korean CRC samples, 
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leveraging its proven reliability across diverse data sources 
(21). Lastly, although the findings contribute foundational data 
for MSS-CRC treatment approaches, the complexity of immune 
response mechanisms in MSS-CRC warrants more extensive 
studies, possibly involving multi-omics approaches, to compre-
hensively understand predictive markers and therapeutic impli-
cations. In conclusion, we performed a transcriptome analysis 
on 321 Korean CRC and normal tissues from AMC and con-
firmed that the results were similar to the previously reported 
transcriptome characteristics of CRC. Additionally, specific 
CRC patient groups that were expected to show immunothe-
rapeutic effects were investigated. Candidate genes associated 
with the responsiveness of these groups were identified, high-
lighting the clinical significance of this analysis in suggesting 
potential therapeutic applications. These results can serve as a 
basis for future treatment of this patient group.

MATERIALS AND METHODS

Patients and tissue samples
Our study, using CRC and normal colonic mucosa samples, 
involved retrospective and prospective samples from the AMC, 
Seoul, Korea, between 2011 and 2019. The retrospective sam-
ples included 194 fresh frozen (FF) CRC samples and those 
biospecimen and data used in this study was provided by Asan 
Bio-Resource Center, Korea Biobank Network (2017-14 [152]). 
The prospective samples included 129 FF samples consisting 
of 38 normal colonic mucosa samples and 91 CRC samples. 
Normal mucosal samples were obtained at least 5 cm from 
CRC samples. Patients giving prospective sample provided 
written informed consent to participate in this study, and the 
study protocol was approved by the institutional review board 
of AMC (registration number: 2017-1350), and conducted in 
accordance with the Declaration of Helsinki. Patients were 
enrolled when the CRCs were clinically stage II, III, or IV and 
the tumor was large enough that there was no problem in 
diagnosis, even if the tumor was excised by approximately 1 cm. 
Patients were excluded if they underwent preoperative chemo-
radiotherapy or neoadjuvant chemotherapy or if they had 
hereditary CRC or other malignancies within 5 years of surgery. 
The following variables that might affect prognosis were re-
corded: sex; age at surgery; tumor location; surgery type; 
preoperative carcinoembryonic antigen; tumor size; Bormann 
type; T-,N-, and M-stage; differentiation; number of retrieved 
lymph nodes (based on 12); lymphovascular invasion; perineural 
invasion; MSI; IHC of KRAS, NRAS, and BRAF; adjuvant che-
motherapy or radiotherapy; survival status; recurrence status; 
and survival outcomes (5-year overall and disease-free survival).

RNA extraction and sequencing
The tumor and adjacent normal FF tissues obtained from patients 
with CRC were dissected into 20-40 mg sections and homo-
genized 3-4 times for 15 s at a frequency of 30 Hz using a 
Tissue Lyser II (Qiagen, Hilden, Germany). RNA was extracted 

using the RNeasy Mini Kit (Qiagen, Hilden, Germany) accor-
ding to a standard animal tissue RNA extraction protocol. Total 
RNA concentration was determined using Quant-IT RiboGreen 
(R11490; Invitrogen, Waltham, MA, USA). To assess RNA integrity, 
the samples were run on a TapeStation RNA ScreenTape 
system (5067-5576, Agilent, Santa Clara, CA, USA). Only high- 
quality RNA preparations (RNA integrity ＞ 7.0) were used for 
the library construction. Subsequently, the total RNA was 
subjected to rRNA depletion using the Ribo-Zero Gold rRNA 
Removal Kit (MRZG12324, Illumina, San Diego, CA, USA), 
followed by mixing with 2 l of 100-fold diluted ERCC Mix2 
solution from the ERCC RNA Spike-In Mix kit (4456740, 
Ambion, Austin, TX, USA). An RNA-seq library was prepared 
using a TruSeq RNA Sample Prep Kit (Illumina). The libraries 
were subsequently subjected to paired-end sequencing (2 × 100 
bp read length) on an Illumina HiSeq2000 platform (Illumina) at 
Macrogen Inc. (Gangnam-gu, Seoul, Republic of Korea).

RNA-seq analysis
The quality of FASTQ files was analyzed using MultiQC 
(v.1.15) (22). The human reference genome was obtained from 
the NCBI genome database (https://www.ncbi.nlm.nih.gov/genome/), 
and genome indexing was performed using STAR (v.2.7.8a). 
Sequenced reads were mapped to the human genome (hg38) 
using STAR, and gene expression levels were quantified using 
the count module in RSEM (v.1.3.3). The edgeR (v.3.32.2) (23) 
package was used to select DEGs from the RNA-seq count data 
between conditions (fold change ＞ 2, FDR ＜ 0.05). Mean-
while, the trimmed mean of M-values normalization (TMM)-nor-
malized CPM (counts per million) value of each gene was 
added to 1 and log2-transformed for further analysis. A heat-
map was generated using R (v.4.0.2, https://www.r-project.org/) 
ComplexHeatmap package (v.2.6.2) (24).

GSEA
GSEA was performed to compare tumor and normal samples using 
the GSEApy tool (v.0.10.1, https://github.com/zqfang/GSEApy) 
(25) with categories of KEGG pathways, biological processes, 
WikiPathways, Jensen DISEASES, Disease Perturbations from 
GEO, and RNA-seq GEO signatures in the Enrichr library 
(https://maayanlab.cloud/Enrichr/) (26). A cut-off threshold of P 
＜ 0.05 was used to obtain the significantly enriched gene sets.

Subtyping AMC tumor samples using CMScaller
Using the RNA-seq data of the tumor samples (N = 282) from 
the AMC patient group, subtype classification based on CMS 
was performed using CMScaller. Quantile normalization and 
log2 transformation were performed on the RSEM values as 
inputs using the RNAseq = TRUE parameter of the CMScaller 
module. The CMS template genes (N = 458) were derived 
from the templates in the CMS file of the CMScaller module, 
and a heatmap was generated by representing the log2CPM 
values for each template gene after z-normalization.
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Quantification of immune cell infiltrating fraction, 
immune/stromal scores, and tumor purity
CIBERSORTx was used to calculate 22 immune cell-infiltrating 
fractions in the AMC cohort (27). Afterwards, only samples 
with a P-value ˂ 0.05 were used for analysis. The ESTIMATE 
algorithm was used to calculate the immune, stromal, and 
ESTIMATE scores, and the formula provided in the paper was 
used to calculate the purity (28).

Responsiveness prediction analysis for immunotherapy
The TIDE algorithm (29) was used to predict the responsi-
veness to immunotherapy. A low TIDE score indicates high 
responsiveness to cancer immunotherapy, and a high TIDE 
score indicates a low response by escaping immunity.

Statistical analysis
For comparisons between two groups, the Wilcoxon rank-sum 
test was performed. Survival analysis was adjusted using the 
BH correction to control for false discovery rates (FDR). To 
account for multiple testing and reduce the likelihood of 
false-positive findings, the BH correction was applied to all 
survival analyses by ranking the raw P-values in ascending 
order and adjusting them based on the total number of com-
parisons. This ensures a balance between minimizing Type I 
errors and maintaining statistical power. All statistical analyses 
were conducted using R software version 4.0.2. 
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