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Background: The 5-methylcytosine (m5C) is one of the important forms of RNA post 
modification, and its regulatory mechanism in tumors has received increasing attention. 
However, its potential role in colorectal cancer remains unclear.
Materials and Methods: Here, we systematically investigated the genetic variation and 
prognostic value of the 14 m5c RNA methylation regulators in colon cancer. The prognostic 
risk score was constructed using three m5C regulators, which was verified in the GSE17536 
(N=177), GSE41258 (N=248) and GSE38832 (N=122) datasets.
Results: The risk score developed from the three-m5C signature represents an independent 
prognostic factor, which can accurately predict the prognosis of patients with colon cancer in 
multiple datasets. The cytokine–cytokine receptor interaction and chemokine signaling path-
way were significantly enriched in the low-risk score group. Further analysis showed that the 
three-m5C signature was related to tumor immune microenvironment (TIME), affecting the 
abundance of tumor-infiltrating immune cells. Especially, patients with low risk score had 
higher immune score than those with high risk score. In addition, gene set enrichment 
analysis (GSEA) confirmed that all three regulatory factors are associated with the MAPK/ 
p38 signaling pathway.
Conclusion: In conclusion, our study illustrates that the three-m5C signature may be 
involved in the regulation of colon cancer immune microenvironment in synergy with the 
MAPK signaling pathway. Therefore, further studying the three-m5C signature regulatory 
mechanisms might provide promising targets for improving the responsiveness of colon 
cancer to immunotherapy.
Keywords: 5-methylcytosine, the three-m5C signature, colon cancer, prognostic, tumor 
immune microenvironment

Introduction
It was estimated that over 1.9 million new colorectal cancer (CRC) cases and 
935,000 deaths occurred in 2020, which account for approximately one out of 10 
cancer cases and deaths. CRC maintains the global third ranking on account of 
incidence, but ranks second in terms of mortality.1 Incidence rates vary significantly 
between different countries across the world, probably attributing to differences of 
the level of economic development and access to medical care. Colon cancer serves 
as the most common subtype of CRC, the 5-year overall survival (OS) rate, 
especially for patients at advanced stages, is less than 40%, which can be ascribed 
to post-operative recurrence and metastasis to a great extent.2–4 With the 
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development of treatment methods, such as surgery, radio-
therapy, chemotherapy and immunotherapy, the OS rate of 
colon cancer patients at different stages has improved.5 

However, due to the difficulties in early screening, some 
patients with advanced colon cancer have limited thera-
peutic effects, leading to an adverse effect on the 
prognosis.6 The detection and analysis of tumor prognostic 
markers are of great significance for evaluating tumor 
progression, predicting the effect of therapeutic regimen 
and prolonging survival duration.7 By detecting tumor 
prognostic markers, it is of great significance for screening 
colon cancer patients who may have low survival and high 
mortality, which can assist clinical treatment and improve 
the prognosis of patients.

Since the description of pseudouridine (Ψ) proposed in 
1960 lifted the curtain on post-transcriptional modifica-
tions of RNA, epigenetic modification has been winning 
more and more attention from scientific researchers all 
over the world.8 It is widely acknowledged that mRNA 
post-transcriptional modifications emerged as a novel epi-
genetic modification that is promising to evaluate tumor 
prognosis, which include 5- terminal capping, pre-mRNA 
splicing, polyadenylation and mRNA export epigenetic 
mechanisms.9,10 Among them, 5-methylcytosine is 
a conserved and prevalent mark in RNAs of human. 
There is evidence suggesting that m5C is widely distrib-
uted in a wide variety of RNA species, including cytoplas-
mic and mitochondrial ribosomal RNAs (rRNAs) and 
transfer RNAs (tRNAs) as well as messenger RNAs 
(mRNAs), enhancer RNAs (eRNAs) and a number of non- 
coding RNAs.11 As has been confirmed by previous stu-
dies, m5C modifications of mRNA discovered in 1925 are 
located in the untranslated regions (UTRs) of mRNA 
transcripts and ubiquitous in nature, which are involved 
in a number of biological processes such as protein trans-
lational regulation, RNA processing and stress response.12 

The C5 methylation of RNA cytosines is determined by 
the coordinated actions of the three regulators: methyl-
transferases (writers), RNA-binding proteins (readers), 
and demethylases (erasers). At present, m5C regulators 
consist of eight writers (NOL1/NOP2/SUN domain 
(NSUN) family and the DNA methyltransferase homolo-
gue DNMT2), two readers (YBX1 and ALYREF) and four 
erasers (translocator family (TET) and ALKBH1).13,14 

Current studies have shown that these regulators are 
involved in biological processes such as cell differentia-
tion and apoptosis.15,16 Mutations in the genes encoding 
these regulators are associated with a variety of human 

diseases, and changes in expression levels have been 
observed in many cancers.17 For example, NSUN2 is over-
expressed not only in oral and colorectal cancer but also in 
other cancer tissues, which indicate it represents a possible 
useful novel biomarker for cancer diagnostics.18 A recent 
study showed that m5C RNA methylation regulators are 
closely related to the prognosis and can participate in the 
regulation of the immune microenvironment in lung squa-
mous cell carcinoma.9 Increasing studies on RNA modifi-
cations have pushed its elucidation of mechanism forward 
a lot, while the existing studies of m5C RNA modifica-
tions is not considerable and calling for more attention.

In this study, we aim to assess the power of the m5C 
RNA methylation regulators to predict the prognosis of 
colon cancer patients, and explore the biological function 
associated with the m5C regulators through comprehen-
sive bioinformatical analysis. Based on RNA sequencing 
data from TCGA dataset, we systematically analyzed the 
relationship between 14 m5C regulators and prognosis in 
colon cancer for establishing a risk signature gene set 
including NSUN6, TRDMT1 and ALKBH1, which 
showed that the three-m5C signature had a strong ability 
to predict the prognosis of colon cancer. Using datasets 
from different cohorts, we further verified that the signa-
ture is highly correlated with the prognosis of patients with 
colon cancer, which confirmed the stability and reliability 
of the three-m5C signature model. In addition, the signal-
ing pathways involved with the three-m5C signature were 
further analyzed to explore the survival mechanism rele-
vant to the scoring of the three-m5C signature, which 
indicated that the three-m5C signature was able to partici-
pate in the regulation of tumor immune microenvironment.

Materials and Methods
Datasets
The GDC-TCGA-COAD dataset and the corresponding 
clinical data were downloaded from the Cancer Genome 
Browser website of the University of California, Santa 
Cruz (http://xena.ucsc.edu/), including normal samples 
(n = 41) and tumor samples (n = 471).19 Among them, 
448 colon cancer patients with OS were enrolled for 
further survival analysis. The GEO: GSE17536, 
GSE41258 and GSE38832 datasets from GEO database 
were used as the external validation cohort. The expres-
sion profiling of colon cancer patients and survival infor-
mation were extracted from GEO: GSE17536 (N=177), 
GSE41258 (N=248) and GSE38832 (N=122) datasets.
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Prognostic Model Establishment
To evaluate the prognostic value of m5C RNA methylation 
regulators, we used random forest algorithm, Least 
Absolute time-selection Operator (Lasso) Cox regression 
algorithm and multivariate Cox regression analysis to 
screen out genes closely related to survival from 14 m5C 
RNA methylation regulators. Then, we further analyzed 
the landscape of genetic variation of each m5C RAN 
methylation regulator. Combined with gene expression, 
prognostic value, multivariate Cox regression analysis 
and genetic variation characteristics, the genes most 
related to the occurrence and development of colon cancer 
were screened out, based on which a multivariate Cox 
regression analysis was performed subsequently. Finally, 
a risk score formula was calculated by taking into account 
of the expression of optimized genes and correlation esti-
mated via Cox regression coefficients: Risk score = (exp 
Gene1 * coef Gene1) + (exp Gene2 * coef Gene2) + (exp 
Gene3 * coef Gene3). This formula was meant to calculate 
the risk score of each patient in the TGGA dataset. Colon 
cancer patients were categorized as low risk and high risk 
in line with the most exact cutoff determined by χ-tile 
3.6.1 software.20 The predictive power of the prognostic 
model was evaluated by Log rank test and Kaplan-Meier 
survival analysis.

Nomogram Construction and Evaluation
To assess whether the prognostic signature in patients with 
colon cancer was related to clinical characteristics, we per-
formed a multivariate Cox regression analysis. The multi-
variate Cox regression model was used to compile 
nomograms via the rms package. The calibration curve 
was evaluated graphically by plotting the observation rate 
and the prediction probability of the histogram. In addition, 
the consistency index (C-index) was calculated and the 
receiver operating characteristic (ROC) curve was drawn 
to evaluate the reliability and stability of the nomograms.

Biological Enrichment Analysis for the 
Three-m5C Signature Modification 
Patterns
Using the limma package to compare the gene expression 
differences between colon cancer tissues and adjacent 
normal tissues, the differentially expressed genes (DEGs) 
were determined with the critical of |log fold change| > 1 
and P<0.05. Weighted gene co-expression network analy-
sis (WGCNA) is a systems biology method for describing 

the correlation patterns among genes across microarray 
samples.21 In order to identify the biological function of 
the three-m5C signature, WGCNA package was used to 
identify the genes and gene modules associated with the 
three-m5C signature. Then, the biological functions of the 
three-m5C signature related genes were analyzed by 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis through the Clusterprofiler package.

Gene Set Enrichment Analysis of the 
Three Selected m5C RNA Methylation 
Regulators
According to the expression level of genes, every sample 
was classified as either “High” or “Low” groups. Gene set 
enrichment analysis of genes was conducted by utilizing 
Clusterprofiler package. The number of permutations were 
set at “1000”. The |NES| >1, P < 0.05 and q < 0.25 
indicated statistically significant.

Immunohistochemistry (IHC)
To examine gene expression in tumors and matched normal 
tissue, samples from 16 cancer patients were obtained from 
the First Affiliated Hospital of Zhengzhou University (The 
study was approved by the Ethics Committee of the First 
Affiliated Hospital of Zhengzhou, Henan, China (Data 11/ 
08/2020); all participants were informed of the details of the 
study design and signed the informed consent form.). 
Paraffin-embedded, formalin-fixed tissue specimens were 
necessities for IHC. Sections were incubated overnight in 
a humidified container at 4°C with the primary antibodies of 
ALKBH1 (1:100, ab126596; Abcam), NSUN6 (1:100, 
ab214227; Abcam) and TRDMT1 (1:100, ab220175; 
Abcam). Briefly, after xylol deparaffinization and rehydra-
tion in graded alcohols, colorectal cancer arrays were boiled 
in citrate buffer, pre-incubated with H2O2, and blocked with 
rabbit or goat serum (DAKO, Glostrup, Denmark). Arrays 
were then incubated with a primary antibody and next with 
an HRP-conjugated secondary antibody. Before counter-
staining with hematoxylin, diaminobenzidine was supposed 
to develop the target proteins. The IHC staining was eval-
uated by applying a scoring system from 0 to 3 (0 = negative 
or no staining, 1 = weak or low staining; 2 = moderate or 
intermediate staining; and 3 = strong or high staining), which 
determined the score for each tissue based on the percentage 
of positive cells and intensity of staining. The arrays were 
read by a pathologist with Olympus BX41 microscope.
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Statistical Analysis
Most statistical analyses were performed with R version 
4.0.4 software (Institute for Statistics and Mathematics, 
Vienna, Austria; https://www.r-project.org) (Package: 
edgeR, ggplot2, rms, glmnet, Clusterprofiler, survminer, 
timeROC). GraphPad Prism 8.0 and SPSS 24.0 (IBM, 
NY, USA) were also used for statistical analyses. 
Survival analysis was performed by using a Log rank 
test. The χ2 test was utilized for analysis on correlation 
between risk scores and clinical parameters. P < 0.05 was 
considered statistically significant.

Results
The Expression, Genetic Variation and 
Prognostic Value of m5C Regulators in 
Colon Cancer
In view of the important role of m5C RNA methylation 
regulators in tumor progression, we used the GDC-TCGA 
dataset to comprehensively explore the transcription levels 
of 14 m5C RNA methylation regulators. The results 
showed that the expression levels of m5C RNA methyla-
tion regulators in colon cancer patients were significantly 

different from those in the normal control group 
(Figure 1A). Then, the importance of each gene was cal-
culated by the random forest algorithm, and 13 M5c RNA 
methylation regulators were screened withIncNodePurity 
= 3 as the critical value (Figure 1B). In order to better 
determine the clinical prognostic value of m5C RNA 
methylation regulators, we used the LASSO Cox regres-
sion algorithm for the 13 regulatory factors that were 
significantly differentially expressed in the TCGA dataset, 
and obtained variables closely related to survival, includ-
ing 10 regulatory factors (Figure 1C and D). Besides, we 
further analyzed the landscape of genetic variation of m5C 
regulators in colon cancer. Among 399 samples, 37 experi-
enced mutations of m5C regulators, with frequency 9.27%. 
It was found that the 10 m5C RNA methylation regulators 
all manifested low mutations and low variant allele fre-
quency (VAF) in colon cancer samples (Figure 1E and F). 
To comprehensively analyze genes of the most prognostic 
value among 10 m5C RNA methylation regulators in 
patients with colon cancer, Cox regression multivariate 
analysis was further analyzed, which indicated that 
NSUN6, TRDMT1 and ALKBH1 were significant and 
strongly correlated with prognosis (Figure 1G). 

Figure 1 The expression, genetic variation and prognostic value of m5C regulators in colon cancer. (A) the transcription levels of 14 m5C RNA methylation regulators; (B) 
the importance of each gene calculated by the random forest algorithm; (C) LASSO regression analysis of the 13 m5C RNA methylation regulators; (D) Tenfold cross- 
validation for tuning the parameter selection in the LASSO regression. The dotted vertical lines represent the optimal values of the tuning parameter (λ) by minimum 
criteria; the mutations (E) and variant allele frequency (F) of the 10 m5C RNA methylation regulators in colon cancer samples; (G) Cox regression multivariate analysis was 
used to comprehensively analyze the prognostic value among 10 m5C RNA methylation regulators. 
Abbreviation: Lasso, least absolute time-selection operator.
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Considering gene expression, survival value and genetic 
variation characteristics, we constructed an optimal multi-
variate Cox regression model based on the expression 
levels of NSUN6, TRDMT1 and ALKBH1. A risk score 
was calculated for each patient in line with a formula 
derived from the expression levels of three genes weighted 
by their regression coefficient: Risk score = (1.0930 * 
expression of NSUN6) + (−1.8569 * expression of 
TRDMT1) + (0.4911 * expression of ALKBH1).

χ-tile 3.6.1 software was used to identify the optimum 
cut-off value for distinguishing high-risk (n = 153) from low- 
risk (n = 295) patients, which was estimated to be 2.34 in 
GDC-TCGA-COAD cohorts. High-risk scores patients had 
shorter overall survival (OS) (HR = 0.31; 95% CI: 0.21–0.47; 
P < 0.0001) than patients with low risk scores (Figure 2A). 
Figure 2B shows the distribution of patient prognostic scores, 
the survival status and gene expression, and data were ranked 
according to the prognostic score values for the three-m5C 
signature. NSUN6 and ALKBH1were associated with high 
risk and TRDMT1 was turned out to be protective. Patients 
with high risk scores tended to express NSUN6 and 
ALKBH1, whereas patients with low risk scores tended to 
express protective TRDMT1. Patients with high-risk scores 
had more deaths than low-risk-score ones.

Validation of the Three-m5C Signature in 
Multiple GEO Colon Cancer Cohorts
To determine whether the three-m5C signature was robust, 
the performance of the three-m5C signature was assessed 
in three independent GEO colon cohorts, which totally 
consisted of 525 colon patients. The optimum cut-off 
value for GEO colon cohorts was identified with χ-tile 
3.6.1 software, based on the three-m5C signature. For the 
GSE38832 validation cohort, the three-m5C signature 
managed to categorize 68 patients into the high-risk 
group and 54 patients into the low-risk group in terms of 
disease free survival (DFS) (HR =0.44; 95% CI: 0.19–1; 
P < 0.05; Figure 2C). The distribution of patient prognos-
tic scores, the survival status and gene expression were 
ranked according to the prognostic score values for the 
three-m5C signature in GSE38832 validation cohort, 
which was basically the same as the results of the training 
set (Figure 2D). Similar analyses indicated that 146 high- 
risk patients had poorer OS than 31 low-risk patients in the 
GSE17536 validation cohort (HR = 0.42; 95% CI: 0.18– 
0.96; P < 0.05; Figure 2E), and 25 high-risk patients had 
poorer OS than 287 low-risk patients in the GSE41258 

validation cohort (HR = 0.51; 95% CI: 0.31–0.83; P < 
0.01; Figure 2F). Similar results were observed in both the 
training set and the testing set, which suggested that high- 
risk patients had significantly worse OS or DFS than those 
who were assigned to the low-risk group according to the 
three-m5C signature.

The Construction and Evaluation of 
a Nomogram Based on the Three-m5C 
Signature
To explore whether the prognostic value of the three-m5C 
signature was independent of other clinical factors, the 
clinical characteristics (including age, sex, clinical stage, 
lymph node metastasis and distant metastases) between 
high and low risk-score groups based on the TCGA dataset 
were further compared, which indicated that there were 
statistically significant differences in tumor survival state; 
no significant differences were detected for other clinical 
features (Table 1). Furthermore, the univariate analysis 
using TCGA data revealed that age, clinical stage, lymph 
node metastasis, distant metastases and the risk score were 
independent prognostic factors for OS of patients with 
colon cancer (Table 2). Multivariate Cox regression ana-
lyses showed that the three-m5C signature could be used as 
an independent predictor of patients’ survival outcome after 
being adjusted by clinical characteristics such as age and 
clinical stage (Table 2). Based on the result of multivariate 
Cox analysis, a nomogram that integrated the three-m5C 
signature age and clinical stage, was generated to predict 
the probability of 1-year, 3-year and 5-year OS for colon 
cancer patients with the GDC-TCGA-COAD (Figure 3A). 
Additionally, the calibration curves and the ROC indicated 
satisfactory discrimination (C-index 0.706) and decent 
accuracy (Area Under Curve (AUC) of 1-year survival: 
0.803; AUC of 3-year survival: 0.773; AUC of 5-year 
survival: 0.732) (Figure 3B and C). The ROC for the prob-
ability of OS at 1, 3 and 5 years were predicted well in the 
GSE41258 validation cohort (AUC) of 1-year survival: 
0.735; AUC of 3-year survival: 0.899; AUC of 5-year 
survival: 0.916; Figure 3D), and GSE17536 validation 
cohort (AUC of 1-year survival: 0.888; AUC of 3-year 
survival: 0.802; AUC of 5-year survival: 0.819; Figure 3E).

The Biological Characteristics of the 
Three-m5C Signature in Colon Cancer
With |logFC| > 1, P value < 0.05 as the screening criteria, 
we firstly obtained 991 differential genes in cancer and 
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normal tissues based on the TCGA dataset (Figure 4A). In 
order to further understand the molecular mechanisms of 
the three-m5C signature, we divided colon cancer patients 

into high-risk group (n = 235) and low-risk score group 
(n = 236) according to their risk scores. Then, we identi-
fied gene modules were related to different modifications 

Figure 2 The prognostic value of the three-m5C signature model from different cohorts. Kaplan–Meier curves for the high and low the risk score patient groups in the 
GDC_TCGA-COAD cohort (A), GSE38832 (C), GSE17536 (E) and GSE41258 (F). The relationships between the expression of three prognostic genes and the risk score 
distribution with survival status in the GDC_TCGA-COAD cohort (B), GSE38832 (D) cohorts are shown; the X axis is sorted by the risk scores. Based on the risk score, 
patients were divided into high-risk and low-risk groups using χ-tile 3.6.1 software.
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of m5C through WGCNA, based on the 991 differential 
genes. Five gene modules were determined, and high/low- 
risk score groups matched their corresponding genes 
(Figure 4B and C). Among them, the blue module was 
closely relevant to the high/low-risk score groups 
(Figure 4D). The blue module, containing 323 genes, had 
been subjected to KEGG pathway enrichment analysis. 
The results included cytokine−cytokine receptor 

interaction, chemokine signaling pathway, viral protein 
interaction with cytokine and cytokine receptor, B cell 
receptor signaling pathway, etc. (Figure 4E), which are 
all closely related to the occurrence and development of 
tumors.22–24 In addition, GSEA was also used to determine 
the correlated pathways of the three-m5C signatures. 
Among them, cytokine−cytokine receptor interaction, che-
mokine signaling pathway, natural killer cell mediated 
cytotoxicity and neutrophil extracellular trap formation 
were closely correlated with three-m5C signature, which 
was consistent with the function pathways of KEGG ana-
lysis (Figure 4F). These results suggest that the three-m5C 
signatures may be involved in the regulation of immune- 
related pathways.

The Relationship Between Immune 
Infiltrates and the Three-m5C Signature
Given KEGG and GSEA enrichment analysis results, we 
speculated that the three-m5C signature might be closely 
related to immune infiltrates. In order to study the influ-
ence of the three-m5C signature on the TIME of colon 
cancer, we evaluated the immune score and the level of 
immune invasion between the high-risk score group and 
the low-risk score group. Significant differences in 
immune scores were observed between the two groups, 
which showed that the low-risk score group with satisfac-
tory prognosis had higher immune scores than the high- 
risk group (P < 0.001; Figure 5A). Moreover, the immune 
score of colon cancer patients was significantly negatively 
correlated with risk score (P < 0.001, R= −0.3; Figure 5B). 
Based on the optimum cut-off value determined by χ-tile 
3.6.1 software, high-immune score patients (n = 330) had 
longer OS (HR = 1.7; 95% CI: 1.13–2.57; P < 0.05) than 
patients with low-expression immune score (n = 118) 
(Figure 5C). Subsequently, we analyzed the proportion 
of 22 immune cell types between the two groups. 
Compared with the high-risk score group, there are 

Table 1 Comparison of Clinical Characteristics Between Low- 
Risk Score Group and High-Risk Score Group in 
GDC_TCGA_COAD Cohort

Variable Case No. (%) Risk Score P

High Low

Sample 434 217 217

Age (Year)
≥60 312 147 165 0.055

<60 122 70 52

Gender

Female 203 101 102 0.923

Male 231 116 115

Clinical stage

I 75 34 41
II 171 82 89 0.521

III 126 66 60

IV 62 35 27

Lymph node metastasis

Yes 180 97 83
No 254 120 134 0.173

Distant metastases

Yes 62 35 27

No 327 155 172 0.156
Unknown 45 27 18

Survival state
Dead 91 60 31 0.001

Alive 343 157 186

Table 2 Univariate and Multivariate Regression Analyses for Predicting Overall Survival in GDC_TCGA_COAD Cohort

Variable Univariate Multivariate

HR (95% CI) P HR (95% CI) P

Risk score 2.7 (1.6–4.4) <0.001 2.4728(1.5451–3.957) <0.001
Gender 0.86 (0.56–1.3) 0.46 1.0024(0.6563–1.531) 0.99

Distant metastases 1.7 (1.3–2.1) <0.001 1.2291(0.8711–1.734) 0.24

Lymph node metastasis 2.6 (1.7–4) <0.001 0.7238(0.393–1.333) 0.3
Stage 2.2 (1.8–2.9) <0.001 2.5921(1.8132–3.706) <0.001

Age 1 (1–1) <0.05 1.0378(1.0183–1.058) <0.001
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Figure 3 Construction and evaluation of a nomogram based on the three-m5C signature to predict the 1-year, 3-year and 5-year overall survival for colon cancer patients. 
(A) Nomogram was constructed with the GDC_TCGA-COAD cohorts for predicting the probability of 1-year, 3-year and 5-year OS for colon cancer patients. Calibration 
(B) and ROC (C) plot of the nomogram for predicting the probability of OS at 1, 3 and 5 years in the GDC_TCGA-COAD cohorts. ROC plot of the nomogram for 
predicting the probability of OS at 1, 3 and 5 years in the GSE41258 (D) and GSE17536 (E) cohort (***p < 0.001). 
Abbreviations: OS, overall survival; ROC, receiver operating characteristic.
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significantly differences in the infiltration levels of 
B memory cells, M0 macrophages, M2 macrophages, 
eosinophils and neutrophils in the low-risk-score group 
(Figure 5D).

The Prognostic Value of Each Gene in the 
Three-m5C Signature and the 
Exploration of Signaling Pathways That 
They Involve
In view of the prognostic value and module function of 
the three-m5C signature in colon cancer samples, we 
further explored the expression of the three-m5C signa-
ture (TRDMT1, NSUN6 and ALKBH1) in patients with 
colon cancer, indicating that TRDMT1, NSUN6 and 
ALKBH1 are differentially expressed in cancer and para-
cancerous tissues (Figure 6A–C). To understand the 
importance of each gene in the signature composed of 
NSUN6, TRDMT1 and ALKBH1, we further explored 

the signaling pathways that TRDMT1, NSUN6 and 
ALKBH1 jointly participated in by means of the GSEA. 
With the screening criteria of |NES| >1, P < 0.05 and q < 
0.25, the results indicated that they all participated in 71 
signaling pathway, including MAPK signaling pathway, 
p53 signaling pathway and calcium signaling pathway 
etc. (Figure 6D–F, Supplementary Table 1). Most of 
them were all closely related to the occurrence and pro-
gression of tumors and the regulation of immune 
function.25

Discussion
As a key post-transcriptional regulator of gene expression 
programs, RNA modification is closely related to the 
occurrence and development of many diseases, among 
which m5C is one of the most common ways of RNA 
modification.13 m5C is one of the earliest modifications 
found in a variety of RNAs (mRNA, tRNAs and rRNAs), 

Figure 4 The biological characteristics of the three-m5C signature. (A) the volcano plot showing the differentially expressed genes between normal tissue and tumor tissue. 
(B) Gene dendrogram obtained by average linkage hierarchical clustering. The colour row underneath the dendrogram shows the module assignment determined by the 
Dynamic Tree Cut, in which 5 modules were identified. (C) Heatmap of the correlation between module eigengenes and the m5C modification patterns. (D) A scatterplot of 
gene significance for low-risk score group vs module membership in the blue module. (E) the KEGG enrichment analysis of genes in the blue module. (F) GSEA results 
showing significant enrichment of immune-related phenotype in low-risk score group. 
Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, gene set enrichment analysis.
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and has functions such as RNA stability and protein synth-
esis and translation regulation. In addition, m5C is closely 
associated with human diseases, and its function involves 
regulating stem cell stress, cytotoxic stress, mRNA nuclea-
tion and gene expression.26 Previous studies have shown 
that the abnormal expression of RNA m5C methylation 
regulators can affect the expression of oncogenes and play 
an important regulatory role in tumorigenesis and 
development.27

Colon cancer is a common fatal disease, and environ-
mental and genetic factors tend to affect its risk.28 

Moreover, data from epidemiological studies show that 
among adults under 50, the incidence of colon cancer 
continues to increase.29 In the early diagnosis, surgical 
resection with or without adjuvant therapy can effectively 
prolong the survival time of patients with colon 
cancer; however, the prognosis of advanced patients is 
usually frustrating.30,31 Therefore, the establishment of 
a prognostic indicator to accurately identify those patients 
with poor survival can better guide adjuvant treatment. In 

this study, based on the GDC-TCGA-COAD cohort, we 
used the random forest algorithm, LASSO Cox regression 
algorithm and multivariate Cox regression algorithm to 
screen out genes closely related to patient survival from 
14 m5C regulators. On this basis, we developed a robust 
prognostic signature, including TRDMT1, NSUN6 and 
ALKBH1, whose effectiveness was proven on three GEO 
datasets from different microarray platforms. In order to 
provide clinicians with a quantitative method to predict the 
prognosis of colon cancer patients, we constructed 
a nomogram that integrated the three-m5C signature, age 
and stage, which was also applicable to the GSE41258 and 
GSE17536 datasets. It can predict both short-term and 
long-term survival of colon cancer patients more accu-
rately than a single prognostic factor. Based on the three- 
m5C regulators, our study is the first to report the 
feasibility and accuracy of a risk assessment model for 
determining colon cancer prognosis, which play an impor-
tant role in prognosis assessment and therapeutic interven-
tion of colon cancer patients.

Figure 5 The Effect on Survival and Immune Infiltration between the high-risk score group and low-risk score group divided by the three-m5C signature in TCGA Cohort. 
(A) the immunoscore the high-risk score group and low-risk score group; (B) the correlation of immune score and risk score; (C) Kaplan-Meier curves of OS for patients 
with colon cancer; (D) The infiltrating levels of 22 immune cell types in two groups. (*p < 0.05, ***p < 0.001 and ****p < 0.0001). 
Abbreviations: TCGA, The Cancer Genome Atlas; OS, overall survival.
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To explore potential biological function of the three-m5C 
signature, we identified the three-m5C signature regulation 
related genes based on the differentially expressed genes 
between colon cancer and normal tissues. The expression 
regulation of these genes was affected by m5C modification, 
and revealed their biological functions was helpful to clarify 
the occurrence and development mechanism of colon cancer 
from the perspective of m5C modification. The results of 
KEGG enrichment analysis of related genes included the 
cytokine–cytokine receptor interaction, chemokine signaling 

pathway, viral protein interaction with cytokine and cytokine 
receptor, B cell receptor signaling pathway etc … Among 
them, cytokine–cytokine receptor interaction and chemokine 
signaling pathway also shown in the result of GSEA based on 
the level of risk score. Low-risk score group showed more 
activation in cytokine–cytokine receptor interaction, chemo-
kine signaling pathway and other immune signaling path-
ways which indicated that the cytokine–cytokine receptor 
and chemokine were highly correlated with the three-m5C 
signature and the progression of colon cancer. Based on these 

Figure 6 The expression and GSEA analysis of the three selected m5C RNA methylation regulators. The expression of TRDMT1 (A), NSUN6 (B) and ALKBH1 (C) in 
tumors and adjacent no-tumor tissues from patients with colon cancer; GSEA results indicating TRDMT1 (D), NSUN6 (E) and ALKBH1 (F) all participated in MAPK 
signaling pathway, p53 signaling pathway and calcium signaling pathway (**p < 0.01). 
Abbreviations: GSEA, gene set enrichment analysis; TRDMT1, tRNA aspartic acid methyltransferase 1; NSUN6, NOP2/Sun RNA methyltransferase 6; ALKBH1, AlkB 
homolog 1; MAPK, mitogen-activated protein kinases.
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results, we further compared tumor-infiltrating lymphocyte 
and immune scores with risk scores. The risk scores based on 
the three-m5C signature were significantly associated with 
immune score and immune cell infiltration. Compared with 
the high-risk score group, there are significantly differences 
in the infiltration levels of B memory cells, M0 macrophages, 
M2 macrophages, eosinophils and neutrophils in the low-risk 
score group. More importantly, the immune score in the high- 
risk group was significantly lower than that in the low-risk 
group, indicating that the level of immune infiltration in the 
tumor microenvironment in the high-risk group was lower. 
Franck et al have showed that the immunoscore provides 
a reliable estimate of the risk of recurrence in patients with 
colon cancer, which can be used to guide clinical treatment 
and prognosis evaluation.32 These findings suggested that the 
three-m5C signature was involved in TIME regulation to 
some extent, which is one of the most important scientific 
implications of our study.

For the three selected regulators, TRDMT1, NSUN6 and 
ALKBH1, previous studies have shown that they are all 
associated with oncogenesis and progression.33 TRDMT1 
(tRNA aspartic acid methyltransferase 1), also known as 
DNMT2, promoting tRNA stability and protein synthesis, 
participates in cell cycle, apoptosis, autophagy and interleu-
kin levels of many tumors.34,35 However, there are few 
reports on the correlation between TRDMT1 and colon can-
cer. NSUN6 (NOP2/Sun RNA methyltransferase 6), is 
a member of the family of NSUN proteins, which is asso-
ciated with tRNAs and acts as a tRNA methyltransferase.36,37 

Some studies have found that NSUN6 can participate in 
biological function of tumor progression, such as cell cycle, 
tumor immune microenvironment and so on.38,39 ALKBH1, 
a 2-oxoglutarate and Fe (II)-dependent dioxygenase, is 
essential to multiple cellular processes. Previous studies 
have shown that ALKBH1 expression promotes tumor 
metastasis and recurrence in certain tumor types.40 In addi-
tion, the GSEA study result indicated that they were also all 
correlated with calcium signaling pathway, p53 signaling 
pathway and MAPK signaling pathway, which are all 
involved in different stages of tumorigenesis and develop-
ment. Especially, MAPK signal pathway is activated by 
upstream genomic events and/or activation of multiple sig-
naling events, where the information is merged at this impor-
tant node pathway. This pathway is strictly regulated by 
phosphatase and two-way communication with other path-
ways under normal conditions, such as the mammalian target 
of protein kinase B/rapamycin (AKT/m-TOR) pathway.41 In 
addition, there is evidence that MAPK plays a key role in the 

regulation of immune response, participating in the regula-
tion of innate and adaptive immunity.42 Reviewing the status 
of ongoing clinical trials investigating MAPK pathway inhi-
bitors, we found that MAPK targeted therapies may collabo-
rate with immune cells, which are consistent with the 
enrichment analysis result of the three-m5Csignature.43 

Therefore, we hypothesize that TRDMT1, NSUN6 and 
ALKBH1 can jointly act on MAPK signaling pathway, 
thereby adjusting the level of immune infiltration in colon 
cancer tumor microenvironment. At present, there are rela-
tively few studies on the signal pathway mediated by three 
m5C regulators. More relevant studies are needed to reveal 
the signaling pathways and their physiological and patholo-
gical mechanisms of the three m5C regulators both in vitro 
and in vivo.

Conclusions
In conclusion, this study systematically evaluated prognos-
tic value, the correlation of TIME, and potential regulatory 
mechanisms of the three-m5C signature in colon cancer. 
The risk score developed from the three-m5C signature 
was an independent prognostic indicator of patients with 
colon cancer. Patients with high-risk score have a lower 
level of immune infiltration. There is closely relationship 
between the risk score and immune score in colon cancer. 
The three-m5C signature might be involved in the regula-
tion of colon cancer immune microenvironment in synergy 
with the MAPK signaling pathway. Therefore, further 
studying the three-m5C signature regulatory mechanisms 
might provide promising targets for improving the respon-
siveness of colon cancer to immunotherapy. This study 
provides a basis for further research on the regulatory 
mechanism of m5c regulators on the immune microenvir-
onment in colon cancer.

Abbreviations
m5C, 5-methylcytosine; TIME, tumor immune microenvir-
onment; GSEA, gene set enrichment analysis; Lasso, least 
absolute time-selection operator; ROC, receiver operating 
characteristic; C-index, consistency index; DEGs, differen-
tially expressed genes; WGCNA, weighted gene co- 
expression network analysis; IHC, immunohistochemistry; 
VAF, variant allele frequency; OS, overall survival; DFS, 
disease free survival.
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