
Am J Cancer Res 2024;14(4):1768-1783
www.ajcr.us /ISSN:2156-6976/ajcr0154768

https://doi.org/10.62347/NXDR1826

Original Article
Roles of RNA m5C modification patterns  
in prognosis and tumor microenvironment  
infiltration of diffuse large B-cell lymphoma

Wenting Cui1,2*, Cancan Luo1*, Lili Zhou1*, Tiantian Yu1, Yongsheng Meng3, Qianqian Yu3, Zhixiang Lei1, Ya 
Wang1, Lijuan Peng1, Qingqing Luo1, Duozhuang Tang1, Ruifang Sun3#, Li Yu1#

1Department of Hematology, The Second Affiliated Hospital, Jiangxi Medical College, Nanchang University, Key 
Laboratory of Hematology of Jiangxi Province, Nanchang, Jiangxi, China; 2Department of Hematology, The First 
People’s Hospital of Jiujiang, Jiujiang, Jiangxi, China; 3Department of Tumor Biobank, Shanxi Province Cancer 
Hospital, Shanxi Hospital Affiliated to Cancer Hospital, Chinese Academy of Medical Sciences, Cancer Hospital 
Affiliated to Shanxi Medical University, Taiyuan, Shanxi, China. *Equal contributors and co-first authors. #Co-
corresponding authors.

Received December 4, 2023; Accepted March 10, 2024; Epub April 15, 2024; Published April 30, 2024

Abstract: Genetic and epigenetic aberrations display an essential role in the initiation and progression of diffuse 
large B-cell lymphoma (DLBCL). 5-methylcytosine (m5C), a common RNA modification, regulates various cellular 
processes and contributes to tumorigenesis and cancer progression. However, m5C alterations in DLBCL remain 
unclear. Our research constructed an m5C prognostic model utilizing GEO data sets, which can efficiently predict the 
prognosis of patients with DLBCL, and verified the m5C prognostic model genes by immunohistochemistry analysis. 
This model was constructed using unsupervised consensus clustering analyses, Least Absolute Shrinkage and 
Selection Operator (LASSO), and multivariate Cox regression analyses. Based on the expression of m5C genes in the 
model, patients with DLBCL could be effectively divided into groups with significant survival time differences. The 
m5C risk-score signature demonstrated a highly significant independent prognostic value. Results from tumor micro-
environment analyses revealed that m5C genes altered the infiltration of eosinophils, Tregs, and M2 macrophages. 
Additionally, they regulated T cell activation by modulating the expression of CTLA4, PDL1, B2M, CD8A, ICOS, and 
other relevant immune checkpoint expressions. In conclusion, our study presents a robust m5C prognostic model 
that effectively predicts prognosis in DLBCL. This model may offer a new approach for prognostic stratification and 
potential therapeutic interventions for patients with DLBCL.
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Introduction

Diffuse large B-cell lymphoma (DLBCL), the 
most prevalent lymphoid cancer exhibits het-
erogeneity in clinical presentation, morphology, 
and biology [1, 2]. Although standard-of-care 
chemoimmunotherapy achieves durable remis-
sions in over 60% of patients, DLBCL continu- 
es to pose a difficult clinical challenge, with 
approximately one-third of patients experienc-
ing poor outcomes when faced with relapsed  
or refractory disease [3, 4]. Recently, the utili-
zation of epigenetic medications, such as  
compounds that inhibit histone deacetylase, 
enhancer of zeste homolog 2 (EZH2), and bro-
modomain, has played a vital role in enhancing 

treatment outcomes for individuals with DLBCL. 
However, the efficacy of these drugs and their 
specific groups remains limited [5]. Additional 
investigations into the biological roles of epi-
genetic changes in DLBCL could aid in the iden-
tification of possible targets for therapy and the 
implementation of personalized treatment for 
patients with DLBCL. Presently, contemporary 
genome-wide molecular examination of DLBCL 
has revealed a variety of modified cellular path-
ways that have crucial functions in the growth 
and sustenance of tumors, as well as in 
response to treatment.

RNA methylation, a crucial biological epigenetic 
mechanism, plays a significant role in governing 
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transcriptional activation and inactivation [6, 
7]. RNA stability and translation efficiency are 
influenced by a widespread epigenetic modifi-
cation known as 5-methylcytosine (m5C) [8]. 
Methyltransferases (known as ‘Writers’), in- 
cluding the members of the NSUN and DNMT 
family, catalyze the formation of m5C methyla-
tion. This process can be dynamically controll- 
ed by demethylases (‘Erasers’) and binding  
proteins (‘Readers’), such as TET families or 
ALYREF [9]. According to previous studies, 
these regulators are responsible for m5C al- 
terations that function in cell differentiation 
and apoptosis [10]. Several cancers show alter-
ations in the levels of m5C methylation regula-
tory genes, which are linked to their pathogen-
esis and prognosis [11-14]. For example, regu-
lation of target gene methylation by ALYREF 
promotes hepatocellular carcinoma progres-
sion [15]. Alterations in the m5C genes can  
also adversely affect immune cells, resulting in 
tumor microenvironment (TME) transformation. 
For instance, the TET family could potentially 
affect the homeostasis of B cells and increase 
their susceptibility to B-cell cancers [16]. 
Additionally, TET proteins may affect the behav-
ior of different types of immune cells like Tregs 
[17-19]. Nevertheless, the possible roles and 
mechanisms of m5C methylation regulatory 
genes in cancer development, particularly in 
DLBCL, remain uncertain. Furthermore, the 
complete comprehension of the association 
between m5C methylation, TME, and immuno-
therapy remains elusive. Hence, an in-depth 
examination of the TME characteristics facili-
tated by m5C genes will enhance our under-
standing of the TME and offer valuable per-
spectives for immunotherapy in DLBCL.

To elucidate the role of m5C genes in DLBCL,  
we conducted comprehensive evaluation of 
their expression profiles using the Gene Ex- 
pression Omnibus database. Subsequently, we 
developed a predictive model and performed a 
functional analysis to explore the relationship 
between m5C regulatory gene clusters and 
immunity. Our study established a robust m5C 
prognostic model, serving as a reliable predic-
tor of prognosis in DLBCL. This model may pro-
vide a new approach to prognostic stratifica- 
tion and potential therapeutics for DLBCL 
patients.

Materials and methods

Sources of data and the process of processing

Gene expression data and the clinical details of 
patients with DLBCL were obtained from the 
Gene Expression Omnibus (GEO) database. 
This study utilized two GEO datasets: the bulk 
sequence GSE10846 (with 414 tumor sam-
ples) [20] and GSE11318 (with 203 tumor  
samples) [21]. During model construction, 
GSE10846 was used as the training set,  
whereas GSE11318 served as the verification 
set. From the literature [22], a collection of 17 
regulators of m5C RNA methylation was 
acquired. The m5C regulators’ expression was 
extracted and organized using the ‘limma’ 
package in the training set. Patient clinical 
information is summarized in Supplementary 
Table 1.

Unsupervised clustering of m5C regulator 
genes

Normalized RNA sequencing data was utilized 
to perform unsupervised consensus clustering 
analysis using the ‘Consensusclusterplus’ pa- 
ckage. Principal Component Analysis (PCA) was 
used to confirm the classification results.

Construction of the prognostic risk model of 
m5C regulator genes

Prognosis-related m5C regulatory genes were 
screened using univariate Cox regression anal-
ysis based on the overall survival (OS) data 
obtained from the clinical information of the 
training set. To identify candidate genes for a 
predictive model related to m5C, we performed 
LASSO regression analysis using the R package 
‘glmnet’ (version 4.0.2). The risk scores for the 
genes involved in the m5C predictive model 
were calculated as follows: Riskscore = ∑i = 
1nCoef(i) × x(i).

Validation of the m5C-regulated gene prognos-
tic model

Survival analysis of the training set samples 
was performed using the ‘survminer’ package. 
The model efficient was evaluated by receiver-
operating characteristic (ROC) curve. Subse- 
quently, Cox analyses were conducted using 
univariate and multivariate approaches based 
on clinical characteristics. Similarly, the m5C-
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regulated gene prognostic model was used to 
calculate the risk scores for the verification 
sets. The validation set underwent survival 
analysis and ROC curve analysis to assess the 
model’s reliability.

Constructing a nomogram and predicting clini-
cal characteristics with the prognostic model 
of m5C-regulated genes

The clinical significance of the risk model was 
evaluated through univariate and multivariate 
Cox regression analyses, examining the asso-
ciation between age, gender, pathological sub-
type, clinical stage, Eastern Cooperative 
Oncology Group (ECOG) status, Lactate dehy-
drogenase (LDH) ratio, extranodal sites, and 
risk score value, and OS in patients with DLBCL. 
A predictive nomogram was developed based 
on different clinical characteristics to deter-
mine the prognosis of high-risk and low-risk 
groups.

Relationship between the m5C prognostic 
model and the TME

‘ESTIMATE’ [23] be used to compute the TME 
scores, which encompassed ESTIMATE score, 
immune score, stroma score, and tumor purity. 
Additionally, an analysis was conducted on the 
relationship between TME scores and survival 
time, as well as between the high- and low-risk 
subgroups.

Correlation between the m5C prognostic model 
and the infiltration of immune cells

In the training set, 22 different types of im- 
mune cell infiltrations were scored using 
‘CIBERSORT’ [24] and be used to calculate the 
proportion of immune cells in different group.

Identification of m5C regulated gene expres-
sion in DLBCL tissues

Tissue microarray (TMA) was performed in 144 
DLBCL tissues, which were provided by the 
Shanxi Cancer hospital between January 2015 
and December 2023. Experiments were re- 
viewed and approved by the Ethics Committee 
of the Second Affiliated Hospital of Nanchang 
University and the Shanxi Province Cancer 
Hospital, and were conducted in compliance 
with the Helsinki Declaration. TMA sections 
were immunestained with different primary 

antibodies: ALKBH1 (Rabbit monoclonal, 
ab126596, abcam, England); DNMT1 (Rabbit 
monoclonal, ab188453, abcam, England); DN- 
MT3A (Rabbit polyclonal, ab188470, abcam, 
England); DNMT3B (Rabbit polyclonal, ab2851, 
abcam, England); NOP2 (Rabbit monoclonal, 
ab271075, abcam, England); NSUN3 (Rabbit 
monoclonal, ab272616, abcam, England); 
NSUN4 (Rabbit polyclonal, ab235430, abcam, 
England).

Statistical analysis

R package ‘limma’ (version 4.0.2) [25] was 
used to conduct all statistical analyses. Using 
the Kaplan-Meier technique, we evaluated the 
association between the high- and low-risk 
groups and OS. Univariate and multivariate Cox 
regression analysis was used to determine 
whether the risk score, age, stage, ECOG, and 
LDH could serve as autonomous prognostic 
factors. Statistical significance was set at P < 
0.05.

Results

Evaluation of m5C-related modification pat-
terns based on 17 regulators

Patients with DLBCL were classified using 
unsupervised clustering based on the expres-
sion of 17 m5C genes. Finally, two patterns 
were identified, with clusters 1 and 2 having 
195 and 217 patients, respectively (Figure 1A). 
Figure 1B shows the differentiation of the two 
m5C modification patterns according to PCA 
analysis. This implies that patients with DLBCL 
can be accurately distinguished using m5C-
related genes. Survival analysis revealed that 
patients in cluster 2 exhibited a longer survi- 
val time than those in cluster 1 (Figure 1C). 
Examination of immune cells in clusters 1 and 
2 confirmed that the proportion of highly 
responsive immune cells was notably greater in 
cluster 1. In contrast, the proportion of memory 
T cells and antigen-presenting cells (APC) in 
cluster 2 exceeded that in cluster 1 (Figure  
1D). Subsequently, we attempted to elucidate 
the connections among 17 m5C regulators. 
Spearman correlation analysis indicated that 
NSUN5 and NOP2, which are m5C writers,  
could potentially serve as central genes am- 
ong the m5C-related genes and interact with 
the m5C erasers TET2 and TET3 (Figure 1E).  
To examine the correlation between m5C-asso-
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ciated genes and DLBCL, we assessed the 
expression of m5C-related genes and their clini-
copathological features in clusters 1 and 2 

(Figure 1F). Data from Cluster 1 showed that 
most m5C writers, including NSUN5, NOP2, and 
NSUN4, are abnormally expressed in DLBCL. In 

Figure 1. The clinical values in different m5C modification patterns in DLBCL patients based on consensus cluster-
ing. A. The DLBCL patients were divided into 2 clusters based on the consensus clustering matrix (k = 2). B. PCA 
analysis on the two clusters. C. Kaplan-Meier survival analysis for the two clusters based on the training set. D. 
Differences in proportion of immune cells between the two clusters. E. Spearman correlation analysis of m5C regu-
lated gene. F. Heatmaps of different clinical pathological features and m5C regulatory gene expression between two 
clusters. PCA, Principal Component Analysis; ECOG, Eastern Cooperative Oncology Group; ABC, activated B-cell-like; 
GCB, Germinal Center B-cell; LDH, Lactate Dehydrogenase; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vin-
cristine, and prednisone.
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cluster 2, the m5C eraser TET2 was significantly 
overexpressed compared to cluster 1.

Screening and modelling of prognosis-related 
m5C genes

Combining overall survival time in the training 
set (Figure 2A), we identified 11 m5C regulators 
linked to DLBCL prognosis using univariate Cox 
regression analysis. These candidate genes 
were subjected to the LASSO Cox regression 
algorithm. Eventually, seven genes were used 
to construct the m5C model, as shown in Figure 
2B. The m5C model genes included NOP2, 
DNMT1, NSUN4, ALKBH1, DNMT3B, NSUN3, 
and DNMT3A. Patients in the training set were 
categorized into high-risk and low-risk groups 
by using model. Analysis of survival character-
istics indicated that individuals classified as 
high-risk experienced a considerably reduced 
survival duration and a greater mortality rate 
than those categorized as low-risk (Figure 2C, 
2D). The validation of the m5C prognostic mod-
el’s applicability in the test set is illustrated in 
Figure 2E and 2F. The high-risk group exhibited 
a significantly lower OS than the low-risk group 
(P < 0.05). ROC analyses were conducted on 
both the training and testing sets to evaluate 
the specificity and sensitivity of the m5C-score 
prognostic model. ROC curve analysis revealed 
that the m5C modification signature had area 
under the curve (AUC) values of 0.678, 0.692, 
and 0.682 for 1-, 3-, and 5-year survival in the 
training set, respectively (Figure 3A, 3B). In  
the validation set, the corresponding values 
were 0.629, 0.638, and 0.658, respectively 
(Figure 3C, 3D). These results consistently veri-
fied that the m5C-score prognostic model had 
good prediction accuracy. Since NOP2 mediat-
ed m5C modification can alter c-Myc levels in  
an EIF3A dependent manner, we analyzed the 
impact of NOP2 expression levels on cell prolif-
eration, and the results were consistent with 
our expectations. High expression of NOP2  
was associated with strong cell proliferation 
(Supplementary Figure 3A).

Association between clinicopathological char-
acteristics and m5C risk score

To validate the predictive significance of the 
m5C prognostic model, both univariate and 
multivariate Cox regression analyses were con-
ducted to investigate the association between 
clinicopathological features (sex, age, patho-

logical subtype, ECOG status, Stage, LDH ratio, 
and extranodal sites) and the risk signature. 
Except for sex and extranodal sites, all clinical 
characteristics and risk scores showed a sig-
nificant association with OS in both univariate 
(Figure 3E) and multivariate analyses (Figure 
3F) (P < 0.005). Furthermore, we investigated 
the relationship between the clinical character-
istics and prognosis of patients with DLBCL. 
The results indicated that being above 60  
years old, receiving CHOP (cyclophosphamide, 
doxorubicin, vincristine, and prednisone)-like 
regimen treatment, having activated B-cell-like 
(ABC) type DLBCL, and having a higher ECOG 
level and stage were all associated with an 
unfavorable prognosis, whereas the prognosis 
of patients with DLBCL appeared to be unre-
lated to sex (Supplementary Figure 1A-F). 
Although these clinical characteristics can 
guide the prognosis of patients with DLBCL, 
they are relatively broad and limited in scope. In 
contrast, the m5C model demonstrated higher 
accuracy in predicting the prognosis of pa- 
tients with varying clinical characteristics, such 
as age (> 60 years, ≤ 60 years) (Supplementary 
Figure 2A, 2B), germinal center B-cell-like (GCB) 
type DLBCL (Supplementary Figure 2F), ECOG 
grade (1-2) (Supplementary Figure 2G), stage 
(1-2, 3-4) (Supplementary Figure 2I, 2J), and 
sex (male, female) (Supplementary Figure 2K, 
2L). However, there were instances where this 
superiority was not consistently observed 
(Supplementary Figure 2C-E, 2H). According to 
the classic International Prognostic Index (IPI) 
scoring standard, we divided DLBCL patients 
into 4 groups: High, High-intermediate, Low-
intermediate, and Low. Comparing the propor-
tions of patients with different IPI scores in 
high-risk clusters and low-risk clusters, we 
found that the proportions of High, High-
intermediate, Low-intermediate IPI scores in 
high-risk clusters were higher than those in 
low-risk clusters (Supplementary Figure 3B). 
These findings indicate that our constructed 
prognostic model possesses increased re- 
liability and precision for predicting the pro- 
gnosis of DLBCL patients with diverse clinical 
characteristics.

TME characteristics of m5C prognostic model

The ESTIMATE algorithm was used to investi-
gate the heterogeneity of the TME in different 
m5C risk groups, considering the significance  
of the TME in the development and progression 
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of tumors and its prognostic influence. In line 
with our original hypothesis, the high-risk group 
exhibited notably greater tumor purity but  
lower stroma and ESTIMATE scores than the 
low-risk group (Figure 4A). Survival analysis 
also indicated that elevated tumor purity scor- 
es indicated an unfavorable prognosis (Figure 
4B), whereas higher stromal scores or EST- 
IMATE scores were associated with a more 
favorable prognosis (Figure 4C-E). Next, the 
CIBERSORT analysis was utilized to approxi-
mate the ratios of 22 unique immune cell char-
acteristics in the low- and high-risk subtypes 
(Figure 5A). We observed that the high-risk sub-
group was remarkably enriched in naive B cells, 
resting NK cells, CD8 T cells, follicular helper T 
cells, Tregs, M2 macrophages, and eosinophils, 
while the low-risk subgroup is notably enriched 
in activated memory CD4 T cells, γδT cells, M0 
macrophages, monocytes, and resting mast 
cells. Poor prognosis was correlated with high 
ratios in eosinophils, Tregs, and M2 macro-
phages (Figure 5B, 5D, 5F), while good progno-
sis was associated with high ratios of M0 mac-
rophages and γδT cells (Figure 5C, 5E). This 
discovery suggests a potential connection 
between m5C genes that affect the function 
and infiltration of immune cells, thereby ulti-
mately influencing the prognosis of patients 
with DLBCL.

Correlation between immune checkpoints and 
m5C prognostic model

Immune checkpoints are a group of proteins 
and signaling pathways that play a critical role 
in regulating the activity and balance of the 
immune system. Blocking immune checkpoint 
signaling pathways can stimulate T-cells and 
boost their capacity to attack tumor cells. 
Hence, we investigated the manifestations of 
primary immune checkpoints in high-risk and 
low-risk groups. As anticipated, immune check-
points such as CTLA4, CD274 (PDL1), PDCD1, 
and LGALS9, which hinder T-cell activity, exhib-
ited a notable increase in expression within  
the high-risk category. In contrast, the low-risk 
group exhibited the upregulation of genes relat-
ed to antigen presentation and T-cell activa-

tion, including B2M, CD8A, ICOS, and IL12B 
(Figure 6A).

Additional investigations revealed that high 
expression of B2M, CD8A, CD40LG, ICOS, 
IL23A, LDHA, PTPRC, SIGLEC15, and TNFRSF9 
was associated with a favorable prognosis, and 
these specific genes were upregulated in the 
low-risk category (Figure 6B-I). Conversely, 
genes such as FGL1, IL12A, LGALS9, PVR, 
TNFSF9, and YTHDF1 correlated with an unfa-
vorable prognosis and demonstrated increas- 
ed expression in the high-risk group (Figure 
6J-O). These findings indicate that m5C may 
regulate T cell activation by altering the expres-
sion of relevant immune checkpoint molecules 
rather than having a direct impact on the num-
ber of immune cells within the TME.

Validation of the epigenetic changes of m5C 
genes by immunohistochemistry in patients 
with DLBCL

To delve deeper into the role of m5C-related 
genes in DLBCL, the TMA from 144 DLBCL 
tumors and 48 normal lymph nodes was used 
for immunohistochemistry (IHC) analysis. The 
clinical features of 144 DLBCL tumors are dis-
played in Supplementary Table 2. We detect- 
ed the protein expression levels of NOP2, 
DNMT1, NSUN4, ALKBH1, DNMT3B, NSUN3, 
and DNMT3A. The results of IHC analysis dem-
onstrated that ALKBH1, NOP2, DNMT1 and 
NSUN4 were significantly increased in DLBCL, 
compared with normal lymph node tissues  
(P < 0.001), while the expression levels of 
DNMT3A and DNMT3B showed no obvious dif-
ference, and NSUN3 was not evaluated due to 
non-specific binding (Supplementary Figure 
4A-C). The m5C gene is mainly responsible for 
post-transcriptional modifications, DNMT3A 
and DNMT3B are the genes responsible for 
Writers. These genes are often regulated by 
Erasers genes. Therefore, we speculate that 
the inconsistency between DNMT3A and 
DNMT3B protein expression and mRNA expres-
sion may be caused by post-transcriptional 
regulation. Since these precious tissue sec-
tions had been paraffin-embedded, we unfortu-
nately did not perform RNA-level validation. 

Figure 2. The construction of the m5C prognostic model in DLBCL. A. The prognostic value of m5C regulated genes 
were identified by univariable Cox regression in a forest map. B. The cross-validation and LASSO coefficient profiles 
were used for the parameter selection in the LASSO analysis. C, D. The association of m5C risk score and prognosis 
of DLBCL patients in training set. E, F. The value of the m5C prognostic model was verified in the validation set.
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Figure 3. Accuracy and prognostic value of the model in DLBCL. (A) ROC analysis in the training group. (B) Nomo-
gram in the training group. (C) ROC analysis in the validation group. (D) Nomogram in the validation group. Uni-
variate regression (E) and multivariate regression (F) analysis of clinical features and the predictive model. ROC, 
Receiver-operating Characteristic; AUC, Area under curve; ECOG, Eastern Cooperative Oncology Group; LDH, Lactate 
Dehydrogenase.

Discussion

The findings of previous studies indicate that 
epigenetic modifications can drive tumorigene-
sis and pathogenesis in DLBCL [26]. However, 
the role of m5C modifications in DLBCL has not 
been fully studied. Recently, the biological 
functions of m5C modifications in various tumor 
types have been revealed. In this study, we 
aimed to determine whether m5C modifications 
serve as independent biomarkers and prognos-
tic factors for DLBCL.

Our study reveals the epigenetics of m5C-relat-
ed genes in patients with DLBCL. Based on the 
expression of m5C, patients with DLBCL can  
be effectively distinguished, and these distin-
guished patients show significant differences 
in survival time. Furthermore, we constructed a 
prognostic model based on m5C genes associ-
ated with the prognosis of patients with DLBCL, 
including DNMT1, DNMT3A, DNMT3B, NOP2, 
NSUN3, NSUN4, and ALKBH1. Simultaneously, 
we validated these m5C prognostic model 
genes using 144 cases of DLBCL histopatho-
logical sections. The results revealed a signifi-
cant increase in DNMT1, NOP2, NSUN4, and 
ALKBH1 in DLBCL tissues. DNMT1, a DNA 
methyltransferase, plays a crucial role in main-
taining the stability of DNA methylation status, 
ensuring the inheritance of the methylation 
pattern to newly synthesized DNA strands dur-
ing cell division and replication. Alterations in 
DNMT1 expression are frequently observed  
in hematological malignancies. Studies have 
shown that DNMT1 is associated with advanc- 
ed clinical stages and drug resistance in DLB- 
CL [27]. DNMT1 is more abundant in the GCB 
DLBCL subtype than in non-GCB DLBCL [28]. 
Most patients with GCB have a better progno-
sis than patients with ABC [29], and our study 
also suggests a correlation between DNMT1 
and good prognosis. These findings imply that 
DNMT1 may be a potential target for improving 
the prognosis of patients with DLBCL.

Similarly, as m5C “writers”, DNMT3A and DN- 
MT3B play a crucial role in DLBCL. An analysis 
of cell-free DNA identified seven mutations in 

DNMT3A in the serum during complete meta-
bolic responses, which may originate from  
clonal haematopoiesis of indeterminate poten-
tial (CHIP) rather than residual disease. This 
suggests that DNMT3A mutations could be evi-
dence of CHIP-related mutations in B-cell lym-
phomas [30]. In another clinical study, the over-
expression of DNMT3B was significantly as- 
sociated with advanced clinical staging and 
treatment resistance [27]. Although the protein 
expression levels of DNMT3A and DNMT3B in 
the 144 DLBCL tissues we examined showed 
no significant difference compared to normal 
lymph nodes, we speculate that this might be 
regulated by m5C erasers genes, particularly 
DNMT3A and DNMT3B, which, as methyltrans-
ferases, may exert their functions without 
requiring significant changes in expression lev-
els. Alternatively, DNMT3A and DNMT3B may 
interact or recruit with other epigenetic en- 
zymes and transcription factors to promote dif-
ferent chromatin states and tumor develop-
ment. Although there is a lack of research on 
NOP2 expression in DLBCL, its presence has 
been identified in hepatocellular carcinoma. In 
this context, NOP2-mediated m5C modification 
can alter c-Myc levels in an EIF3A-dependent 
manner, thereby influencing glucose metabo-
lism. Notably, the overexpression or mutation 
of c-Myc is considered a significant driver of 
DLBCL [31]. Furthermore, Wang et al. reported 
a strong association between the NSUN4 
rs10252 variant and childhood leukemia risk 
[32]. Previous studies have confirmed that m5C 
modification in B cells can affect antibody pro-
duction, influencing the immune response to 
antigens [33-35].

In macrophages and dendritic cells, m5C modi-
fication can impact antigen presentation and 
cytokine production [36, 37]. Hence, we inves-
tigated the correlation between immune cells 
and m5C expression. M2 macrophages and 
Tregs were proportionally increased in the  
high-risk m5C group and were associated with  
a poor prognosis. Macrophage M2 is generally 
considered an anti-inflammatory macrophage 
that plays an anti-inflammatory role in the 
tumor immune microenvironment and aids 
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Figure 4. Analysis of the tumor immune microenvironment using the m5C prediction model. A. Heatmap of genes 
related to the tumor immune microenvironment predicted by the m5C prediction model. B. Assessment of tumor 
purity and survival analysis in high and low-risk groups. C. Evaluation of ESTIMATE scores and survival analysis in 
high and low-risk groups. D. Immune scores and survival analysis in high and low-risk groups. E. Stromal scores and 
survival analysis in high and low-risk groups.

Figure 5. Association analysis between the m5C prediction model and immune cell infiltration. A. Proportions of 22 
immune cells infiltration in high and low-risk groups predicted by the m5C prediction model. B-F. Survival analysis 
based on immune cells expression in DLBCL patients: eosinophils, macrophages M0, macrophages M2, gamma 
delta T cells and Tregs.
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Figure 6. Association analysis between the m5C pre-
diction model and immune checkpoints. A. Analysis 
of immune checkpoint expression in high and low-risk 
groups predicted by the m5C prediction model. B-O. Sur-
vival analysis of B2M, CD8A, ICOS, IL-23A, LDHA, PT-
PRO, SIGLEO15, TNFRSF9, FGL1, IL12A, LGALS9, PVR, 
TNFSF9, and YTHDF1 in DLBCL patients.
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tumor cells in immune evasion [38, 39]. Stirm 
et al. found that Tregs, in cooperation with 
CD40 activation, sustained responses in lym-
phoma models. In addition, large-scale clinical 
studies have shown that Treg enrichment is 
associated with adverse outcomes, such as 
multiple extranidal involvement [40, 41]. These 
findings indicate that m5C is closely associated 
with the activation and infiltration of immune 
cells, which can influence the development of 
DLBCL by modulating immune cell regulation.

The treatment of lymphoma has undergone 
notable advancements with the introduction  
of immune checkpoint therapies. Hence, the 
identification of dependable prognostic bio-
markers and possible targets aids in minimiz-
ing adverse reactions to immunosuppressive 
treatment and broadening its suitability for 
patients with DLBCL. Upon examining the cor-
relation between the m5C pattern and immune 
checkpoints, it was discovered that the high-
risk group exhibited a notable increase in the 
expression of immunosuppressive genes such 
as CTLA4 and CD274 (PDL1). In contrast, gen- 
es associated with antigen presentation or 
T-cell activation, such as B2M, CD8A, and ICOS, 
were upregulated in the low-risk group, and the 
expression of these immune checkpoints was 
closely related to patient prognosis. Multiple 
studies have shown that mutations in B2M are 
frequent in DLBCL and correlate with rituximab 
plus CHOP (R-CHOP) treatment outcomes [42]. 
This suggests that m5C may influence DLBCL 
progression by affecting RNA’s translation, sta-
bility, and degradation during immune check- 
points.

Although we investigated the correlation 
between m5C-associated genes and DLBCL, 
our study has certain limitations. Considering 
this was a retrospective study, conducting a 
prospective study would be more persuasive. 
Furthermore, experimental studies on the func-
tions of m5C genes on immune cells and hema-
topoietic cell will be a focus of future research.

Conclusion

Our study successfully developed an m5C 
model for predicting the prognosis of patients 
with DLBCL along with their various clinical 
characteristics. We present a genetic frame-
work of m5C genes for DLBCL, revealing the 
genetic and clinical heterogeneity of DLBCL 

and the treatment responses of its tumor sub-
groups defined by common pathogenic mecha-
nisms. This categorization separated DLBCL 
into two genetic subcategories, showing varia-
tions in m5C gene expression, tumor surround-
ings, and survival rates. Furthermore, we inves-
tigated the correlation between m5C and 
immune checkpoints in DLBCL to identify 
potential therapeutic immune checkpoints.
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Supplementary Table 1. Clinical information of patients in the training set (GSE10846, N = 414) and 
validation set (GSE11318, N = 203)
Characteristics DLBCL (N = 203) DLBCL (N = 414)
Age at diagnosis
    ≤ 60 69 188
    > 60 94 226
    Unknown 40 0
Gender
    Male 113 224
    Female 90 171
    Unknown 0 19
Microarray diagnosis
    GCB 71 183
    Non-GCB 73 166
    Unknown 59 65
ECOG performance status
    0-1 122 296
    2-4 39 93
    Unknown 42 25
Stage
    I-II 75 188
    III-IV 87 218
    Unknown 41 8
LDH ratio
    Normal 68 173
    Upper limit of normal 76 178
    Unknown 59 63
Number of extranodal sites
    < 2 161 353
    ≥ 2 30
    Unknown 42 31
Chemotherapy
    CHOP-Like Regimen 181
    R-CHOP-Like Regimen 233
    Unknown 203
DLBCL, Diffuse Large B Cell Lymphoma; ECOG, Eastern Cooperative Oncology Group; GCB, Germinal Center B-cell; LDH, Lac-
tate Dehydrogenase; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone.
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Supplementary Figure 1. The association between clinical features and the prognosis of DLBCL patients. A-F. Age (> 
60 years, ≤ 60 years); treatment (CHOP, R-CHOP); subtype (ABC, GCB); ECOG grade (1-2, 3-4); Stage (1-2, 3-4); gen-
der (female, male). R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone; ABC, activated 
B-cell-like; GCB, germinal-center B-cell-like; ECOG, Eastern Cooperative Oncology Group.
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Supplementary Figure 2. The m5C prognostic model’s prognosis prediction for DLBCL patients across various clinical characteristics. A-L. Kaplan-Meier curves 
showing the relationship between age (> 60 years, ≤ 60 years), treatment (CHOP, R-CHOP), subtype (ABC, GCB), ECOG grade (G1-2, G3-4), stage (1-2, 3-4), gender 
(female, male) and survival time of patients with DLBCL in the high- and low-risk groups. R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, and pred-
nisone; ABC, activated B-cell-like; GCB, germinal-center B-cell-like; ECOG, Eastern Cooperative Oncology Group.
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Supplementary Figure 3. A. The impact of NOP2 expression levels on cell proliferation. B. The IPI scores between 
high and low group. IPI, International Prognostic Index.



Roles of RNA m5C modification patterns in diffuse large B-cell lymphoma

5 

Supplementary Table 2. The clinical features of 144 DLBCL tissues for immunohistochemistry
Characteristics DLBCL (N = 144)
Age at diagnosis
    ≤ 60 65
    > 60 79
Gender
    Male 63
    Female 81
Microarray diagnosis
    GCB 27
    Non-GCB 39
    Unknown 78
ECOG performance status
    0-1 17
    2-4 92
    Unknown 35
Stage
    I-II 69
    III-IV 75
LDH ratio
    Normal 58
    Upper limit of normal 86
Number of extranodal sites
    < 2 90
    ≥ 2 54
Chemotherapy
    CHOP-Like Regimen 32
    R-CHOP-Like Regimen 79
    Unknown 33
DLBCL, Diffuse Large B Cell Lymphoma; ECOG, Eastern Cooperative Oncology Group; GCB, Germinal Center B-cell; LDH, Lac-
tate Dehydrogenase; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone.
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Supplementary Figure 4. The immunohistochemical analysis of m5C genes in DLBCL samples. A, B. Immunohistochemical staining of m5C genes in normal lymph 
nodes and DLBCL tissue. C. The differential expression of NOP2, DNMT1, NSUN4, ALKBH1, DNMT3B and DNMT3A between normal lymph nodes and DLBCL tissue.


