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Abstract: Background: RNA N6-methyladenosine (m6A) has been found to have a critical impact on clear cell re-
nal cell carcinoma (ccRCC) by affecting the tumor microenvironment (TME) and immune cell (IC) infiltration and is 
related to the treatment and survival rate of patients with ccRCC. However, the mechanism of m6A in TME and IC 
infiltration remained unclear. Methods: Nonnegative Matrix Factorization (NMF) clustering was performed on 650 
ccRCC cases from the Cancer Genome Atlas (TCGA) and the Gene-Expression Omnibus (GEO) datasets. The immune 
infiltration was generated by the single-sample gene-set enrichment analysis (ssGSEA) algorithm. Survival analyses 
were performed using the Kaplan-Meier method, and the significance of the differences was determined using the 
log-rank test. The m6A score was constructed based on the expression of m6A regulators to quantify m6A modifica-
tion. The package “survminer R” was employed to layer patients’ low and high scores groups and predict the im-
munotherapy response. Results: Three different patterns of m6A modification were established, and significant dif-
ferences in TME and IC infiltration features were found in these three patterns. Survival analysis demonstrated that 
m6A cluster A and m6A gene cluster A experienced a longer survival time. Evaluation of m6A modification patterns 
in individual tumors was initiated by the m6A score. The low m6A score subtype was characterized by increased 
tumor mutation burden (TMB) and immune infiltration, whereas a high m6A score with a lack of immune cell infiltra-
tion showed significantly better overall survival. m6A score was also associated with the expression of programmed 
cell death protein 1 (PD-L1) and cytotoxic T lymphocyte antigen 4 (CTLA-4). Patients in the high m6A score group had 
high PD-L1 expression and low CTLA-4 expression. Significant differences in prognosis were identified among types 
of different TMB and m6A scores, where low TMB and high m6A score had longer survival time. Conclusions: This 
research indicated that m6A modification greatly affected TME and IC infiltration. Physicians can develop practical 
immunotherapy strategies for patients with ccRCC by evaluating m6A-associated genes.
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Introduction

Renal cell carcinoma (RCC) is the most lethal 
cancer in the genitourinary system, with a 
5-year relative survival rate of only 12%. Clear 
cell renal cell carcinoma (ccRCC) has been one 
of the most common types of RCC pathology, 
accounting for approximately 80% of RCC and 
2%~3% of adult malignancies [1-3]. According 
to the latest cancer statistics report, more than 
65,000 were diagnosed in the U.S., leading to 
almost 15,000 deaths every year [4]. However, 

many patients with RCC did not develop clinical 
symptoms for most of their natural disease 
course [2]. Therefore, they were often locally 
advanced (and unresectable) or had metasta-
ses when diagnosed and their prognosis was 
generally poor, with 20% to 30% of the patients 
developing a recurrence after primary treat-
ment [2]. ccRCC is not sensitive to either radia-
tion or chemotherapy, but as a highly immuno-
genic tumor, patients with ccRCC can benefit 
from immunotherapy such as immune check-
point inhibitors like anti-PD-L1 [5]. However, 
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cells with immunosuppressive effects in the 
tumor microenvironment (TME) can cause 
ccRCC to be resistant to immunotherapy, and 
the median survival time is still less than three 
years [6]. Therefore, typing ccRCC and evaluat-
ing the differently typed TME and immune cell 
infiltrates is necessary for patients’ treatment.

N6-methyladenosine (m6A) is the most abun-
dant epigene-transcriptome modification in eu- 
karyotic mRNA [7]. m6A RNA methylation is a 
dynamic and reversible modification process, 
and the realization of its function is primarily 
regulated by the m6A methyltransferase com-
plex (writers), m6A demethylase (erasers), and 
m6A read protein (readers) [7, 8]. m6A modifi-
cations were identified to be involved in multi-
ple processes such as anterior mRNA splicing, 
processing, and translation regulation, whose 
dynamic reversible changes control and deter-
mine cell growth and differentiation. This sug-
gests that abnormalities in m6A and modified 
proteins may have corresponding pathologic 
effects in tumorigenesis and progression [9, 
10]. m6A modifications have been reported to 
be associated with the patterning of diversity 
and complexity of TME in a series of cancers 
[11-13]. m6A is related to epigenetic transcrip-
tomics to tumorigenesis and development, 
affecting various processes of tumor cell bio-
logical characteristics. As a result, the essen-
tial proteins involved in m6A alteration are 
thought to represent prospective molecular tar-
gets for cancer diagnosis and treatment, as 
well as drug development [7, 14].

Furthermore, previous studies have indicated 
that m6A is closely linked to TME changes  
and immune cell (IC) infiltration [13, 15-17]. 
However, these studies were only focused on 
several m6A regulators or ICs. The m6A effect 
on the tumor in ccRCC is characterized by a 
coordinated interaction of diversified m6A-
associated genes. Therefore, a comprehensive 
understanding of TME alterations by multiple 
m6A regulators and a relevant classification  
for ccRCC patients will help with individualized 
immunotherapy regimens.

Our study integrated relevant data from the 
Cancer Genome Atlas (TCGA) and the Gene-Ex- 
pression Omnibus (GEO) datasets to compre-
hensively assess m6A modification patterns in 
ccRCC. Patients were then typed into different 
patterns to evaluate their characteristics of 
TME and IC infiltration. By constructing a scor-

ing system based on m6A modification pat-
terns, the prognosis of patients of different 
types and different m6A scores could be 
assessed.

Methods

Construction of m6A clusters based on m6A-
associated genes

Patient data were acquired from the TCGA 
dataset and GEO datasets (GSE29609). These 
23 m6A regulators were extracted, including 
eight writers, two erasers, and thirteen read-
ers. The specific names of m6A-associated 
genes are displayed in the supplementary  
data. Different m6A clusters were constructed 
based on the expression of m6A-associated 
genes, and unsupervised clustering analyses 
were applied to classify patients into distinct 
groups. The quantity and stability in the pro-
cess of clustering were guaranteed by employ-
ing the consensus clustering algorithm, and the 
stability of classification was determined by 
using the “ConsensuClusterPlus” package [18].

Gene set variation analysis (GSVA) and func-
tional annotation

The biologic process differences of m6A modi- 
fication patterns were investigated using GSVA 
enrichment analysis. GSVA is an unsupervis- 
ed, nonparametric method for estimating the 
gene set enrichment results of a microarray 
and transcriptome [19]. We downloaded from 
MSigDB datasets “c2.cp.kegg.v7.2.symbols.
gmt” datasets for enrichment analysis.

Estimation of TME cell infiltration

The single-sample gene-set enrichment analy-
sis (ssGSEA) approach was employed to quan-
tify the relative abundance of IC infiltration in 
the TME of ccRCC. The dataset for the type of 
ICs which contained activated CD4+ T cells, 
myeloid-derived suppressor cells (MDSC), re- 
gulatory T cells, and many others in the nTME 
were identified from the research of Charoen- 
tong [20].

Screening of differentially expressed genes 
(DEGs) between different m6A clusters

Patients were classified into distinct m6A clus-
ters according to the expression of m6A-as- 
sociated genes to screen m6A-related DEGs. 
DEGs between different m6A clusters were 
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extracted by employing the empirical Bayesian 
algorithm in the “limma” R package [21], and 
an adjusted P-value <0.001 was set as the sig-
nificant criterion.

Identification of m6A score

We constructed the m6A score to quantify the 
m6A modification pattern in ccRCC. The steps 
for establishing an m6A score were: Initially, we 
distinguished the DEGs from distinct m6A clus-
ters from all ccRCC samples and extracted and 
normalized the overlap genes. The unsuper-
vised clustering method was then applied to 
classify patients into distinct groups for analyz-
ing DEGs. Then, analysis for the prognosis of 
each gene was performed employing a multi-
Cox regression model to extract significant ge- 
nes for further analysis. Principal component 
analysis (PCA) was then conducted to structure 
the scoring system. Principal components 1 
and 2 were derived from contributions that did 
not track other genes as signature scores. The 
m6A score was defined as the summarization 
of the expression of m6A-associated genes in 
both principal components [22, 23].

Immunophenoscore (IPS) is a superior predic-
tor developed by Charoenton for evaluating the 
antibody responses to CTLA-4 and PD-L1 [20]. 
We then validated the correlation between dif-
ferent IPS subgroups and m6A score sub- 
groups.

Statistical analysis

Spearman and distance correlation analysis 
calculated the correlation coefficient between 
ICs in the TME and m6A regulatory factor 
expression. Identification of the differences 
among distinct groups was performed by One-
way ANOVA and Kruskal-Wallis test. The cut-off 
point of subgroups was determined using the 
package “survminer” based on the association 
between m6Ascore and patients’ survival [24]. 
m6A score dichotomizing was performed by the 
“surv-cutpoint” function iteratively testing all 
possible existing cut points to identify the opti-
mal parameters. Then, according to the maxi-
mum selected log-rank statistics, the patients 
were classified into different m6A score groups 
to control the batch effect. The Kaplan-Meier 
approach was utilized to generate survival 
curves in prognostic analysis, and log-rank 
tests were employed to verify the significance 
of differences. The results of prognostic analy-

sis for patients with ccRCC were visualized by 
employing the package “forestplot” and the 
mutation landscape for patients in different 
groups was displayed using the waterfall func-
tion of package “maftools”. The copy number 
variation (CNV) diagram for m6A regulators  
was plotted through the package “Rcircos”. All 
statistical P values were two sided, and statis- 
tical significance was set as P<0.05. All data 
were processed by R 4.1.1 software.

Results

Landscape of genetic variation of m6A regula-
tors in ccRCC

There were altogether 23 m6A regulators final- 
ly selected in this research. We initially ex- 
plored the CNV and incidence of somatic muta-
tions in 23 m6A-associated genes in ccRCC. 
There were 24 (7.14%) in 336 samples exhibit-
ing mutations of m6A regulators, and we found 
a mutation frequency in YTHDC2, ZC3H13, 
YTHDC1, WTAP, and LRPPRC, while other regu-
lators did not show any mutations in ccRCC 
samples (Figure 1A). The relative location area 
of CNV alteration for each m6A-associated 
gene on chromosomes is depicted in Figure 
1B. We then studied the transcriptional expres-
sion of regulatory factors in normal and ccRCC 
samples to confirm the effect of genetic varia-
tions and CNV alterations that might be ascer-
tained to be critical factors leading to perturba-
tions in m6A regulators’ expression. The inves- 
tigation demonstrated a broad alteration in 
regulators and YTHDC2, whose expression was 
significantly increased in tumor (P<0.001), was 
focused on the significant amplification in copy 
number. RBM15B was also found a signifi- 
cant deletion in copy number. IGFBP2, WTAP, 
YTHDF2, METTL14, and ZC3H13 showed a 
higher frequency of CNV deletion (Figure 1C, 
1D). The above results displayed an overview  
of expressional alteration in m6A regulators, 
which are implied to be intimately associated 
with occurrence and progression in ccRCC.

Construction of m6A clusters

We first evaluated 23 m6A regulators to ana-
lyze the prognosis of ccRCC, and a total of 20 
genes, including ALKBH5, FMR1, and FTO were 
found to influence the prognosis of ccRCC sig-
nificantly (Figure S1A-T). The landscape of inter-
actions and connection between 23 regulators 
in ccRCC and significant correlations was found 



Prognostic signature for ccRCC

4934 Am J Transl Res 2022;14(7):4931-4947

Figure 1. Landscape of genetic variation of m6A regulators in ccRCC. A. The modification frequency of 23 m6A regulators in 336 ccRCC patients from the TCGA-
KIRC dataset. Each column represents a patient. The upper bar diagram represents TMB. The bar diagram on the right shows the proportion of the individual 
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between 23 regulators (Figure 2A). These re- 
sults suggested that crosstalk between regula-
tors of the writers, readers, and erasers might 
differ between individual tumors. We found a 
positive correlation between most regulators, 
but interestingly, a negative correlation was 
found between IGFBP1 and METTL3, METTL6, 
ZC3H13, and YTHDC1 (Figure 2A). Unsupervis- 
ed clustering algorism was then employed to 
type patients into distinct m6A modification 
patterns according to the m6A regulators’ 
expression, and eventually, three modification 
patterns were determined as m6A cluster A-C, 
respectively (Figure S2). There were 257 pa- 
tients in cluster A, 209 patients in cluster B, 
and 103 patients in cluster C. Figure 2B 
revealed that m6A cluster A showed a signifi-
cant survival advantage among the three clus-
ters in survival analysis.

GSVA was conducted to explore the behaviors 
among three m6A clusters. As shown in Figure 
2C, 2D, m6A cluster A was markedly enriched 
in the ErbB signaling pathway, ubiquitin-medi- 
ated proteolysis, and adherens junction. M6A 
cluster B presented enrichment pathways 
associated with the metabolism of xenobiotics 
by cytochrome p450, drug metabolism cyto-
chrome p450, linoleic acid metabolism, and 
arachidonic acid metabolism, while m6A clus-
ter C was prominently related to biological pro-
cesses associated with immune activation, 
such as complement and coagulation cascad- 
es and cytokine-cytokine receptor interaction.

Detailed analyses of three m6A clusters and 
the clinical features of patients were then per-
formed by drawing a heatmap, and PCA and 
three m6A clusters were found to have a  
significant difference in transcriptional profile 
(Figures 2E, 3B). m6A cluster A was character-
ized by increased expression of METTL16, 
WTAP, VIRMA, ZC3H13, and YTHDF2. IGFBP1 
also presented a remarkable increase in m6A 
cluster C. However, m6A-associated genes de- 
creased in m6A cluster B to varying degrees 
(Figure 2E). Analysis for infiltration of ICs in 
TME demonstrated that m6A cluster C was  

rich in innate IC infiltration such as activated B 
cells, activated CD4+ T cells, and regulatory T 
cells (Figure 3A). However, m6A cluster C 
showed the worst overall survival among the 
three m6A clusters (Figure 2B), which indicat- 
ed that enrichment of ICs in ccRCC was possi-
bly linked to shortening survival time.

Characteristics of TME-infiltrated ICs and path-
way enrichment analyses

To explore the functions of intersection genes, 
we performed GO (Gene Ontology) and KEGG 
(Kyoto Encyclopedia of Genes and Genomes) 
analyses on the intersection genes in this 
study. The “limma” package was initially em- 
ployed to extract DEGs from 3 m6A clusters, 
and 1152 DEGs were finally identified (Figure 
3C). GO revealed that DEGs of ccRCC were 
found enriched mainly in molecular functions, 
including protein serine/threonine kinase ac- 
tivity and ubiquitin-like protein ligase binding. 
Meanwhile, the enrichment of DEGs for cellu- 
lar components contained focal adhesion, 
organelle subcompartments, Golgi subcom-
partments, molecular functions. Biological pro-
cesses contained proteasomal proteolytic pro-
cesses, the establishment of organelle locali- 
zation, and Golgi vesicle transport (Figure 2D). 
KEGG analysis suggested that intersection 
genes were significantly enriched in pathways 
in cancer, protein processing in the endoplas-
mic reticulum, and focal adhesion and ubiqui- 
tin mediated proteolysis (Figure 2E).

Construction of m6A phenotype-related genes 
signatures

The R package of “ConsensusClusterPlus” was 
employed to perform clustering analyses. Pa- 
tients were classified into different genomic 
subtypes based on the obtained 1152 DEGs to 
verify the mechanism. Three m6A modification 
genomic phenotypes were then generated by 
the k-means algorithm, and these phenotypes 
were termed as m6A gene cluster A-C, respec-
tively (Figures 3C, S3A-I). It was found that 
patients in m6A gene cluster A (307 patients) 

variation types. The number on the right represents the mutation frequency of each regulator. The following stacked 
bar diagram indicates the proportion of transformation of each sample. B. The location of CNV alteration of m6A 
regulators on 23 chromosomes from TCGA-KIRC dataset. C. The expression of 23 m6A regulators between normal 
tissues and ccRCC tissues. Red represents tumor and blue represents normal. The top and bottom of the boxes 
represent maximum to minimum values. Black dots represent outliers. Lines in the boxes show the median value. 
The asterisks represent the statistical P value (*P<0.05; **P<0.01; ***P<0.001). D. The frequency of CNV alteration 
in m6A regulators from TCGA-KIRC dataset. The length of each column shows the alteration frequency. The green 
dots represent deletion and the red dots represent amplification.
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Figure 2. Biological characteristics of distinct m6A modification. A. The correlation between m6A regulators in 
ccRCC. The lines linking regulators showed their interactions and red represent positive correlation while blue rep-
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patterns expressed better clinical endpoint 
while patients in gene cluster C (142 patients) 
exhibited shorter survival time (Figure 4A). The 
expression of m6A-associated genes was then 
found to have prominent differences among 
three gene clusters, consistent with m6A clus-
ters (Figure 4B).

Biological features of m6A score

In order to quantify the m6A modification pat-
terns based on DEGs, we constructed a system 
of evaluation which was termed as the m6A 
score (Figure 5B). Figure 5A shows that pa- 
tients with higher m6A score exhibited signifi-
cantly better survival time than lower groups. 
The m6A score may be positively correlated 
with activated CD8+ T cells, monocytes, and 
type 17 T helper cells, and negatively correlat-
ed with immune cells such as regulatory  
T cells, type 2 T helper cells, and T follicular 
helper cells (Figure 5B). A significant correla-
tion was found between m6A scores and m6A 
clusters, and between m6A scores and m6A 
gene clusters (Figure 5C, 5D). In Figure 5C, the 
median score for gene cluster C was notably 
lower than for gene clusters A and B. Previous 
analysis indicated that gene cluster C ex- 
pressed the worst prognosis than other gene 
clusters (Figure 4A). The attributed connec-
tions visualization was realized by an alluvial 
diagram (Figure 5E). It appeared in Figure 5E 
that m6A cluster A and gene cluster A mostly 
corresponded to high m6A scores, which per-
haps explained why they presented with the 
best prognosis in previous studies (Figures 2B, 
4A).

Characteristics of m6A score and tumor muta-
tion burden in ccRCC

We first performed the significance tests bet- 
ween the m6A score and TMB to illustrate the 
relationship between TMB and m6A score in 
ccRCC. We found a significant TMB difference 

between both m6A scores groups (Figure 6A). 
Subsequently, Figure 6B, 6C further showed a 
negative correlation between m6A score and 
TMB. Patients with low TMB presented with a 
better prognosis, corresponded to our previous 
conclusions that patients with high m6A score 
experienced better clinical endpoints (Figure 
5A). Figure 6D further illustrated the connec-
tion between m6A score and TMB in the prog-
nosis of ccRCC. A high m6A score and low TMB 
corresponded to the highest survival probabili-
ty, while a low m6A score and high TMB linked 
to the lowest survival probability. This also fur-
ther demonstrated that a high m6A score and 
low TMB might promote the prognosis of pa- 
tients in ccRCC.

m6A score in the role of immunotherapy in 
ccRCC

CcRCC was insensitive to both radiation thera-
py and chemotherapy, but it was highly immu-
nogenic, and therefore immunotherapy was 
extremely significant for ccRCC. We found that 
increased PD-L1 expression and decreased 
CTLA-4 expression appeared with a high m6A 
score (Figure 7A, 7B). The IPS was used to  
evaluate the individual response to the CTLA- 
4 and PD-1 antibodies. We investigated the 
effect of m6A scores on IPS and the response 
of patients to immune checkpoint blockade 
therapy, and Figure 7C-F indicated a correla-
tion between IPS and m6A score in four groups 
with negative or positive PDL1 and CTLA-4. 
Among the four groups, the median of IPS was 
significantly higher in high m6A score groups, 
suggesting that no matter the status of PD-L1 
and CTLA-4, patients with higher m6A score 
would have better response to antibody treat- 
ment.

Discussion

Researchers have gradually realized that m6A 
modification patterns are of essential value in 

resents negative correlation. The erasers, readers and writers are colored red, orange, and grey, respectively. Green 
and purple dots in the circle represent protective and risk factors respectively the size of each circle represented 
the statistical P-value with P<0.0001, P<0.001, P<0.01, and P<0.05, respectively. B. Survival analyses of the three 
m6A clusters including 257 cases in pattern A, 209 cases in pattern B and 103 cases in pattern C (P<0.001). Blue 
for m6A cluster A, yellow for m6A cluster B and red for m6A cluster C. The number of alive patients along with time 
in three clusters is at the bottom of the picture. Kaplan-Meier curves show significant survival differences among 
the three m6A modification patterns, while m6A cluster A exhibited a significant survival advantage among the 
three clusters. C, D. Activation of biologic pathways analysis in three m6A clusters with GSVA. The heatmap is a 
visualization of these biological processes. Red, activated pathways; blue, inhibited pathways. C. m6A cluster A vs. 
m6A cluster B. D. m6A cluster A vs. m6A cluster C. E. Visualization of patients’ characteristics and m6A regulators in 
distinct m6A clusters. In the heatmap, red represents increased expression of m6A regulator; and blue represents 
decreased expression of m6A regulator. 
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Figure 3. TME cell infiltration characteristics and transcriptome traits in three m6A clusters. A. Immune cells of TME 
infiltration of distinct m6A clusters. The top and bottom of the boxes represent maximum to minimum values. Black 
dots represent outliers. Lines in the boxes show the median value. The asterisks represent the statistical P-value 
(*P<0.05; **P<0.01; ***P<0.001). B. Transcriptome analysis of distinct m6A clusters with PCA. Blue for m6A cluster 
A, yellow for m6A cluster B and red for m6A cluster C. C. Venn diagram of DEGs. There were 1152 DEGs between 
the three m6A gene patterns in ccRCC. D. GO enrichment analysis of m6A-related genes. The color depth of the 
bar plots represents the number of genes enriched. The length of the frame bar represents the count of enriched 
genes in the pathway and the color represents the q value. E. KEGG pathway analysis of DEGs. The size of the circles 
represents the count of enriched genes in each pathway and the color represents the q value. 
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Figure 4. Construction of m6A phenotype-related genes clusters. A. Survival analyses of the three m6A clusters 
including 307 cases in gene cluster A, 120 cases in gene cluster B and 142 cases in gene cluster C (P<0.001). Blue 
for m6A gene cluster A, yellow for m6A gene cluster B and red for m6A gene cluster C. The number of alive patients 
and time in three clusters is at the bottom of the picture. B. Immune cells of TME infiltrating of distinct m6A gene 
clusters. The top and bottom of the boxes represent maximum to minimum values. Black dots represented outli-
ers. Lines in the boxes show the median value. The asterisks represent the statistical P value (*P<0.05; **P<0.01; 
***P<0.001). C. Visualization of patients’ characteristics and m6A-related genes in distinct m6A gene clusters. The 
gene clusters, m6A clusters, project types, age, tumor stage, histology and survival status were used as patient 
annotations. In the heatmap, red represent increased expression of m6A-related genes; blue represent decreased 
expression of m6A-related genes.

tumorigenesis [14, 25-27]. However, most of 
the current research concentrated on m6A-

related genes, but the TME mediated by m6A 
regulator synthesis and IC infiltration features 
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remains unclear [28, 29]. Furthermore, clarify-
ing the regulatory role of different patterns of 
m6A modification in ccRCC may deepen aware-

ness of tumor immunotherapy and guide thera-
peutic targets, which is particularly important 
for ccRCC [30, 31]. In our study, the analysis 

Figure 5. Biological features of m6A score. A. Survival analyses of distinct m6A score groups. Blue for low m6A 
score and red for high m6A score. Patients with higher m6A score exhibited significantly better survival times than 
the lower group (P<0.001). B. Correlations between m6A score and immune cells. A square with “*” represents a 
significant correlation and its color represents the coefficient. Negative correlation is marked with blue and positive 
correlation with red. C. Differences in m6A score among different m6A gene clusters. The top and bottom of the 
boxes represent maximum to minimum values. Black dots represent outliers. Lines in the boxes show the median 
value. There were significant differences among the different m6A gene clusters (P<0.0001). D. Differences in 
m6Ascore between different m6A clusters. Significant differences were found between m6A clusters A and C and 
m6A cluster A and B (P<0.0001, Kruskal-Wallis test). E. Alluvial diagram showing the changes in m6A cluster, gene 
cluster, m6A score and survival status.
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was performed by combining the GEO and  
TCGA datasets. The incidence of copy number 
variants was first investigated, and somatic 
mutations among the 23 m6A regulators in the 
ccRCC. Mutations in ccRCC were more fre- 
quent than in other diseases like acute myelog-
enous leukemia [32]. Of the 336 samples, 24 
had m6A regulatory gene mutations at a fre-
quency of 7.14%, and protein structural chang-
es or dysregulation of m6A regulators due to 
mutations may be one of the causes of tumori-
genesis. Thus, m6A regulators are crucial in 
carcinogenesis and development. Subsequent- 
ly, we identified three different patterns of m6A 

methylation modification using an unsuper-
vised clustering algorithm. All three patterns 
had distinct prognostic features and features  
of IC infiltration. This was similar to the pattern 
seen in other cancer studies, such as gastric 
cancer, liver cancer, and glioma [13, 33, 34]. 
Among them, the m6A cluster A modification 
pattern had a particularly significant survival 
advantage, while m6A cluster C was closely 
associated with biological processes related to 
immune activation.

At the molecular level, we found that the  
mutant copy number of YTHDC2 (YTH domain 

Figure 6. Characteristics of m6 A score and tumor mutation burden in ccRCC. A. Differences in TMB between two 
m6A score groups. The top and bottom of the boxes represent maximum to minimum values. Black dots represent 
outliers. Lines in the boxes show the median value. Blue, low m6A score; red, high m6A score. B. Quantitative rela-
tionship between m6A score and TMB. Abscissa represents m6A score and ordinate represents TMB. There was a 
negative correlation between m6A score and TMB (R=-0.17, P=0.0018). C. Survival analyses for distinct TMB groups 
using Kaplan-Meier curves. H, high; L, Low; (P<0.001, Log-rank test). D. Survival analyses for different TMB and dif-
ferent m6A scores using Kaplan-Meier curves. H, high; L, Low; (P<0.001, Log-rank test).
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Figure 7. m6A score in the role of immunotherapy in ccRCC. A. Differences in PD-L1 expression between low and 
high m6A score groups (P<0.0001, Wilcoxon test). B. Differences in CTLA-4 expression between low and high m6A 
score groups (P<0.0001, Wilcoxon test). C-F. Differences in immunophenoscore between different m6A score 
groups (P<0.0001, Wilcoxon test). C. Differences in negative CTLA-4 and negative PD-1 group between different 
m6A score groups. D. Differences in negative CTLA-4 and positive PD-1 group between different m6A score groups. 
E. Differences in positive CTLA-4 and negative PD-1 group between different m6A score groups. F. Differences in 
positive CTLA-4 and positive PD-1 group between different m6A score groups.

containing 2) was significantly upregulated,  
and its expression varied in both normal and 

ccRCC samples. The marked increase of ex- 
pression of YTHDC2 in m6A cluster A suggest-
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ed that YTHDC2 may be related to tumorigene-
sis. The role of YTHDC2 in some tumors has 
been partially verified. Jin Wang’s research  
[35] found that the overexpression of YTHDC2 
inhibited the proliferation and migration of  
lung cancer cells through in vivo and in vitro 
studies. However, the relationship between 
YTHDC2 and ccRCC remains poorly studied. 
Thus, we hope for more experiments to be per-
formed to confirm the conjecture later. In addi-
tion, m6A was closely connected to different 
carcinomas’ growth, invasion, and metastasis. 
In hepatocellular carcinoma, the increase in 
METTL3 can facilitate invasiveness [36]; 
YTHDF2 is highly expressed in pancreatic can-
cer tissues and promotes tumor progression 
[36]. Subsequent analysis of TME cell infiltra-
tion indicated that m6A cluster C was enriched 
in natural IC infiltration, including activated B 
cells, activated dendritic cells, macrophages, 
MDSC, and regulatory T cells. In addition, there 
were significant differences in the transcrip-
tome between different m6A clusters in this 
study. DEGs were also found enriched in 
immune-related pathways. Similar to the clus-
tering results of the m6A, based on DEGs 
screened among three m6A clusters, we identi-
fied three immune-related gene clusters. This 
proves once again the importance of the m6A 
changes for shaping different TME landscap- 
es. Many relevant studies also suggested that 
m6A modification may affect tumor prognosis 
through TME cells. For example, the m6A  
modification may help tumor cells escape by 
hindering dendritic cells’ (DCs) activation [37]. 
Meanwhile, the absence of YTHDF1 in DCs can 
enhance antitumor immunity and inhibit tumor 
growth [38]. In regulatory T cells, m6A can  
control the differentiation of naive T cells and 
maintain the inhibitory function of regulatory T 
cells [39]. In addition, the deletion of METTL14 
can severely impair B cells’ development and 
lead to abnormal gene expression that is 
essential for B cells’ growth [40]. As the me- 
chanism between m6A and TME cells is still 
unknown, exploring the modification patterns 
can help us determine the infiltration proper-
ties of ICs in the TME.

Since m6A modification varies among individu-
als, it needs to be further quantified. Our rese- 
arch suggested that m6A score could reliably 
predict the prognosis of ccRCC. Furthermore, 
m6A score may be positively associated with 

activated CD8+ T cells and negatively associat-
ed with regulatory T cells. The study by Yu Qi 
[41] showed that the enrichment of CD8+ T  
cells in ccRCC predicted poor survival. In addi-
tion, the presence of NK cells in RCC has been 
reported in several studies [42-45], and the 
association of NK cell infiltration with patient 
survival suggested that they may represent a 
vital component of the antitumor response  
[46, 47], which is consistent with our findings 
[48]. Significant negative correlations were dis-
covered in our study between m6A score and 
TMB. Several studies also came to the same 
conclusion about the correlation between 
ccRCC and TMB [49-52]. Although TMB is re- 
garded as a better antitumor effect and prog-
nosis in cancers [53], this phenomenon was 
not apparent in ccRCC. It might be attributed  
to the distinctive immunophenotype and TME 
infiltration of ccRCC. Further validation and 
exploration are also required to clarify the 
mechanism between TMB and ccRCC. The  
role of immune checkpoints such as PD-1 and 
CTLA-4 in tumor treatment has received wide-
spread attention, for example, cancer immuno-
therapy targeting the PD-1/PD-L1 has great 
efficacy in many diseases [54, 55], especially 
ccRCC [56]. We finally explored the correlation 
of PD-L1 and CTLA-4 with m6A score and con-
firmed a significant expression difference bet- 
ween the two checkpoints among distinct m6A 
score groups.

There are some limitations in this research. 
First, TCGA and GEO datasets originated from 
European and American populations and 
lacked clinical data from ccRCC patients in 
other regions. Therefore, further validation of 
the expanded population was needed. Further- 
more, our study did not perform functional 
experiments in vitro or in vivo, and relevant 
studies were required to clarify their precise 
mechanism of action in the future. Therefore, 
our research showed that m6A modification 
might be a critical factor in mediating the clini-
cal response to immunotherapy. In addition, we 
also proved that m6A score could predict the 
patient’s response to immunotherapy.

In conclusion, the m6A score can be applied to 
evaluate m6A patterns and further determine 
the immunophenotype of tumors to guide more 
effective immunotherapy. Similarly, m6A score 
is a reliable marker to predict the prognosis. 
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This research can contribute to developing new 
immunotherapeutic agents by m6A score.

Conclusions

Our work confirmed the broad regulatory mech-
anism of the ccRCC TME by m6A methylation 
modification. The difference in the pattern of 
m6A modification was a non-negligible factor 
leading to the heterogeneity of a single tumor 
microenvironment. Exploring m6A modification 
modes will help recognize the leading role of 
the tumor microenvironment and immune infil-
tration and help develop individualized treat-
ment methods for patients.
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Figure S1. A-T. Survival analyses for twenty m6A regulators using Kaplan-Meier curves (P<0.05).
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Figure S2. A-I. Unsupervised clustering of 569 m6A modification patterns and consensus matrices for k=2-9.
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Figure S3. A-I. Unsupervised clustering of 569 m6A genomic phenotypes and consensus matrices for k=2-9.


