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Abstract 

Background:  N6-methyladenosine (m6A) RNA regulation was recently reported to be important in carcinogenesis 
and cancer development. However, the characteristics of m6A modification and its correlations with clinical features, 
genome instability, tumor microenvironments (TMEs), and immunotherapy responses in hepatocellular carcinoma 
(HCC) have not been fully explored.

Methods:  We systematically analyzed the m6A regulator-based expression patterns of 486 patients with HCC from 
The Cancer Genome Atlas and Gene Expression Omnibus databases, and correlated these patterns with clinical 
outcomes, somatic mutations, TME cell infiltration, and immunotherapy responses. The m6A score was developed by 
principal component analysis to evaluate m6A modifications in individual patients.

Results:  M6A regulators were dysregulated in HCC samples, among which 18 m6A regulators were identified as risk 
factors for prognosis. Three m6A regulator-based expression patterns, namely m6A clusters, were determined among 
HCC patients by m6A regulators with different m6A scores, somatic mutation counts, and specific TME features. 
Additionally, three distinct m6A regulator-associated gene-based expression patterns were also identified based on 
prognosis-associated genes that were differentially expressed among the three m6A clusters, showing similar proper-
ties as the m6A regulator-based expression patterns. Higher m6A scores were correlated with older age, advanced 
stages, lower overall survival, higher somatic mutation counts, elevated PD-L1 expression levels, and poorer responses 
to immune checkpoint inhibitors. The m6A score was validated as an independent and valuable prognostic factor for 
HCC.

Conclusion:  M6A modification is correlated with genome instability and TME in HCC. Evaluating m6A regulator-
based expression patterns and the m6A score of individual tumors may help identify candidate biomarkers for prog-
nosis prediction and immunotherapeutic strategy selection.
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Background
Hepatocellular carcinoma (HCC) accounts for the most 
cases of primary liver cancers, which have the sixth 
and third highest incidence and mortality rate, respec-
tively [1]. HCC is characterized by its high malignancy, 
high recurrence rate, and poor prognosis. However, 
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its underlying molecular pathogenesis remains largely 
unclear.

N6-methyladenosine (m6A) RNA methylation plays a 
vital role in RNA splicing, export, processing, translation 
and decay, and is the most common type of post-tran-
scriptional regulation of mRNAs in living organisms [2]. 
Previous reports identified the following three types of 
m6A regulators: “writers” (methyltransferases), “readers” 
(m6A-binding proteins), and “erasers” (demethylases) 
[3]. Recently, growing evidence has revealed the emerg-
ing role of m6A deregulation in liver diseases and cancer 
[4–6]. Thus, regulators of m6A modification may be diag-
nostic and therapeutic targets for HCC.

Genome instability is an evolving hallmark of many 
types of cancers and is involved in tumorigenesis and 
cancer progression [7]. The tumor mutation burden 
(TMB), which refers to the accumulation of endogenous 
and exogenous mutation processes in cancer cells, has 
been reported to play a crucial role in the biological pro-
cesses of cancer based on the high frequency and wide 
spectrum of somatic mutations [8]. The TMB was also 
shown to be a useful prognostic biomarker [9], and for 
immunotherapy selection in some cancers [10]. Further-
more, Zhang et  al. found that m6A modification scores 
were correlated with TMB levels in gastric cancer [11]. 
However, the relationship between m6A regulation and 
genome instability in HCC remains ambiguous.

Cancer development has been found to occur that are 
closely associated with alterations in tumor microenvi-
ronments (TMEs), which are aggregations of tumor cells 
and adjacent tumor-related nontumor cells [12]. Block-
ade of immune checkpoints, including programmed 
cell death-1 (PD-1), its ligand (PD-L1), and cytotoxic T 
lymphocyte associated antigen 4 (CTLA4), has revo-
lutionized oncology therapeutics [13, 14]. The associa-
tion between PD-L1 expression and immune infiltration 
of m6A regulators has been reported in head and neck 
squamous cell carcinoma and gliomas [15, 16]. However, 
the relationships of m6A modification regulators with 
immune infiltration of TMEs and immunotherapy in 
HCC require further exploration.

The aim of this study was to comprehensively identify 
m6A regulator-based expression patterns, quantify indi-
vidual scores, and evaluate the prognostic value of m6A 
methylation in HCC. The relationships of m6A regulation 
with genome instability and TMEs were also investigated 
to reveal the role of m6A methylation in HCC carcino-
genesis and immunotherapy. In summary, the current 
study expanded the understanding on the mechanism of 
m6A modification in the tumorigenesis and development 
of HCC and identified biomarker candidates for prog-
nosis prediction and therapy selection in patients with 
HCC.

Methods
Data collection
The RNA profiles and clinical information of 374 HCC 
samples and 50 normal samples were downloaded from 
The Cancer Genome Atlas (TCGA) database on July 
18, 2021. The fragments per kilobase of transcript per 
million mapped reads (FPKM) values of RNA expres-
sion data downloaded from TCGA database were 
transformed into transcripts per kilobase million 
(TPM) values. A total of 21 datasets of HCC patients 
were obtained from Gene Expression Omnibus (GEO) 
databases. After excluding 20 GEO cohorts without 
survival data, the normalized series matrix file and 
clinical information of 115 HCC patients were down-
loaded from the GSE76427 dataset. Next, 3 samples 
were deleted from TCGA cohort because they were not 
primary tumors of HCC. Therefore, the gene expres-
sion and clinical data of 486 patients with HCC were 
further analyzed. The batch effects among TCGA and 
GSE76427 cohorts were removed using the ComBat 
method in “sva” R package. The PRISMA flow chart is 
shown in Additional file 1: Fig. S1. The somatic muta-
tion data of patients with HCC were obtained from 
TCGA database and identified using the VarScan soft-
ware. The copy number variation (CNV) data of HCC 
were collected from the UCSC Xena database (www.​
xena.​ucsc.​edu). The immunophenoscores (IPS), a 
predictor of response to anti-CTLA4 and anti-PD-1 
antibodies based upon the expression profiles of the 
representative genes of immunomodulatory, were 
obtained from The Cancer Immunome Atlas (https://​
tcia.​at). We followed the rules that are set forth by the 
public data set management for use of the data set. All 
data in this study were obtained from public databases 
and available to the public.

Expression variation and prognostic value of m6A 
regulators in HCC
According to published studies, 25 m6A methyla-
tion regulators were examined, including 10 writ-
ers (METTL3/14/16, WTAP, VIRMA, ZC3H13, 
CBLL1, ZCCHC4, RBM15 and RBM15B), 13 readers 
(YTHDC1/2, YTHDF1/2/3, IGF2BP1/2/3, HNRNPC, 
FMR1, LRPPRC, ELAVL1 and HNRNPA2B1), and 2 
erasers (FTO and ALKBH5) [11, 17–20]. The mRNA 
expression levels of m6A regulators were compared 
between the normal and HCC samples. The somatic 
mutation counts and CNV alterations of the 25 m6A 
regulators are summarized and illustrated. Survival 
analysis was utilized to screen prognosis-related m6A 
regulators.

http://www.xena.ucsc.edu
http://www.xena.ucsc.edu
https://tcia.at
https://tcia.at
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Consensus clustering of m6A regulator‑based expression 
patterns
Based on the expression levels of m6A regulators, 
patients with HCC in TCGA and GSE76427 cohorts were 
classified into different m6A regulator-based expression 
patterns, namely m6A clusters, using the “Consensus-
ClusterPlus” R package with the pam method, with 50 
iterations and a resampling rate of 80% [21]. To deter-
mine the number of m6A clusters, we used the empirical 
cumulative distribution function (CDF) plots to identify 
the consensus distributions for each k, as well as the delta 
area score to display the relative growth in cluster stabil-
ity. Consistent matrix (CM) plots were also illustrated 
based on the k-value. Moreover, based on the expression 
level of 25 m6A regulators, principal component analy-
sis (PCA) was performed among the different m6A clus-
ters. The expression levels of the 25 m6A regulators were 
compared among the m6A regulator-based expression 
patterns.

Enrichment analysis and immune cell infiltration of m6A 
clusters
To explore the different biological processes between 
m6A clusters, the “c2.cp.kegg.v7.4.symbols” file was 
downloaded from the MsigDB database for Gene set 
variation analysis (GSVA). An adjusted P < 0.05 was 
considered to indicate statistically significant results. 
The “limma” R package was applied to identify differen-
tially expressed and m6A-related genes using the lmFit 
and eBayes functions with the significant cutoff value at 
adjusted P < 0.05. Differentially expressed genes (DEGs) 
between the different m6A regulator-based expression 
patterns were first identified, and then the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analysis was 
conducted based upon the DEGs by using the “cluster-
Profiler” R package [22, 23]. Furthermore, the immune 
infiltration characteristics were analyzed and compared 
among different m6A clusters. The relative abundances 
of cell infiltration in the TMEs of HCCs were quantified 
using the enrichment score for each immune category 
of single-sample gene set enrichment analysis (ssGSEA). 
The “GSVA” R package was utilized for GSVA and 
ssGSEA analyses.

Identification of m6A gene clusters
To further analyze the values of the DEGs of the 
m6A clusters, univariate Cox regression analysis was 
performed to retrieve the prognosis-related DEGs 
(P < 0.0001). HCC patients in TCGA and GEO cohorts 
were separated into different m6A regulator-associated 
gene-based expression patterns, namely m6A gene clus-
ters, which were defined by the consensus clustering 

according to the expression of prognostic DEGs. PCA of 
m6A gene clusters was performed based on expression of 
these prognosis-related DEGs. Survival analysis was also 
conducted among gene clusters. Moreover, the expres-
sion levels of the 25 m6A regulators in the different gene 
expression-based clusters were then investigated.

Correlation of m6A score with clinical factors, genome 
stability, and immune characteristics
To quantify the m6A modification score, PCA was con-
ducted to develop a set of m6A scoring systems using a 
method similar to that used by Zhang et al. [11]. Briefly, 
the sum of all principal components 1 and 2 of each 
prognostic DEG related to m6A regulators was consid-
ered as the m6A score. Patients with HCC were classi-
fied into the low or high m6A score subgroup according 
to the cutoff point determined using “survminer” R 
package. The differences in m6A scores among the m6A 
clusters and m6A gene clusters were compared. Further-
more, the value of m6A score in predicting prognosis was 
examined by survival analysis of patients with HCC and 
of patients in subgroups stratified by clinicopathologi-
cal features. The correlations of the m6A score with the 
TMB, immune cell infiltration and IPS were explored in 
detail to reveal the roles of m6A regulators.

Statistical analysis
R version 4.0.3 was utilized for data analysis. For quan-
titative data, t-test and Wilcoxon test were used to com-
pare two groups, whereas one-way analysis of variance 
and Kruskal–Wallis test were used to compare differ-
ences among three or more groups for parametric and 
nonparametric data, respectively. Kaplan–Meier curves 
were used for survival analyses using log-rank test. The 
cutoff values of m6A regulator expression and the m6A 
score in survival analyses were calculated using the surv-
cutpoint function in “survminer” R package to evaluate 
all potential cutoff points repeatedly to determine the 
maximum rank statistics. Cox regression analyses were 
performed to identify independent prognostic factors 
from the m6A regulators and m6A-related prognostic 
DEGs. Time-dependent receiver operating characteris-
tic (ROC) curves were constructed to evaluate the accu-
racy of the m6A score for prognosis prediction using the 
1- and 3-year areas under the curves (AUCs). Waterfall 
maps were used to present the mutational landscape of 
patients with HCC in TCGA cohort using the “Maftools” 
R package. Statistical significance was set at P < 0.05.

Results
Mutational genomic landscape of m6A regulators in HCC
A total of 364 patients with HCC were enrolled from 
TCGA cohort to depict the landscape of genetic 
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variation in m6A regulators, among which 45 samples 
(12.36%) showed mutations in m6A regulators (Fig. 1a). 
The CNV alteration of HCC is depicted in Fig. 1b. Some 
m6A regulators displayed increased copy numbers, 
whereas others showed decreased CNV frequencies. 

The chromosome locations of the CNV alterations of 
m6A regulators are illustrated in Fig. 1c. Furthermore, 
the expression levels of m6A regulators were compared 
between normal and HCC tissues in TCGA cohort, 
indicating that except for ZC3H13, the other 24 m6A 

Fig. 1  Genetic variation landscape of m6A regulators for patients with hepatocellular carcinoma (HCC) in TCGA cohort. a Mutation frequency in 
25 m6A regulators. b Copy number variation (CNV) frequency in 25 m6A regulators. c Chromosomal locations of the CNV alterations in the m6A 
regulators. d Differences in expression levels of the 25 m6A regulators between HCC and normal samples. *P < 0.05; **P < 0.01; ***P < 0.001
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regulators were upregulated in the HCC samples in 
TCGA cohort (Fig. 1d).

Prognostic value of m6A regulators in HCC
As METTL16 and VIRMA were not available in the 
GSE76427 cohort, only 23 m6A regulators were ana-
lyzed. A total of 18 m6A regulators, namely, METTL3, 
WTAP, RBM15, RBM15B, CBLL1, ZCCHC4, YTHDC1, 
YTHDF1/2/3, LRPPRC, HNRNPA2B1, HNRNPC, 
IGF2BP1/2/3, ELAVL1, and FTO, were found to be asso-
ciated with overall survival (OS) in HCC patients from 
TCGA and GSE76427 cohorts using Kaplan–Meier 
curves and log-rank tests (Additional file  1: Fig. S2). A 
crosstalk network was generated by R software to present 
the widespread correlations in expression levels across 
the m6A regulators in patients with HCC (Fig.  2a). In 
summary, m6A regulators could have played a vital role 
in predicting clinical outcomes in patients with HCC, 
and some regulators showed potential as prognostic 
biomarkers.

Consensus clustering for HCC patients by m6A regulators
Using consensus clustering, the patients with HCC 
from TCGA and GSE76427 cohorts were assigned to 
three m6A regulator-based expression patterns, namely 
m6A cluster A (n = 188), cluster B (n = 110), and clus-
ter C (n = 187), based on the expression of m6A regula-
tors. Both the CDF plot and delta area score showed the 
highest stability with k = 3 (Additional file 1: Fig. S3a, b). 
The CM plot also showed the high consistency at k = 3 
(Additional file  1: Fig. S3c). The results of PCA showed 
distinguishable differences in the transcriptional profiles 
among the three m6A clusters (Fig. 2b). The three m6A 
clusters showed significantly different OS, with cluster 
A and C exhibiting good prognoses and cluster B dem-
onstrating the worst clinical outcome (Fig. 2c). The rela-
tionships of the m6A clusters with clinicopathological 
features and expression of m6A regulators are illustrated 
in Fig. 2d. Furthermore, the expression of the m6A regu-
lators among the three m6A clusters showed significant 
differences (Fig. 2e). Specifically, cluster B was character-
ized by significant upregulation of all m6A regulators.

Enrichment analysis and TMEs of m6A clusters
GSVA analyses suggested that among the three m6A 
clusters, cluster B included carcinogenesis-related 
enrichment pathways such as cell cycle, RNA degrada-
tion and nucleotide excision repair (Additional file 1: Fig. 
S4a, S4b). A total of 3500 genes were found to be differ-
entially expressed among the three m6A clusters (Fig. 3a). 
KEGG enrichment analysis suggested that these DEGs 
were enriched in carcinogenesis and RNA modification 
pathways, including cell cycle, mismatch repair, RNA 

degradation, and nucleotide excision repair (Fig. 3b). The 
cell infiltration of the TMEs in m6A clusters was further 
investigated. Cluster B showed the highest infiltration of 
activated CD4+ T cells, immature dendritic cells, natural 
killer T cells, and type 2  T helper cells, with the lowest 
infiltration of eosinophils, neutrophils, type 1  T helper 
cells, and type 17 T helper cells (Fig. 3c). Thus, the immu-
nosuppressive TMEs in cluster B may have contributed 
to worse clinical outcomes, indicating that the distinct 
TME characteristics in varying m6A clusters might play 
a vital role in the tumorigenesis and prognosis of HCC.

Consensus clustering of the m6A gene cluster
Using the univariate Cox regression model, 307 DEGs 
were extracted as significantly associated with prognosis 
(Additional file 1: Table S1). Based on the expression of 
these prognostic DEGs, patients with HCC were classi-
fied into three m6A regulator-associated gene-based 
expression patterns: m6A gene cluster A (n = 179), gene 
cluster B (n = 110), and gene cluster C (n = 196) (Addi-
tional file  1: Fig. S3d–f). Distinguishable differences in 
the transcriptional profiles of prognostic DEGs were 
revealed among the three m6A gene clusters (Fig.  4a). 
Consistent with the results for the three m6A clusters 
mentioned above, the OS of the three gene clusters were 
significantly different, with cluster B exhibiting the worst 
prognosis (Fig.  4b). The relationships of the m6A gene 
cluster with age, gender, stage, prognosis, m6A cluster, 
and expression levels of DEGs are illustrated in Fig.  4c. 
Furthermore, the expression levels of the 23 m6A regu-
lators differed among the three gene clusters, with gene 
cluster B exhibiting the highest expression of most m6A 
regulators (Fig. 4d). In summary, the m6A-related DEGs 
may be crucial factors affecting the clinical outcomes of 
patients with HCC.

Generation of m6A score and the prognosis prediction
To further explore the value of the DEGs, an m6A 
score was generated to evaluate the m6A modification. 
The m6A score was highest in cluster B and lowest in 
cluster A (Fig.  5a). Similar distribution was observed 
in the m6A gene clusters (Fig.  5b). Older patients 
(age > 65  years), patients with early-stage disease and 
patients survived at the clinical endpoint had lower 
m6A scores compared to their control pairs (Fig. 5c–e). 
Using a cutoff value of 10.46 determined by the “sur-
vminer” R package, the patients were divided into 
high and low m6A score groups. Patients with low 
m6A scores tended to have better prognoses (Fig.  5f ). 
The OS of the low m6A score group was longer than 
the high m6A score group of HCC patients, suggesting 
that the m6A score can be successfully applied to all 
patients with HCC as a prognostic indicator (Fig. 5g–l). 
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The age, gender, stage and m6A score were examined 
using Cox regression analysis in HCC patients. Uni-
variate Cox analysis showed that the stage and m6A 
score (both P < 0.001) were associated with OS of HCC 

patients (Fig.  5m). The stage and m6A score (both 
P < 0.001) were also correlated with OS in multivari-
ate Cox analysis (Fig.  5n). Therefore, the m6A score 
was validated as an independent prognostic factor for 

Fig. 2  Three m6A regulator-based expression patterns in patients with HCC. a Network generated by R software to show interactions and 
prognostic effects of m6A regulators. The lines linking regulators represent Pearson’s correlations, and the thickness of the line represents the 
correlation strength. The size of each circle represents the prognostic effect of each regulator and scaled by P calculated by log-rank test. Purple 
dots in the circle represent risk factors of prognosis, whereas green dots represent protective factors. b Principal component analysis plot showing 
the transcriptomic data among three m6A clusters. c Survival analysis of m6A clusters. d Clinicopathological features and expression levels of m6A 
regulators in m6A clusters. e Expression levels of m6A regulators in m6A clusters
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patients with HCC. The 1- and 3-year AUC of the m6A 
score were 0.743 and 0.678 respectively, indicating good 
performance of the m6A score in predicting prognoses 
(Fig.  5o). An alluvial diagram was utilized to illustrate 
the attribute changes among m6A clusters, m6A gene 
clusters, m6A scores, and clinical outcomes (Fig. 5p).

Correlation of m6A score with genomic instability
The somatic mutation count of the high m6A score 
subtype was higher than that of the low score sub-
type (Fig.  6a). Patients with high TMBs tended to 
have poorer prognoses (Fig.  6b). The m6A score was 
combined with the TMB to predict the prognoses of 
patients with HCC (Fig. 6c). Specifically, patients with 

Fig. 3  Enrichment analysis and immune cell infiltration in m6A clusters. a Differentially expressed genes (DEGs) between the different m6A clusters. 
b Functional annotation of the DEGs using KEGG analysis. c Immune cell infiltration in three m6A clusters
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an elevated TMB and m6A scores showed the worst 
prognoses. Waterfall maps of low and high m6A score 
groups revealed the distribution of somatic mutations 
in the TCGA cohort (Fig. 6d, e). The top three mutated 
genes in the low m6A score group were CTNNB1 (28%), 
TTN (23%) and TP53 (21%), and the top three mutated 
genes were TP53 (53%), TTN (26%) and CTNNB1 (17%) 
in the high m6A score group. Based on these results, 
m6A modification may be correlated with genomic sta-
bility, but the mechanism requires further exploration.

Relationship of m6A score with TME and immunotherapy
The m6A scores were positively correlated with acti-
vated CD4+ T cells, activated dendritic cells, immature 
B cells, immature dendritic cells, myeloid-derived sup-
pressor cells (MDSCs), natural killer T cells, regulatory T 
cells, T follicular helper cells and type 2  T helper cells, 
and negatively correlated with eosinophils, monocytes, 
neutrophils, and type 1 T helper cells (Fig. 7a). Patients 
with high m6A scores were characterized by increased 
expression levels of PD-L1 (Fig. 7b). As low m6A scores 

Fig. 4  Three m6A gene clusters of patients with HCC. a Principal component analysis (PCA) of the three m6A gene clusters. b Survival analysis of 
m6A gene clusters. c Clinicopathological features and expression levels of DEGs in the m6A gene clusters. d Differences in expression levels of m6A 
regulators among the three m6A gene clusters
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were associated with a higher IPS in the four subgroups, 
patients with low m6A scores showed better responses to 
anti-PD-1 therapy and anti-CTLA4 therapy (Fig.  7c–f). 
Overall, m6A modification might be involved in immune 
cell infiltration of the TME and act as a promising crucial 
factor in the immunotherapy response.

Discussion
Mounting evidence suggests that m6A methylation is a 
prevalent RNA internal modification with an essential 
role in HCC carcinogenesis, progression, and treatment 
outcomes [5, 6]. The correlation between m6A regulation 
and the TME has been investigated in some cancer types 
such as gastric cancer [11] and lung adenocarcinoma 

Fig. 5  Development of m6A score. Differences in m6A scores among m6A clusters (a) and m6A gene clusters (b). M6A scores of patients at 
different ages (c), stages (d), and prognoses (e). f Survival analysis of the m6A score in all patients with HCC. Survival analyses of patients in different 
clinical subgroups, including ≤ 65 years (g), > 65 years (h), male (i), female (j), stage I–II (k), and stage III–IV (l). Univariate Cox regression analysis (m) 
and multivariate Cox analysis (n) of m6A scores in patients with HCC. o Receiver operating characteristic curves and area under the curve (AUC) of 
the m6A score for prognostic prediction. p Alluvial diagram of changes in m6A clusters, gene clusters, m6A scores and prognosis
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[17]. In this study, we identified three m6A regulator-
based expression patterns and three m6A gene clusters 
and developed an m6A score to quantify m6A modifi-
cation. The relationships of m6A regulation with clini-
cal outcomes, somatic mutations, cell infiltration of the 
TME, and immunotherapy responses were systematically 
investigated to examine the value of m6A modification in 
HCC development.

Distinct genetic alterations and significantly upregu-
lated expression of m6A regulators were observed in 
patients with HCC compared to in normal pairs in this 
study, which is consistent with results obtained in other 
cancer types, such as gastric cancer, colorectal cancer, 
and pancreatic cancer [11, 19, 24]. The m6A regulators 
were rarely mutated in HCC, whereas gain and loss alter-
ations in CNVs were prevalent but relatively equal among 
the m6A regulators. These results indicated that somatic 
mutations and CNVs may partially explain the expression 
differences in m6A regulators between HCC and normal 
samples, which requires further exploration.

In our study, 18 m6A regulators were identified as 
prognostic indicators for HCC. High expression of these 
m6A regulators was correlated with worse OS in patients 
with HCC. Consistent with our findings, METTL3 [25], 
WTAP [6], ZCCHC4 [26], YTHDF2 [5], LRPPRC [27], 
IGF2BP1 [28], IGF2BP2 [29], and FTO [30] have been 
reported as potential prognostic indicators involved in 
diverse pathophysiological processes in HCC. Moreover, 
higher m6A scores correlated with older age, advanced 
stage, higher somatic mutation counts, and poorer OS 
in all age, gender, and stage subgroups with good perfor-
mance in our study. Meanwhile, m6A scores were found 
to be useful for diagnostic and prognostic prediction in 
gastric cancer [11], colon cancer [19], and HCC [31]. In 
summary, m6A regulators and the m6A score may be 
promising biomarkers for evaluating clinicopathological 
features and predicting clinical outcomes in HCC.

Our findings also revealed a relationship between m6A 
regulation and the TME in HCC. Patients with higher 
m6A scores showed elevated PD-L1 expression. Accu-
mulating evidence has shown that m6A regulation is 

Fig. 6  Correlation of m6A score with tumor mutation burden (TMB). a TMB levels in different m6A score groups. b Survival analysis of TMB in 
patients with hepatocellular carcinoma. c Survival analysis of patient subgroups stratified according to m6A score and TMB. Waterfall maps of 
somatic mutations for patients with low m6A scores (d) and high m6A scores (e). H: high; L: low
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correlated with PD-L1 expression and TMEs in gastric 
cancer [11] and colorectal cancer [19]. In addition, the 
m6A regulator-related risk scores were previously found 
to be correlated with CTLA4 and PD-L1 in breast can-
cer [32]. Analysis of the value of m6A modification in 
immunotherapeutic clinical outcomes of HCC suggested 
that patients with low m6A scores might benefit from 
immunotherapies targeting CTLA4/PD-1 inhibitors. 

Thus, m6A regulators might affect PD-L1 expression and 
immune cell infiltration in patients with HCC.

In our study, TMB could act as a potential prognos-
tic factor for HCC, which is consistent with many other 
studies [33, 34]. Our findings revealed that combina-
tion of m6A score and TMB could predict OS of HCC. 
Moreover, TP53 was the most common mutation (53%) 
in patients with high m6A scores, whereas CTNNB1 
was the most common mutation (28%) in patients with 

Fig. 7  Relationship of m6A scores with tumor microenvironments. a Correlation of the m6A score with immune cell infiltration. b PD-L1 expression 
in groups with low and high m6A scores. The immunophenoscore of different m6A score groups in patients with CTLA4+/PD-1+ (c), CTLA4+/PD-1− 
(d), CTLA4−/PD-1+ (e), and CTLA4−/PD-1− (f)
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low m6A scores. Recent studies indicated that TP53 
mutations are correlated with the TMEs in HCC [35], 
and HCC patients harboring TP53 mutations tended to 
have poor prognosis along with hypoxia-induced HCC 
stemness [36]. Patients with HCC carrying TP53 neo-
antigens also showed longer OS and higher cytotoxic 
lymphocyte infiltration [37]. Inhibiting the expression 
of CTNNB1 may increase the stemness features of HCC 
[38]. Overall, the correlation and interaction of m6A 
modifications with genome instability might influence 
tumorigenesis and prognosis of HCC.

In this study, we provided new insight into the roles 
of m6A regulator-based expression patterns in HCC. In 
clinical practice, the m6A score may be useful for evalu-
ating m6A methylation, predicting clinical outcome, and 
assessing corresponding TME cell infiltration characteri-
zation, TMB and immunotherapeutic response in indi-
vidual patients with HCC, which might contribute to the 
identification of prognostic biomarkers and selection of 
immunotherapies. However, there were some limitations 
to our study. First, the sample size of patients may affect 
the development of the m6A score. Large-scale datasets 
and clinical samples should be utilized to validate the 
prognostic value of the m6A score and m6A regulators 
found in this study. Moreover, molecular experiments 
are necessary to confirm the specific biological pathways 
involved in m6A modification during HCC carcinogen-
esis and progression. Finally, considering the limitations 
in the therapeutic response data, the efficiency of m6A 
modification to predict prognosis and clinical benefit in 
immunotherapy requires verification in the future.

Conclusions
In summary, we identified m6A regulator-based expres-
sion patterns and m6A score, and investigated their 
prognostic value in HCC patients. Furthermore, the 
correlation of m6A regulation with somatic mutations, 
TMEs, and immunotherapy responses were explored. 
Our findings provide insights into the evaluation of m6A 
regulation as a potential biomarker for prognostic pre-
diction and guidance of immunotherapeutic strategies 
for HCC.
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