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Background: The prognostic value of m6A-related genes in hepatocellular carcinoma (HCC) and its correlation with the immune
microenvironment still requires further investigation.
Methods: Consensus clustering by m6A related genes was used to classify 374 patients with HCC from The Cancer Genome Atlas
(TCGA) database. Then we performed the least absolute shrinkage and selection operator (LASSO) to construct the m6A related genes
model. The International Cancer Genome Consortium (ICGC) and Gene Expression Omnibus (GEO) datasets were used to verify and
evaluate the model. ESTIMATE, CIBERSORTx, the expression levels of immune checkpoint genes, and TIDE were used to
investigate the tumor microenvironment (TME) and the response to immunotherapy. Gene set enrichment analyses (GSEA), tumor-
associated macrophages (TAMs), and gene-drug sensitivity were also analyzed.
Results: By expression value and regression coefficient of five m6A related genes, we constructed the risk score of each patient. The
patients with a higher risk score had a considerably poorer prognosis in the primary and validated cohort. For further discussing TME
and the response to immunotherapy, we divided the entire set into two groups based on the risk score. Our findings implied that the
tumor-infiltrating lymphocytes (TILs) were proportional to the risk scores, which seemed to contradict that patients with higher scores
had a poor prognosis. Further, we found that the high-risk group had higher expression of PD-L1, CTLA-4, and PDCD1, indicating
immune dysfunction, which may be a fundamental reason for poor prognosis. This was further reinforced by the fact that the low-risk
group responded better than the high-risk group to monotherapy and combination therapy.
Conclusion: The m6A related risk score is a new independent prognostic factor that correlates with immunotherapy response. It can
provide a new therapeutic strategy for improving individual immunotherapy in HCC.
Keywords: hepatocellular carcinoma, N6-methyladenine, tumor immune microenvironment, immunotherapy, drug sensitivity

Introduction
Hepatocellular carcinoma (HCC) is the sixth prevalent malignancy and the third major cause of cancer-related mortality
globally.1 HCC patients have a dismal prognosis since many are identified at an advanced stage of the disease. Recently,
immune checkpoint inhibitors targeting programmed cell death protein 1 (PD-1) and programmed cell death ligand 1 (PD-L1)
have revolutionized HCC treatment. Immune checkpoint blockade (ICB) has been a hopeful type of treatment for patients with
HCC.2 ICB, however, is not beneficial to all patients. Some of the patients who received immunotherapy did not respond to
ICB, while others initially responded to ICB but gradually became insensitive as the disease progressed.3–5 It is commonly
believed that tumor-infiltrating lymphocytes (TILs) present in the tumor are predictive of the positive response to
immunotherapies.6,7 However, an effective means of identifying the population that would best benefit from ICB treatment
is still lacking. Determining the prognosis and evaluating the clinical effectiveness of novel ICB is urgently needed.
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N6-methyladenosine (m6A) is the most prevalent type of RNA modification in mammals.8 This modification is mediated
by a range of protein factors, including the writers, erasers, and readers.9When it comes to the appearance and development of
cancer, these m6A regulatory elements play a vital role.10–12 Several studies have revealed that the tumor microenvironment
(TME) is closely related to m6A modification.13–15 For example, the m6A modification significantly reduced in the
hyperimmune subtype of lung adenocarcinoma, indicating that the m6A modification may mediate immune signals and
was closely related to immunotherapy responsiveness.14 In addition, a gastric cancer-related study found that m6A regulator-
mediated methylation modification can predict tumor stage, TME immune activity, and patient prognosis. A lower m6A score
indicated more immune cell infiltration and an enhanced response to anti-PD-1/PD-L1 immunotherapy.15 These studies
suggested an essential role for m6A regulator-mediated methylation modification and m6A risk score in the TME, immu-
notherapy response, and survival prognosis. However, the potential role of m6Amodification in HCC immune infiltration and
its effect on prognosis is still unclear. Therefore, identifying the characteristics of immune infiltration mediated by a variety of
m6A related genes may be helpful to screen for patients with immunotherapy benefits.

Ultimately, developing a prediction model using m6A related genes is crucial for patients with varied prognoses. Our
study analyzed the correlation between the expression of the m6A related genes and tumor immune microenvironment
and its prognostic value.

Methods
Data Collection, Collation, and m6A Methylation-Related Genes Selection
Firstly, the mRNA expression data (FPKM value), including 374 HCC and 50 healthy control patients, were obtained
from The Cancer Genome Atlas (TCGA) -LIHC database. All data had been normalized using the fragments per kilobase
of exon per million reads mapped (FPKM) method. After excluding cases with incomplete information or a short survival
duration of fewer than 90 days, the mRNA expression and clinical data of 214 individuals were downloaded. The LIRI-
JP dataset including 260 HCC samples from the International Cancer Genome Consortium (ICGC) database and the
GSE84426 and GSE84437 dataset from the gene expression omnibus (GEO) database, were downloaded to validate our
findings further.

This study conformed to the admission rules and released guidelines of TCGA, GEO, and ICGC. The data were
obtained from public databases, and all patients’ identities were erased. This study was approved by the Human Ethics
Committee of the Tianjin Medical University General Hospital. This study was conducted in accordance with the
Declaration of Helsinki.

Eventually, we selected 13 candidate m6A related genes by searching the Gene Card database (https://www.
genecards.org/) and combining the existing literature for further analysis.9,16–20

Differential Expression Analysis of the m6A Related Genes
We eliminated all repeated genes and genes whose expression value was either zero or less than 80% of the overall
expression value to arrive at the candidate genes matrix. The differential expression of the 13 candidate m6A related
genes between tumor and healthy tissues was computed and labeled using the R package “limma”. The visualization of
differences was realized by using the heat map and the violin plot. The R package “corrplot” was used for correlation
between the m6A related genes.

Cluster Analysis and Correlation of Tumor Classification with Clinical Features
The candidate gene sets of m6A related genes were expressed as feature vectors, and the samples were consistently
clustered to establish multiple subgroups with the R package “consensusClusterPlus” with reps=50, pItem=0.8,
pFeature=1.21 The principal component analysis (PCA) was then performed with the R package “PCA”. The relationship
between the expression of the candidate m6A related genes and clinical features was shown in a heat map.
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Identification of the m6A Related Genes with Patients’ Prognosis and Calculate the
Risk Score
Univariate Cox analysis was used to identify the m6A related genes that impact the prognosis of HCC patients.
Furthermore, the genes with p ≤ 0.001 were included in multivariate least absolute shrinkage and selection operator
(Lasso) regression analysis to determine the independent prognostic genes of the patients. Calculation of the risk score
was based on the m6A related genes’ expression and their coefficients. The formula for calculating risk was as follows:

Risk score ¼ ∑
n

i¼1
ðGene expression � CoefficientÞ

The Correlation Between the Risk Score and OS, Clinical Features
The Kaplan-Meier curve and the receiver operating characteristic (ROC) curve drawn with the R package “survival” and
“survival ROC” were used to evaluate the predictive value of the prognostic genes model for OS. The relationship
between the risk score and clinical features was shown in a heat map.

Verifying the Risk Score is an Independent Risk Factor for Prognosis
We added clinical variables, such as age, gender, pathological grade, and cancer stage, and further examined the
independent predictive role of the risk score in univariate and Cox multivariate analyses.

External Verification of the Relationship Between the Risk Score and OS and Its
Application in Multiple Cancers
Additionally, the Kaplan-Meier curve is utilized to assess the predicted value of the model. The LIRI-JP dataset from the
ICGC database was used as external authentication to facilitate widespread application. The GSE84426 and GSE84437
dataset from the GEO database was also used to verify the predictive value of genetic models in multiple cancers.

Enrichment Analysis of Differentially Expressed Gene (DEG) Between the High-Risk
and the Low-Risk Group
Gene Ontology (GO) enrichment analysis22 was performed by the R package “org.Hs.eg.db”. Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses were performed by the R package “clusterProfiler”.23

Correlation Between Immune Cell Infiltration, Tumor Immune Score,
Immunotherapy-Related Genes Expression, Immunotherapy Responsiveness, and the
Risk Score
To determine the correlation between multiple immune cells and the risk score, the tumor infiltration immune cells were
analyzed by TIMER 2.0.

The ESTIMATE algorithm was employed to calculate each sample’s immune and stromal score by “estimate”
R package. Aside from that, we also compared the difference in the expression of immunotherapy-related genes (PD-
L1/CD274, CTLA4, PD-1/PDCD1) between the high-risk and low-risk group. It was shown that immunephenoscore
(IPS) was an excellent predictor of response to anti-CTLA-4 and anti-PD-1 therapy.24 Therefore, the Cancer Immunome
Atlas database (TCIA, https://tcia.at/home) was used to predict the efficacy of immunotherapy.

In order to further evaluate the infiltration of immune cells, we used the CIBERSORTx algorithm, which can detect
the abundance of 22 immune cells and myeloid cells in the tumor microenvironment.25 We focused on the infiltration of
monocytes/macrophages and the differences in the expression of macrophage-related genes in the tumor
microenvironment.
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Analysis of NCI-60 Drug Database with CellMiner
To clarify the influence of m6A-related signature in the prognostic model on drug sensitivity and tolerance, we
downloaded transcriptome data from the CellMiner database (https://discover.nci.nih.gov/cellminer/) and FDA-certified
drug sensitivity–related data. CellMiner (https://discover.nci.nih.gov/cellminer/) is a web application developed by the
Genomics & Bioinformatics Group at National Cancer Institute (NCI) that facilitates systems biology through retrieval
and integration of molecular and pharmacological data sets for the NCI-60 cell line panel.26,27 The Pearson correlation
test was utilized to analyze the relationship between gene expression and drug sensitivity.

Statistical Analysis
All the analyses used in this study were carried out using R software (version 4.1.0). The survival curve was drawn by
Kaplan-Meier and compared with the logarithmic rank test. The Chi-square test was used for correlation analysis. The
immune score, interstitial score, and tumor purity were compared by analysis of variance. The Wilcox test compared the
infiltration of immune cells. All tests were bilateral, and p < 0.05 was considered to be statistically significant.

Results
Characteristic of Patients
214 individuals with HCC were collected from the TCGA database, together with RNA sequencing data and compre-
hensive clinical information (Figure 1A). Table 1 showed the detailed characteristics of all patients.

Differential Expression Analysis of the m6A Related Genes
The 13 candidate m6A related genes were shown in Table 2. The heat map showed the expression patterns of the 13
genes in HCC and normal tissues (Figure 1B). It has been shown that 11 of the 13 m6A related genes vary between
tumor tissues (n= 374) and normal tissues (n= 50) in the TCGA database (Figure 1C). It was suggested that the
m6A related genes played an essential role in the occurrence of HCC. In order to better understand the interaction
among the 13 m6A related genes, the correlation between these genes was also analyzed (Figure 1D). However,
little was known about the interaction between these 13 m6A related genes, which needed to be verified by further
experiments.

Consensus Clustering and Correlation of Tumor Classification with Prognosis and
Clinical Features
We then performed unsupervised consensus clustering based on the expression of these 13 representative m6A related
genes. It was determined that k = 2 (Figure 2A and B) had the best clustering stability from k = 2 to 9, based on the
cumulative distribution function (CDF) and PCA (Supplementary Figure 1). Pathological grade (p < 0.001) were
significantly different between cluster 1 and 2 (Figure 2C).

Identification of the m6A Related Genes with Patients’ Prognosis and the Correlation
Between the Risk Score and Clinical Features
13 m6A related genes were included in the univariate prognostic analysis, and six significant genes were further involved
in Lasso multivariate analysis (Figure 3A). Finally, five independent prognostic genes (KIAA1429, WTAP, METTL3,
YTHDF1, and YTHDF2) were identified as the independent risk factors (Figure 3B and C). Table 3 showed the risk
regression coefficients of the five m6A related genes. Then, the risk score of each patient was computed based on the
expression value and coefficient of each independent prognostic gene. According to the median risk score, all patients
were divided into the high-risk (n =107) and the low-risk (n =107) group. Furthermore, the Kaplan-Meier curve and ROC
curve were drawn to evaluate the prognostic ability of the model (Figure 3D and E). We observed that the prognosis of
high-risk patients was worse than those with the low-risk (HR=2.386, 95% CI=1.431–3.981, p < 0.001). The high-risk
and low-risk group’s 1, 3 and 5 years survival rates were 75.5% and 94.2%, 57.4% and 78.6%, and 34.2% and 65.9%,
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respectively. The expression of five independent prognostic genes and the clinical features were compared between the
high-risk and low-risk group (Figure 3F). Disease stage (p < 0.01) and pathological grade (p < 0.001) were significantly
different between high-risk and low-risk group.

Figure 1 (A) Research procedure. (B and C) Heatmap and Violin plot of the m6A related genes expression between normal tissues (n = 50) and gastric tissues (n = 374) in
TCGA cohort. (D) A heat map of the Spearman correlation analysis of the m6A related genes. The horizontal and vertical coordinates represent genes, and different colors
represent correlation coefficients (in the diagram, blue represents positive correlation, red represents negative correlation), and the darker the color represents the two
stronger correlation. “***” represents statistical significance at p < 0.001.
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Verifying the Risk Score is an Independent Risk Factor for Prognosis
When we did univariate and multivariate Cox regression analysis on these five independent prognostic genes, we found
that their predictive significance was not impacted by clinical variables such as age, gender, pathogenic grade, or TNM
stage. Univariate analysis showed that TNM stage, T stage, N stage, and risk score were all significantly correlated with
OS (Figure 4A, p < 0.001, p < 0.001, p = 0.009, p < 0.001). Multivariate Cox regression analysis showed that the risk
score calculated from the five genes was an independent prognostic factor (p < 0.001) (Figure 4B).

External Verification of the Relationship Between the Risk Score and OS and Its
Application in Multiple Cancers
The LIRI-JP dataset from the ICGC, including 260 HCC patients, was used to validate the predictive value of the risk
score. The risk score was calculated using the same coefficient and grouped according to the median score. The survival
curve showed that the OS of low-risk patients in the verification group is better than that of high-risk patients (Figure 5A,
p = 4.667e-02). In addition, risk score was associated with OS in three independent multi-cancer cohorts: GSE84426
(Figure 5B, p = 5.735e-02) and GSE84437 (Figure 5C, p = 8.813e-02).

Table 1 Clinical Information of the Patients
Included in This Study

Characteristic TCGA-LIHC

Age (years)

> 65 (%) 71 (32.4)

≤ 65 (%) 148 (67.6)
Sex

Female (%) 66 (30.1)

Male (%) 153 (69.9)
Historical Grade

G1+G2 (%) 121 (55.3)
G3+G4 (%) 98 (44.7)

Stage

I (%) 108 (49.3)
II (%) 46 (21.0)

III (%) 62 (28.3)

IV (%) 3 (1.4)

Table 2 The List of the 13 m6A RNA Methylation Regulatory Factors

Regulators Full Name Type

METTL3 Methyltransferase like 3 writers

METTL14 Methyltransferase like 14 writers

WTAP WT1 associated protein writers
KIAA1429 Vir like m6A methyltransferase associated writers

RBM15 RNA binding motif protein 15 writers

ZC3H13 Zinc finger CCCH-type containing 13 writers
YTHDC1 YTH domain containing 1 readers

YTHDC2 YTH domain containing 2 readers

YTHDF1 YTH N6-methyladenosine RNA binding protein 1 readers
YTHDF2 YTH N6-methyladenosine RNA binding protein 2 readers

HNRNPC Heterogeneous nuclear ribonucleoprotein C readers

FTO Fat mass and obesity-associated protein erasers
ALKBH5 α-ketoglutarate-dependent dioxygenase AlkB homolog 5 erasers
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Enrichment Analysis of Differentially Expressed Genes (DEG) Between the High-Risk
and the Low-Risk Group
In order to better clarify the function and possible mechanism of the risk score in HCC, we further analyzed the
expression patterns of the high-risk and low-risk group. The functional annotation results showed that the DEGs were
mainly enriched in organelle fission, nuclear division, chromosome segregation, chromosome region, and PI3K-Akt
signal pathway (Figure 6).

Correlation Between Immune Cell Infiltration, Tumor Immune Score,
Immunotherapy-Related Genes Expression, Immunotherapy Responsiveness, and the
Risk Score
Subsequently, we discussed the correlation between immune cell infiltration, immunotherapy-related genes expres-
sion, tumor immune score, and risk score to explore the potential correlation between risk score and the efficacy of
immunotherapy. First of all, we found that the risk score was significantly correlated with CD4+T cell (Figure 7A,
p = 0.001), CD8+T cell (Figure 7B, p = 9.185e-05), B cell (Figure 7C, p = 8.839e-05), dendritic cell (Figure 7D,
p = 5.108e-08), macrophage (Figure 7E, p = 1.672e-13), neutrophil infiltration (Figure 7F, p = 2.252e-10). Tumor-
infiltrating immune cells were closely related to the risk score.

Further, compared with the low-risk group, the immune score was significantly lower in the high-risk group
(Figure 8A–C, p < 0.05, p < 0.001, p < 0.05), and the expression levels of PD-L1, CTLA-4, and PDCD1

Figure 2 (A) Consensus cluster matrix generated by ConsensusClusterPlus R package. (B) Principal component analysis (PCA) of TCGA-LIHC patients. (C) Correlation of
tumor classification with prognosis and clinical features. “*” represents statistical significance at p < 0.05, “**” represents statistical significance at p < 0.01.
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(Figure 8D–F, p < 0.01, p < 0.001, p < 0.001) were significantly higher. The potential effect of anti-CTLA4, anti-PD-1
and combination of two drugs was better in the low-risk group (Figure 8G–I, p = 0.0012, p = 0.0029, p = 0.00094).

We further analyzed the infiltration of immune cells. Interestingly, we found that the proportion of M0 macrophages
(p = 8.307e-05) in tumors with the high-risk score was higher than that with the low-risk score, and the expression of
CSF-1 (p < 0.001), which is closely related to the polarization and aggregation of macrophages, was significantly
increased in tumors with high-risk score (Figure 9).

Figure 3 (A) Forest plot of the univariate Cox regression analysis in the m6A related genes. (B and C) LASSO regression was performed, calculating the minimum criteria.
(D) Kaplan–Meier analysis of the high-risk and low-risk group in the TCGA cohort. (E) The ROC curves of the risk score in the TCGA cohort. (F) The heatmap shows the
expression levels of the five m6A related genes in the low-risk and high-risk group. The distribution of clinical features was compared between the low-risk and high-risk
group. “**” represents statistical significance at p < 0.01, “***” represents statistical significance at p < 0.001.

Table 3 The Risk Regression Coefficients of 5 m6A-Related Genes for Establishing the Risk Score

ENSEMBL ID Symbol ID Gene Name Coef

ENSG00000164944 KIAA1429 Vir Like M6A Methyltransferase Associated 0.071882

ENSG00000146457 WTAP WT1 associated protein 0.001110

ENSG00000165819 METTL3 Methyltransferase like 3 0.099798
ENSG00000149658 YTHDF1 YTH N6-methyladenosine RNA binding protein 1 0.042111

ENSG00000198492 YTHDF2 YTH N6-methyladenosine RNA binding protein 2 0.073685
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Analysis of NCI-60 Drug Database with CellMiner
We performed a separate drug sensitivity analysis on m6A-related signature in the prognostic model to obtain the top 16
drugs with the most significant differences. The results showed that the expression of YTHDF1 was positively correlated
with the sensitivity of nelarabine. It indicates that the higher the expression of YTHDF1, the stronger the sensitivity to

Figure 4 (A) Forest plot of the univariate Cox regression analysis included the risk score and the clinical features. (B) Forest plot of the multivariate Cox regression analysis
included the risk score and the clinical features.

Figure 5 External verification of the relationship between the risk score and OS. Kaplan–Meier analysis of the high-risk and low-risk group in the ICGC cohort (A),
GSE84426 cohort (B), GSE84437 cohort (C).

Figure 6 Differential and enrichment analysis of DEGs between the high-risk and low-risk score subgroup. (A) Go terms enrichment analysis of DEGs. (B) KEGG
enrichment analysis of DEGs.
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nelarabine. The expression of YTHDF2 was positively correlated with the sensitivity of vorinostat, but it was negatively
correlated with the sensitivity of dasatinib, PF−06463922 and brigatinib. The expression of WTAP was positively
correlated with the sensitivity of nelarabine, ifosfamide, lomustine and irinotecan, but it was negatively correlated
with the sensitivity of vemurafenib. The higher the expression of METTL3 in HCC patients, the patient’s sensitivity to

Figure 7 The relationship between the risk score and immune cell infiltration. The risk score was positively correlated with the infiltration of CD4+T cells (A), CD8+T cells
(B), B cells (C), dendritic cells (D), macrophages (E), and neutrophils (F).
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fludarabine, nelarabine, allopurinol and vorinostat is stronger. In addition, the higher the expression of KIAA1429, the
patient’s sensitivity to homoharringtonine and carfilzomib is weaker (Figure 10).

Discussion
The treatment of HCC has always been one of the most intractable problems in clinic. The liver is the largest immune-
related organ, and the immune system plays a decisive role in the incidence and progression of HCC.28,29 However, there
is still an absence of reliable indicators to predict HCC prognosis and treatment efficacy persists.

In this study, we identified five m6A related genes that affect the prognosis of patients by univariate and multivariate
analysis. We observed that the risk score of these five m6A related genes was an independent risk factor for the prognosis
and was strongly associated with clinical features and tumor immune microenvironment. These five m6A related genes
were expected to become novel prognostic biomarkers, immunotherapeutic indicators, and new targets for further
treatment of HCC.

Figure 8 Correlation between immunotherapy-related genes expression, tumor immune score, immunotherapy responsiveness, and risk score. (A–C) The Immune score
in the high-risk and low-risk group. (D–F) The PD-L1 (CD724), CTLA-4, PDCD1 expression in the high-risk and low-risk group. (G–I) The potential effect of anti-CTLA4,
anti-PD-1, and a combination of two drugs in the high-risk and low-risk group. “*” represents statistical significance at p < 0.05, “**” represents statistical significance at p <
0.01, and “***” represents statistical significance at p < 0.001.
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At present, some studies have shown that the m6A related genes were overexpressed in tumor tissues, which were
closely related to the progression of malignant tumors.15,30–32 It has also been verified in HCC.33,34 Although the WTAP
protein can interact with and bind to WT1, it also participated in many other normal physiological processes, including
m6A methylation, and played an important regulatory function in forming malignant tumors.35 There was evidence that
the tumor-promoting enzyme METTL3, which can catalyze the production of m6A, played an essential role in tumor
growth.36 SOCS2 could be silenced by METTL3 overexpression via an m6A-dependent mechanism, which could
contribute to the progression of HCC.37 In addition, YTHDF2 promoted the proliferation of HCC cells when the m6A
site was identified YTHDF2.38 These results suggested that the expression and modification of m6A related genes were

Figure 9 The macrophage infiltration (A) and the CSF-1 expression (B) in the high-risk and low-risk group. “***” represents statistical significance at p < 0.001.

Figure 10 Gene–drug sensitivity analysis based on the CellMiner database; the top 16 drugs with high correlation with gene expression in m6A-related signature were
screened.
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closely related to malignant tumors’ phenotypic and progression mechanism. This result is consistent with our research
results. While m6A related genes may change the mRNA levels of target genes alone, it is unknown how they affect the
prognosis and survival time of patients with HCC. As part of our predictive model, we added the m6A-associated genes
closely associated with the prognosis of patients with HCC.

Otherwise, m6Amethylation has also been found to affect immune cells’ maturation and antigen presentation capacity and
how malignancies respond to immunotherapy.39,40 The TME was the primary environment for tumor occurrence and
development, a dynamic and complex system composed of various immune cells, stromal cells, cytokines, and
chemokines.41,42 The intricacy of TME may be the critical factor of HCC immune escape.43,44 A previous study has shown
that TILs served as a reliable prognostic biomarker for HCC immunotherapy.45 “Hot” tumors with higher TILs were more
likely to benefit from immunotherapy. On the contrary, “cold” tumors with lower TILs tended to develop resistance to
immunotherapy.46 Previous literature has reported that the TME cell-infiltrating characteristics under three m6A related
patterns were highly consistent with the three immune phenotypes of tumors including immune-excluded, immune-inflamed
and immune-desert phenotypes in gastric cancer.15 Furthermore, Jackson et al have reported that they found a close relation
between m6A regulators and immune infiltration.47 A growing number of investigators believed that m6A regulators affected
TME by regulating TILs, but TILs were not the only factor determining the effectiveness of immunotherapy. Thus, it is
inconclusive whether m6A related genes can influence the effectiveness of therapeutic immunotherapy. Our findings implied
that the risk score based on the m6A related genes was significantly associated with six major types of immune cell infiltration
and ESTIMATE score, and the TILs was proportional to the risk scores, which seemed to contradict the fact that patients with
higher scores had a poor prognosis.

Further, we studied other factors that may be related to immunotherapy response. The expression of immunomodu-
latory markers such as PD-L1 is associated with an improved response to immunotherapy.48,49 Tumor cells that expressed
PD-L1 promoted immunological tolerance and immune evasion in the host.50 The expression of PD-L1 in hepatocellular
carcinoma cells was linked to a poor prognosis.51 Other checkpoint molecules, including CTLA4, PDCD1, TIM3, and
LAG3, were also associated with HCC resistance to immunotherapy.52 We found that the high-risk group had higher
tumor purity, lower ESTIMATE score, and higher expression of PD-L1, CTLA-4, and PDCD1, indicating the immune
dysfunction, which may be one of the causes for tumor immune escape and a fundamental reason for poor prognosis.
This was further reinforced by the fact that the low-risk group responded better to monotherapy and combination
treatment than the high-risk group.

Contrary to the traditional belief that macrophages play a host protective role in the inflammatory microenvironment,
tumor-associated macrophages (TAMs) are usually associated with poor tumor prognosis.52–55 Circulating inflammatory
monocytes can be recruited to tumors by various cytokines such as CSF-1, CCL2, CCL5, and VEGF.56 Once monocytes
from peripheral blood are recruited into the tumor tissues, they will be rapidly differentiated into TAMs. Previous studies
have found that blocking CSF-1R could reduce TAMs infiltration in tumors and, at the same time, improve the efficacy of
cisplatin in breast cancer models.57 Trials on advanced solid tumor patients are now being conducted using CSF-1R-
targeting drugs as monotherapy or in conjunction with immune checkpoint inhibitors.58 Meanwhile, we found that CSF-1
was more expressed in the high-risk group, and correspondingly, there was more macrophage infiltration. Perhaps this
may explain the poor prognosis of the high-risk group.

Finally, drugs associating m6A related genes may have a potential role in enhancing immunotherapy. We provided
some sensitive drugs associating with the five m6A related genes. Active attempts to combine these drugs with
immunotherapy are reported. A Phase II trial of pembrolizumab and vorinostat in recurrent metastatic head and neck
squamous cell carcinomas demonstrated excellent anti-tumor activity.59 Another study showed that irinotecan combined
with immunotherapy significantly improved survival in pancreatic cancer.60 Our findings may also provide guidance for
future chemotherapy combined with immunotherapy regimens for HCC.

With the implementation of precision medicine, accurate evaluation of the prognosis of patients plays a vital role in
performing the individualized treatment and improving the long-term prognosis of patients. The model composed of
multiple biomarkers avoids the insufficient credibility of a single biomarker model. Therefore, we identified five m6A
related genes as independent prognostic factors for HCC. Our prognostic risk score works well despite its HCC-based
origins when tested on various cancer kinds and data. This shows that our prognostic risk score may be used for a broader
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range of cancer types. However, this study also has some limitations. In the absence of data related to ICB treatment in
the HCC cohort, we could not explore the relationship between ICB treatment response and risk score. Therefore, further
in vitro and in vivo experiments to verify this point are warranted.

Conclusion
In summary, a five m6A related genes risk score was identified as a novel potential biomarker for HCC prognosis and
effectiveness of immunotherapy. There was a strong correlation between the mRNA levels of these genes and the clinical
and pathological characteristics of HCC. In addition, the m6A related genes risk score was closely related to the tumor
immune microenvironment, which was of great significance for the design of individualized treatment for patients
with HCC.
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