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ARTICLE INFO ABSTRACT

Keywords: Background: Tt has recently been determined that N6-methyladenosine (m®A) RNA methylation
Luﬁng squamous cell carcinoma regulators have prominent effects on several cancers. However, the potential role of m®A modi-
m°A . fication in lung squamous cell carcinoma (LUSC) remains unclear.

ngnUSlS_ . Methods: We evaluated the modification pattern of m®A and studied the biological function of
Tumor microenvironment 6 . . .
Immunotherapy m°A regulators in LUSC. Then, we constructed the m6Ascore to predict the prognosis of LUSC and

analyzed the relationship between the m6Ascore and tumor mutation burden, immune cell
infiltration, and immunotherapy.

Result: In the unsupervised consensus cluster analysis, three different m6Aclusters were identified,
which correspond to an immune activation state, a moderate immune activation state, and an
immune tolerance state. Forty-two genes related to the m®A phenotype were used to construct the
m6Ascore; subsequently, multiple validations of the m6Ascore were carried out to determine the
relationship between the score and immune cell infiltration and response to CTLA-4/PD-1 in-
hibitor treatment. Further analysis revealed that the m6Ascore could effectively predict the
prognosis of LUSC and that the m®A phenotype-related genes, FAM162A and LOM4, might be
potential biomarkers.

Conclusion: These findings highlight the potential role of m®A modification in the prognosis, TME,
and immunotherapy of LUSC and have profound implications for developing more effective
personalized treatment strategies for LUSC.

1. Introduction

Lung squamous cell carcinoma (LUSC) is a malignant epithelial tumor derived from the bronchial epithelium. As the second most
common subtype of lung cancer, LUSC accounts for approximately 20% of primary lung tumors in the United States. Its incidence is
mainly related to smoking, raw biofuels, chronic obstructive pulmonary disease, and other lung diseases [1]. The tumor microenvi-
ronment (TME) is composed of tumor cells, microvessels, stromal cells, and infiltrating cells. It has a variety of complex regulatory
functions in LUSC and has a significant impact on the prognosis of patients [2-4]. Particularly, targeted immunotherapy, especially the
application of immune checkpoint inhibitors (ICI) such as CTLA-4 and PD-1, has a positive effect on LUSC patients. However, due to the
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individual heterogeneity of LUSC patients, the effect of immunotherapy is quite different [5]. Therefore, an in-depth understanding of
the molecular mechanisms and TME of LUSC is essential for developing more effective clinical diagnosis and immunotherapy.

N6-methyladenosine (M®A) is one of the most common RNA modifications in eukaryotes and is mainly found in messenger RNA
(mRNA). Three types of regulators are involved in m°A methylation, namely, writers, erasers, and readers [6]. Writers are methyl-
transferases that promote the methylation of mPA in RNA, and the common writers are METTL3, METTL14, WTAP, KIAA1429,
ZC3H13, RBM15, RBM15B, and CBLL1. Erasers are demethylases that can remove the methylation of m°A in RNA, and FTO and
ALKBHS are erasers. Readers, including IGF2BPs, YTHDCs, and YTHDFs, can bind to the methylation site of m®A in RNA and recognize
mPA modifications. M®A modification is involved in circadian rhythm regulation [7], gene expression [8], lipid metabolism [9], the
immune response [10], and tumorigenesis [11].

Recent reports have shown that m®A facilitates the occurrence and development of tumors [12-14]. For example, the upregulation
of YTHDF2 expression is significantly related to the proliferation of hepatocellular carcinoma cells [15]. FTO exerts its inhibitory effect
on acute myeloid leukemia by inhibiting the expression of key transcripts (ASB2, RARA, MYC, and CEBPA) [16,17]. The METTL14
mutation leads to the activation of the AKT pathway and enhances the proliferation of endometrial cancer cells [18]. Moreover, the
role of m®A modification in the TME and immune response cannot be ignored [19,20]. Silencing FTO can decrease the mRNA stability
of STAT1 and PPAR-y, thus hindering the activation of macrophages [21]. METTL3-mediated m®A methylation can promote dendritic
cell maturation and CD-based T cell activation [22]. Silencing YTHDF1 can reduce the translation of lysosomal cathepsin in dendritic
cells, thereby enhancing the expression of tumor antigens by dendritic cells and increasing the infiltration of CD8" T cells [23].

A recent research by Gu and his colleagues reported that the m®A-related genes WTAP, YTHDC1, and YTHDF1 independently
predicted the prognosis of LUSC, and the prognostic performance was better than traditional clinical features [24]. However, the role
of multiple m®A regulators in the TME and immune regulation in LUSC is largely unknown. In this study, we integrated the tran-
scriptome data of 739 LUSC patient samples and systematically evaluated the multi-omics functions of 23 m®A regulators in LUSC. We
studied copy number variation (CNV) and difference expression genes (DEGs), conducted a survival analysis based on m°A regulators
in LUSC patients, constructed an interaction network of m®A regulators, and analyzed the biological function of m®A regulators and the
characteristics of TME immune cells. Then, we established a m6Ascore to quantify the m®A modification pattern according to the m®A
phenotype-related DEGs and verified it from the perspectives of tumor mutation burden (TMB), survival time, clinical survival status,
immune cell infiltration, and response to ICI therapy.

2. Material and methods
2.1. Data collection and processing of LUSC

The primary process of this study is shown in Supplementary Fig. 1(a). Two independent patient datasets (TCGA-LUSC and
GSE157010) comprising gene expression data and clinical data were obtained from The Cancer Genome Atlas (TCGA) and the Gene-
Expression Omnibus (GEO) databases, respectively, and we excluded patients who lacked survival information for further study. The
GEOquery R package was utilized to download the expression matrix and clinical data of the GSE157010 dataset, and the annotation
file was used to convert probes into gene symbols. The limma R package was used to convert the units of RNA sequencing data in
TCGA-LUSC from fragments per kilobase per million (FPKM) to transcripts per kilobase million (TPM) to be consistent with the RNA
sequencing data of GEO157010 and facilitate a comparative analysis of samples. The CNV data for the TCGA-LUSC dataset were
downloaded from the Xena Public database (https://xenabrowser.net). The immunotherapy score file of the TCGA-LUSC cohort was
obtained from the public database The Cancer Immune Atlas (https://www.tcia.at/home). Twenty-three m®A regulators were
extracted from previous studies to perform a mutation analysis in this study [25-30], including 8 writers (METTL3, METTL14, WTAP,
KIAA1429, ZC3H13, RBM15, RBM15B, and CBLL1), 13 readers (YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3, HNRNPC, LRPPRC,
HNRNPA2B1, IGFBP1, IGFBP2, IGFBP3, FMR1, and ELVAL1) and 2 erasers (FTO and ALKBH5). Among the 23 mPA regulators,
KIAA1429 and ELVAL1 lack transcriptome and CNV data for the LUSC samples; thus, the remaining 21 m®A regulators were used in all
subsequent analyses.

2.2. Unsupervised consensus clustering for 23 MCA regulators

We used unsupervised consensus clustering analysis to divide the LUSC patient samples into m6Aclusters according to the
expression matrix of 23 m®A regulators. A consensus clustering algorithm was employed to calculate the clustering number and
stability [31]. The operation used the ConsensuClusterPlus package in R, with parameters set to resample 80% of any sample (pitem =
0.8) and resample all proteins (pfeature = 1), repeated 50 times to ensure the stability of the clustering [32].

2.3. Gene Set Variation Analysis (GSVA) and estimation of immune cell infiltration in the TME

We performed GSVA analysis on the m6Aclusters to assess the enrichment differences in the pathways and biological process
activities in the different subgroups and drew heatmaps for the visualization of the results. We downloaded the Kyoto Encyclopedia of
Genes and Genomes (KEGG) gene set from the Molecular Signatures Database (MSIGDB) database (https://www.gsea-msigdb.org/)
and then set up the parameters MinGSsize = 10, MaxGSsize = 500, and adj. p value < 0.05. The R packages used for this step were
limma, GSEABase, GSVA, and pheatmap. Next, we quantified the relative abundance of various immune cells in the TME of LUSC
samples by single-sample gene-set enrichment (ssGSEA) analysis. We used the gene set of 23 tumor immune infiltrating cells obtained
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Fig. 1. Mature mRNA needs N6-methyladenosine (m°A) methylation to transfer from the nucleus to the cytoplasm.RNA methylation process and
mutation characteristics of m°A regulators in lung squamous cell carcinoma (LUSC). A Three different types of m°A regulators (readers, erasers and
writers) cooperate to mediate the dynamic and reversible RNA methylation process. The ellipses represent different kinds of m°A regulators. B The
mutation characteristics of 23 m°A regulators in the TCGA-LUSC cohort. The left side of the plot shows the names of the m°A regulators, the color
change in the middle of the waterfall plot indicates the mutation of the corresponding regulator, and the right side of the plot shows the mutation
frequency of the regulators. The different colors in the middle of the waterfall plot indicate that the patient has the corresponding somatic mutation
type. The bottom heatmap shows changes in single nucleotides in 491 samples. C The copy number variation (CNV) features of the m®A regulators of
the TCGA-LUSC cohort. D The chromosomal location of the m®A regulator CNVs. Red indicates copy number gain, and blue indicates copy number
loss. E The difference in the expression of m°A regulators between tumor tissues and normal tissues. The upper and lower ends of the box represent
the quartile, the horizontal line in the box represents the median, the point outside the box represents the abnormal value, the upper * p < 0.05, * *p

< 0.01, * * *p < 0.001.
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by Charoentong et al. [33], including activated dendritic cells, activated CD4" T cells, macrophages, neutrophils, and natural killer
cells. The R packages used for this analysis were limma, GSEABase, GSVA, and ggpubr.

2.4. Identification of GeneClusters and functional analysis

We identified the genes associated with 23 m®A regulators, divided 736 LUSC patients into three different m®A geneClusters, and
set the display threshold of the DEGs to adj. p value < 0.001. The empirical Bayesian approach using the R package limma (Http://
www.bioconductor.org/packages/release/bioc/html/limma.html) was used to estimate the DEGs. We carried out gene ontology (GO)
and KEGG enrichment analysis of the DEGs by gene annotation enrichment analysis (http://www.bioconductor.org/packages/
release/bioc/html/clusterProfiler.html) using the clusterProfiler package in R. The filter conditions of the GO terms and KEGG
pathways were defined as p < 0.05, and bar charts were generated to display the results.

2.5. Construction of the M6Ascore in patients with LUSC

To evaluate the modification pattern of m®A in LUSC, we established an m®A gene signature, namely, the m6Ascore. The procedure
for establishing the m6Ascore was performed as follows:

First, we normalized the DEGs in the three m6Aclusters to obtain the overlapping genes and visualized the results with a Venn
diagram. Then, unsupervised consensus clustering was used to analyze the overlapping DEGs, and the number and stability of gen-
eClusters were analyzed by a consensus clustering algorithm. Then, we carried out univariate Cox regression analysis of the above
genes through the survival package in R to identify the DEGs associated with the prognosis of LUSC patients for the principal
component analysis (PCA) and used principal components 1 and 2 as the signature scores. The advantage of this algorithm is that the
score is concentrated on the largest related geneCluster, and the weight of undetected genes in other gene sets is reduced. The method
used to define the m6Ascore is similar to that used for Gillette’s gait index (GGI) [34,35], and the specific formula is as follows:

M6Ascore = Y (PC1; + PC2)

Where i represents the genes related to the m®A phenotype.

2.6. Verification of the M6Ascore

To evaluate the correlation between the m6Ascore and the survival of LUSC patients, we used the survminer R package to calculate
the cut-off value of each dataset, repeatedly determined all potential cut-off points, calculated the maximum rank statistics, and
divided all patients into a high m6Ascore group and a low m6Ascore group according to the median cut-off value. Then, a log-rank test
was used to determine the difference in Kaplan-Meier survival curves between the two groups. We conducted the following studies on
the m6Ascore to verify its reliability: the correlation between the m6Ascore and TMB was tested by the Wilcoxon signed-rank test, the
correlation between the m6Ascore and clinical data was analyzed by the Wilcoxon signed-rank test, and Pearson’s chi-square test, and
the association between the m6Ascore and response to immunotherapy was analyzed by Spearman’s test and the Wilcoxon signed-rank
test.

2.7. Statistical analysis

We used the R package limma for differential gene expression analysis, Spearman’s test, and distance correlation analysis to
analyze the correlation between the m6Ascore and TME immune cell infiltration. The Wilcoxon signed-rank test was used to analyze
the differences between the two groups. The Kruskal-Wallis test and one-way ANOVA were used to compare the differences among
three or more groups [36]. We adopted the Pearson chi-square test to analyze the differences between groups and univariate Cox
analysis to calculate the risk ratio of the m®A regulator-related genes and m®A phenotype-related genes. We used the waterfall function
in the R package maftools to visualize the gene mutation analysis of the tumor patients in the TCGA-LUSC cohort. The specific
chromosomal location of the CNVs identified in the m®A regulators was plotted through the R package RCircos [37]. The alluvial
diagram was generated using the ggalluvial package in R to describe the grouping and survival status of LUSC patients by the
m6Aclusters, geneClusters, and m6Ascores. All the data were analyzed by R software (version 4.0.4).

3. Results
3.1. Gene variation in M®A regulators in LUSC patient samples

Our study included 23 m®A regulators that mediate the reversible process and biological function of mRNA methylation in cells, as
shown in Fig. 1(a). We first summarized the incidence of somatic mutations and CNVs in the m®A regulators in LUSC patient samples.
Of the 491 samples in the TCGA-LUSC cohort, 107 samples had mutations in 23 m®A regulators with a frequency of 21.79%. Among
these regulators, the mutation rate of CBLL1 was the highest, with a mutation frequency of 3%, followed by FMR1, whereas METTL14,
ALKBHS5, METTL3, IGFBP1, IGFBP2, and ELVAL1 were almost unmutated in the LUSC samples (Fig. 1(b)). In the CNV study of LUSC
patient samples, we found that all 21 m®A regulators with available copy number data had extensive CNVs; most regulators had copy
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number amplification, and only a few had copy number loss, such as YTHDF2, METTL14, ZC3H13, RBM15, IGFBP2, YTHDC2, and
RBM15B (Fig. 1(c)). We also used a loop graph to show the chromosomal location of the copy number alteration in the m®A regulators
(Fig. 1(d)). Then, we compared the expression levels of m®A regulators in normal and tumor samples. The results showed that the
expression levels of most m®A regulators were significantly different between normal tissues and tumor tissues from LUSC patients, and
the abnormal expression of m°A regulators was probably related to alterations in copy number. For example, CNV-amplified m°A
regulators LRPPRC, HNRNPC, and CBLL1 showed high expression in tumor tissues, while CNV-deleted m®A regulators METTL14 and
ZC3H13 showed low expression in tumor tissues (Fig. 1(e)). The above results indicated that mA regulator gene variation is common
in LUSC samples, and the expression of these regulators is heterogeneous among normal samples and LUSC samples, suggesting that
abnormal m®A modification plays a vital role in the occurrence and development of LUSC.

3.2, MOA regulator-mediated methylation modification patterns

We merged two separate datasets (TCGA-LUSC and GSE157010) with survival and clinical data available into a single meta-cohort
(Supplementary Table 1). A univariate Cox regression analysis showed that IGFBP1, METTL3, CBLL1, FTO, YTHDC1, YTHDC2, and
HNRNPC could be used as independent prognostic factors for patients with LUSC (Supplementary Table 2). We also constructed an
interaction network of the m°®A regulators and analyzed the correlation among all of the m®A regulators and their prognostic effects on
LUSC patients (Fig. 2(a)). We found that the positive correlations between the regulators were significantly greater than the negative
correlations. Moreover, the high expression of two erasers (FTO and ALKBH5) is a risk factor for the prognosis of LUSC patients. Due to
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the high mutation frequency of CBLL1, FMR1, KIAA1429, and YTHDC2 in LUSC, we analyzed the expression differences between the
mutated and wild-type variants of these regulators and found that differences in the expression levels of mutated and wild-type m®A
regulators were related to the expression levels of different readers (Supplementary Figs. 1(b-f)). We also investigated the survival
outcomes of patients with high and low expression of m°A regulators and found that different CBLL1, FMR1, FTO, HNRNPA2B1,
HNRNPC, IGFBP1, IGFBP2, LRPPRC, METTL3, RBM15, WTAP, YTHDC1, and YTHDF2 expression levels were associated with sig-
nificant differences in survival time. The survival time of patients with low expression of FTO and IGFBP1 was longer, while patients
with low expression of other regulators had a shorter survival time (Supplementary Figs. 2(a—m)). Our results suggested that the
interaction of multiple m®A regulators may have prominent effects on the formation and development of LUSC.

To analyze the heterogeneity of mSA regulators in LUSC, we used the unsupervised consensus clustering method in the R package
ConsensusClusterPlus to divide LUSC patient samples into three different m6Aclusters, m6Acluster A (n = 217), m6Acluster B (n =
191), and m6Acluster C (n = 328). The difference in the expression of m°A regulators among the three m6Aclusters is shown by the
heatmap (Fig. 2(b)). Then, we analyzed the survival outcome differences of patients in each of the different m6Aclusters by Kaplan-
Meier analysis, and the results showed that there were no significant differences in the survival times of patients in different
m6Aclusters (Fig. 2(c)).

3.2.1. GSVA of the M°A modification pattern and characteristics of TME immune cell infiltration

The biological behaviors of the different m6Aclusters were analyzed by GSVA (Fig. 3(a—c)). We found that m6Acluster A was
enriched in carcinogenic activation pathways, such as melanogenesis, basal cell carcinoma, renal cell carcinoma, and the hedgehog
signaling pathway. M6Acluster B was enriched in various immune activation-related pathways, such as systemic lupus erythematosus,
the intestinal immune network for IgA production, natural killer cell-mediated cytotoxicity, antigen processing and presentation, and
autoimmune thyroid disease. The m6Acluster C was enriched in antigen processing and presentation, autoimmune thyroid disease, and
several carbohydrate metabolic pathways. Then, we analyzed the characteristics of TME immune cell infiltration in the different
m6Aclusters and generated a box diagram to show the results (Fig. 3(d)). Except for extensive CD56-bright natural killer cell
enrichment in m6Acluster A, all the other immune infiltrating cells showed the highest enrichment in m6Acluster B and the lowest
enrichment in m6Acluster A. The PCA of the three different m®A modification patterns also showed prominent differences in the
transcriptome (Fig. 3(e)). According to our results, we can infer that the high expression of the immune activation pathway in
m6Acluster B may lead to the infiltration of a large number of immune cells. Additionally, the disadvantage of the first 5-year survival
of m6Acluster B may result from the immune activation of this cluster.
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Fig. 4. Functional analysis of phenotype-related difference expression genes (DEGs) of m°A and geneClusters. A The Venn diagram depicts 124 m®A
phenotype-related DEGs. B The results of gene ontology (GO) enrichment analysis of m®A phenotype-related DEGs are shown by a histogram, and
the color represents the significant degree of enrichment. The abscissa indicates the number of DEGs enriched. C The heatmap shows the m°®A-
related DEGs among different geneClusters. D There was a significant difference in the survival outcomes among the geneClusters. E The box plot
was used to show the difference in m®A phenotype-related DEGs among the geneClusters. F The characteristics of TME infiltrating cells among
gifferent geneClusters are shown in a box plot.

3.2.2. Functional analysis of MCA phenotype-related genes and construction of GeneClusters

The above results demonstrated the critical role of m®A modification in the prognosis and TME of LUSC patients. To further analyze
the biological behavior of the m®A modification pattern in LUSC, we screened 124 m®A phenotype-related DEGs (Fig. 4(a) and
Supplementary Table 3). Furthermore, we carried out GO and KEGG enrichment analyses of the DEGs. Surprisingly, the DEGs were
associated with cell division, transmembrane transport, and receptor-ligand activity (Fig. 4(b)). KEGG enrichment analysis showed
that these DEGs were associated with extracellular matrix (ECM) receptors, antigen processing, the Wnt signaling pathway, and the
HIF-1 signaling pathway (Supplementary Fig. 3(a)). These results confirmed that m®A modification has a prominent effect on the
immune regulation of the TME.

To further verify the mechanism of m®A modification in LUSC, we carried out an unsupervised consensus clustering analysis of
these 124 DEGs. The LUSC samples were divided into three gene subgroups, named geneCluster A (n = 253), geneCluster B (n = 160),
and geneCluster C (n = 323) (Supplementary Figs. 3(b—e)). In addition, univariate Cox regression analysis was carried out on the DEGs,
and 42 related genes with independent prognostic values were obtained for follow-up analysis (Supplementary Table 4). The results
showed that the three geneClusters had different m®A modification patterns in LUSC. DEGs in geneCluster C were upregulated, while
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Fig. 5. Construction of the m6Ascore and the correlation among m6Ascores, m6Aclusters, and geneClusters. A and B Box plots showed significant
differences among m6Aclusters A, geneClusters B, and m6Ascores. C Kaplan-Meier curves were used to analyze the survival advantage among the
groups of patients with LUSC. Patients with low m6Ascores had a significant survival advantage. D The alluvial diagram depicts the changes in LUSC
patient characteristics based on m6Acluster, geneCluster, m6Ascore, and survival status.
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DEGs in geneCluster B were downregulated. The number of stage T3-T4 patients and dead patients in geneCluster B was remarkably
greater than that in other geneClusters (Fig. 4(c)). Kaplan-Meier survival analysis revealed a survival advantage in geneCluster C >
geneCluster A > geneCluster B, and the difference was statistically significant (Fig. 4(d)). Through the analysis of the differences in the
expression of m®A-related genes in each of the three geneClusters, it was also revealed that the expression of m®A-related genes in
geneCluster B was downregulated (Fig. 4(e)). Our results suggested that the upregulation of m®A phenotype-related DEGs might
indicate a better prognosis in patients with LUSC. We also conducted GSVA on the geneClusters and found that the enrichment of the
pathways in geneCluster B was almost the same as that in m6Acluster B, while geneCluster A was more similar to m6Acluster C and
geneCluster A was more consistent with m6Acluster C (Supplementary Figs. 3(f-h)). The characteristics of TME immune cell infil-
tration in the different geneClusters are shown in Fig. 4(f), with geneCluster B > geneCluster A > geneCluster C in most infiltrating

immune cell subsets. The patients in geneCluster B had the highest degree of immune activation and the largest level of immune cell
infiltration, and the survival prognosis was poor.

A Altered in 46 (92%) of 50 samples. B Altered in 254 (99.22%) of 256 samples.
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Fig. 6. The m6Ascore is associated with somatic mutations and clinical features. A, B Waterfall plots showing the results of tumor somatic mutation
analysis in 50 patients with low m6Ascores A and 256 patients with high m6Ascores B in the TCGA-LUSC cohort. C Kaplan-Meier curves indicated
that the survival of LUSC patients in the high TMB group was significantly better than that in the low TMB group. D The survival analysis results of
LUSC patients combining TMB and the m6Ascore suggested that patients with a high TMB + a low m6Ascore had a significant survival advantage. E
There were remarkable differences in survival and death rates between m6Ascore groups. F The comparison of the m6Ascores between surviving
and nonsurviving LUSC patients showed that the difference was significant. G, H The Kaplan-Meier curves showed the difference in survival rates
between the high and low m6Ascore groups with different T stages.
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3.2.3. Construction of the M6Ascore for LUSC patients

Due to the complexity and heterogeneity of m®A methylation patterns in tumor patients, we constructed the m6Ascore for LUSC
patients based on the 42 m®A-related DEGs obtained above, which improved the prediction reliability of the m®A methylation pattern
in individual LUSC patients. Through the Kruskal-Wallis test, we found a significant difference in the m6Ascore between patients in
different m6Aclusters and different geneClusters. The results revealed that among the m6Aclusters, the median m6Ascore of
m6Acluster B patients was the highest, and the median m6Ascore of m6Acluster A patients was the lowest (Fig. 5(a)). The median
m6Ascore of geneCluster B patients was the highest, while the m6Ascore of geneCluster C patients was the lowest among the three
geneClusters (Fig. 5(b)). Next, to study the prognostic value of the m®A modification pattern in LUSC patients, we divided LUSC
patients into high and low m6Ascore groups, with 131 patients in the high m6Ascore group and 607 patients in the low m6Ascore
group (Supplementary Table 5). Kaplan-Meier survival analysis was carried out for the high and low m6Ascore groups, and the results
showed that the patients in the low m6Ascore group had an obvious survival advantage (p < 0.001; Fig. 5(c)). We also plotted an
alluvial diagram to show the differences in the attributes of the LUSC patients in each group (Fig. 5(d)).

3.2.4. The correlation between the M6Ascore and tumor somatic mutations

We used the maftool package in R to analyze the differences in somatic mutations in TCGA-LUSC samples stratified into different
m6Ascore groups (Fig. 6(a and b)). The tumor somatic mutation rate of the high m6Ascore group was 92%, while that of the low
m6Ascore group was 99.22%; the top 20 mutated genes were the same in both groups. Although we could not confirm that there was
an apparent correlation between the m6Ascore and TMB, we analyzed the survival outcomes of the high and low TMB groups by
Kaplan-Meier analysis and found that the high TMB group had a significant survival advantage (Fig. 6(c)). The survival analysis
conducted on the TMB combined with m6Ascore suggested that the survival advantage of the low m6Ascore + high TMB group was the
best, and the survival time of the high m6Ascore + low TMB group was the shortest (Fig. 6(d)). The survival advantage of patients with
high TMB may be related to their high sensitivity to clinical immunotherapy.

3.2.5. Correlation of the M6Ascore with clinical survival status and immunity
When we investigated the clinical survival status of LUSC patients in the high and low m6Ascore groups, we found that 59% of
patients in the high m6Ascore group had died, while only 39% in the low m6Ascore group had died (Fig. 6(e)). There were striking
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differences in the m6Ascores associated with different survival states among the LUSC patients (Fig. 6(f)). We also analyzed the
survival status of patients with different T stages in different m6Ascore groups and found that patients in the low m6Ascore group had
significant survival advantages at both stages T1-T2 and T3-T4 (Fig. 6(g, h)).

As arecent study revealed a prominent effect of ICI on cancer, we verified the correlation between the m6Ascore and immunity. We
analyzed the correlation between the m6Ascore and TME immune cell infiltration and found that the m6Ascore was significantly
correlated with 22 immune cell types with the exception of CD56-dim natural killer cells and immature dendritic cells. Except for a
negative correlation with CD56-bright natural killer cells, the m6Ascore was positively correlated with the levels of all of the immune
cells (Fig. 7(a)). We also selected a representative PD-L1/PD-1 immune checkpoint to investigate the response of LUSC patients with
high and low m6Ascores to immunosuppressant therapy. The results showed that the expression of PD-L1 and PD-1 was significantly
higher in the high m6Ascore group (Fig. 7(b and c)), suggesting that LUSC patients in the high m6Ascore group may have a better
response to PD-L1/PD-1 blockade therapy. Then, we investigated the CTLA-4 and PD-1 blockade treatment scores of the TCGA-LUSC
cohort. Whether CTLA-4 inhibitors or PD-1 inhibitors were used alone or in combination, the immunotherapy score of patients in the
high m6Ascore group indicated a prominent advantage (Fig. 7(d—g)). Our results suggest that although the prognosis of LUSC patients
in the high m6Ascore group is poor, this group has better ICI therapy advantages. ICI therapy may prolong the survival time of patients
in the high m6Ascore group.

4. Discussion

Compared to lung adenocarcinoma, treatment strategies for LUSC are limited [38]. Because LUSC has a higher recurrence and
metastasis rate, the prognosis is worse [39]. Therefore, exploring new biomarkers and accurate prognostic models for LUSC patients is
necessary. M®A modification refers to the dynamic, reversible biological process of RNA regulation by m®A regulators. It can be
activated by methyltransferase in the nucleus or removed by demethylase [6] and has the important function of regulating gene
expression in malignant tumors and the innate immune system. However, to date, most studies on the mechanism of m®A modification
in tumors have focused on only a single m®A regulator. In contrast, the mechanisms of the occurrence and development of tumors are
very complex and involve the joint action of multiple m°®A regulators. Therefore, a comprehensive understanding of the molecular and
biological characteristics of multiple m®A regulators will improve our understanding of the integration of m®A modification patterns in
LUSC, identify new potential prognostic biomarkers, and more effectively guide the application of clinical immunotherapy.

Previous studies have revealed that mutations in m®A regulators cause colorectal cancer susceptibility [40]. Changes in the
expression of as little as 3% of the m®A regulator genes shorten the overall survival (OS) time of acute myelocytic leukemia patients
[41]. Our study revealed that the gene mutation rate of m®A regulators in LUSC is 0%-3%, and differences in the gene expression levels
of 13 m°A regulators (CBLL1, FMR1, FTO, HNRNPA2B1, HNRNPC, IGFBP1, IGFBP2, LRPPRC, METTL3, RBM15, WTAP, YTHDCI1, and
YTHDF2) have a substantial impact on the prognosis of LUSC. CNV is a variation in DNA fragments longer than 1 kb and is one of the
important pathogenic factors in human diseases [42]. Our study also indicated that CNV occurred in all 21 m®A regulators, and in most
mPA regulators, such as IGFBP2, LRPPRC, and HNRNPC, the expression level of the regulators was positively correlated with CNV
frequency. As the CNV genome coverage may be only 5%-10%, the changes in the number of copies of YTHDF2, RMB15B, and
YTHDC1 do not cause significant differences in gene expression. These findings still suggest that the roles played by CNVs of m®A
regulators in the occurrence and development of LUSC must be considered.

Because the function of m®A regulators is complex and diverse, and their interactions affect several biological processes, such as
mRNA splicing, translation, and expression, it is more valuable to analyze the effect of multiple m®A regulators on LUSC than to study a
single m®A regulator. In the m®A regulator interaction network, all of the m®A regulators analyzed in our study had correlations with
LUSC, and positive correlations outnumbered negative correlations by a large margin. FTO, CBLL1, METT3, YTHDF2, and IGFBP1
were identified in the interaction network as prognostic factors for LUSC. Li et al. [43] found that some miRNAs and genes may play
different roles in 11 types of tumors, including LUSC, when FTO is knocked out or if FTO activity is low. Experimental studies have
shown that FTO can promote the proliferation of LUSC cells and reduce tumor cell apoptosis by enhancing the expression of MZF1
[44]. CBLL1 can promote the proliferation of non-small cell lung cancer (NSCLC) cells by enhancing the expression of MMP2 and
MMP9 [45]. Moreover, METTL3 downregulates the expression of the effector factor Cyclin D1 through the AKT signaling pathway to
promote the proliferation of ovarian cancer cells [46]. METTL3 can also methylate pri-miR-1246 and downregulate the expression of
the tumor suppressor gene SPRED2 to promote the metastasis of colorectal cancer [47]. YTHDF2 can regulate Akt phosphorylation and
induce the proliferation and migration of prostate cancer cells by inhibiting the mRNA and protein expression of the tumor suppressor
genes LHPP and NKX3-1 [48]. Interestingly, YTHDF2 destroys the stability of EGFR mRNA in hepatocellular carcinoma cells and
inhibits hepatocellular carcinoma by binding to the m®A modification site EGFR-3-UTR [49]. IGFBP1 can regulate the insulin
sensitivity of leukemia, inhibit insulin secretion, and hijack patient glucose, thus accelerating the progression of leukemia [50].
Surprisingly, IGFBP1 is highly expressed in colorectal cancer, and has the dual effect of inhibiting tumor cell proliferation and pro-
moting liver metastasis [51].

In our study, the LUSC patient samples were divided into three different m6Aclusters. m6Acluster B was enriched in systemic lupus
erythematosus, the intestinal immune network for IgA production, natural killer cell-mediated cytotoxicity, antigen processing and
presentation, and autoimmune thyroid disease pathways, and the number of TME immune infiltrating cells was highest in this cluster,
corresponding to a state of strong immune activation. Meanwhile, m6Acluster C was enriched in antigen processing and presentation,
autoimmune thyroid disease, and primary immunodeficiency pathways, and the number of immune infiltrating cells was moderate,
corresponding to moderate immune activation. However, m6Acluster A was enriched in the melanoma, basal cell carcinoma, and renal
cell carcinoma pathways, and the number of infiltrating immune cells was the lowest in this group, corresponding to the
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immunosuppressive phenotype and carcinogenic status. Accordingly, it was inferred that the high expression of the immune activation
pathway in m6Acluster B might lead to the infiltration of a large number of immune cells, which was consistent with previous findings
that immune activators induced the proliferation, activation, and cytotoxicity of dendritic cells, CD8" T cells, and other immune cells
in TME [52,53]. Consistent with the findings of previous studies [54-57], we also found that the m°A phenotype-related genes were
significantly related to ECM-receptor interaction, receptor-ligand activity, basal cell carcinoma, gastric cancer, antigen processing and
presentation, primary immunodeficiency and other functions of cancer, m®A modification, and immune regulation. Hence, m®A
modification patterns play an essential role in the TME and in immune regulation in LUSC [58,59]. These results also provide clues to
further explore the potential mechanisms of m°A regulators in the TME.

Given the apparent individual heterogeneity in m®A modifications in tumor patients, it is essential to quantify the m®A modifi-
cations. This m6Ascore has been confirmed in m®A-related gastric cancer studies [60]. We established the m6Ascore to predict the
prognosis of patients with LUSC, which avoided errors resulting from patient tumor heterogeneity. In our signature, there were 42 m°A
phenotype-related DEGs, which were independent and effective prognostic factors for LUSC patients, among which ZNF703,
FAM162A, LOM4, and APTR were significantly differentially expressed (p < 0.001). The overexpression of ZNF703 is associated with
many types of cancer, and its expression is significantly upregulated in NSCLC and medullary thyroid carcinoma, which may be related
to the activation of the Akt/mTOR pathway [61,62]. The overexpression of ZNF703 in oral squamous cell carcinoma activates
PI3K/Akt/GSK-3p signaling, promoting the proliferation and migration of oral squamous cell carcinoma [63]. APTR regulates IncRNA
APTR, trans-acting on the effector of tumor suppressor p53, CDKN1A/p21, and IncRNA APTR also recruits polycomb inhibitory
complex 2 (PRC2) to inhibit the p21 promoter, thus promoting the proliferation and invasion of glioblastoma cells [64,65]. The role of
FAM162A and LOM4 in cancer is less well understood. Nevertheless, these genes may be potential prognostic biomarkers for LUSC
patients.

Our data also exhibited the correlation of m6Ascore with TMB, clinical survival status, immune cell infiltration, and response to ICI
therapy, which verified the prognostic value of the m6Ascore in LUSC. In the survival analysis of the high and low TMB groups, the
survival status of LUSC patients with high TMB showed obvious superiority. This result is perhaps owing to the fact that tumor somatic
cell mutation increases the immunogenicity of somatic cells [66] and improves the sensitivity of tumors to ICI [67]. Previous studies
have also found that high TMB continuous selection has become a biomarker of ICI [68,69]. The immune system plays a role in
destroying and monitoring the cells of cancer patients. Unfortunately, tumor cells can use immune checkpoints to escape the immune
response. Thus, the therapeutic effects of ICI therapy for cancer cannot be ignored. A number of studies have demonstrated that ICI
targeting PD-L1 and PD-1 can prolong the OS rate of patients with hepatocellular carcinoma, colon cancer, melanoma, NSCLC, and
other cancers [70-73]. Our data indicated that the treatment effect of CTLA-4/PD-1 inhibitors was significantly better in patients with
a high m6Ascore. This may be because most patients in the high m6Ascore group were in m6Acluster B and geneCluster B, both
associated with strong immune activation. Through our m6Ascore, LUSC patients more sensitive to CTLA-4/PD-1 inhibitors can be
screened. Therefore, the m6Ascore represents a new contribution to developing individualized immunotherapy for tumor patients.

5. Conclusion

In recent years, the study of prognostic signatures related to m®A modification has become a hot spot. Zhou et al. established a
signature of seven m®A phenotype-related DEGs, which can predict the prognosis and the expression of immune checkpoint-related
molecules in patients with lung adenocarcinoma [74]. In addition, the expression level of SNRPC of the m®A methylation regulator
proposed by Cai et al. may be a potential indicator of prognosis and anti-CTLA-4/PD-1 immunotherapy for hepatocellular carcinoma
[75]. We established a prognostic signature of LUSC based on 42 m®A phenotype-related DEGs, which showed application value in
TME and anti-CTLA-4/PD-1 treatment.

Compared with other studies [58,59,76-79], our study still has many shortcomings, such as the delayed data update in the
TCGA-LUSC and GSE157010 datasets we adopted, the inconsistent sample sequencing techniques and quality control methods in the
two datasets, and the vast majority of patients in the samples were from North America, which could not represent patients from other
regions. We also lack external experimental and clinical validation to confirm the reliability of the built m6Ascore. However, by
combining multi-center LUSC sample data, converting the annotation format of the gene files, and verifying the prediction reliability of
the m6Ascore from multiple perspectives, we minimized the error to the greatest extent and more comprehensively combined clinical,
immune and tumor somatic mutation analysis. In conclusion, by studying the molecular biological processes, gene mutations, and
characteristics of TME immune cell infiltration related to m®A modifications in LUSC, we determined that m®A modification abnor-
malities are closely related to the immune phenotype and play a key role in LUSC. Then, we constructed the m6Ascore to predict the
prognosis of LUSC patients and verified the predictive ability of the m6Ascore by analyzing immune cell infiltration, TMB, clinical
survival status, and response to CTLA-4/PD-1 inhibitor therapy. These findings indicate that the m6Ascore is reliable for predicting the
prognosis of LUSC patients. Because the patients in different m6Ascore groups had different sensitivities to CTLA-4/PD-1 inhibitor
therapy, the m6Ascore combined with CTLA-4/PD-1 immunotherapy score offers a new basis for personalized diagnosis and the
determination of the potential immune-targeted treatment approaches for LUSC patients. Notably, it was also found for the first time
that m®A phenotype-related genes FAM162A and LOM4 might be potential biomarkers of LUSC, which has profound implications for
the identification of new diagnostic markers and the development of new anticancer drugs for LUSC. Nevertheless, further experiments
are needed to verify the signature established in our study and unravel the molecular mechanisms of m®A RNA modification in LUSC
and other types of malignant tumors. Subsequent cellular experiments are required to investigate the relationship between the m°®A
regulator and the phenotype genes FAM162A and LOM4, together with animal and clinical studies to confirm FAM162A and LOM4
expression and biological functions.
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