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Abstract: N6 methylation (m6A) has been reported to play an important role in tumor progression. Non-small cell 
lung cancer (NSCLC) is the predominant pathological type of lung cancer with a high mortality rate. The purpose of 
this study was to develop and validate a N6 methylation regulator-related gene signature for assessing prognosis 
and response to immunotherapy in NSCLC. Data from The Cancer Genome Atlas was used as the training cohort. 
Data from Gene Expression Omnibus and Xena served as the two validation cohorts. We performed Cox regression, 
last absolute shrinkage and selection operator, receiver operating characteristic curves and Kaplan-Meier survival 
analysis to generate and validate a prognostic signature based on m6A regulator-related genes. We explored the as-
sociation between the signature and tumor microenvironment including genomic mutation, immune cell infiltration 
and tumor mutation burden. We also analyzed the association between the signature and immunotherapy. Finally, 
among the genes that constituted the signature, GGA2 was the only favorable factor for NSCLC prognosis. Molecular 
experiments were used to explore GGA2 function in NSCLC. We generated a prognostic signature based on seven 
m6A regulator-related genes (GGA2, CD70, BMP2, GPX8, YWHAZ, NOG and TEAD4). And the data from three co-
horts showed that the signature could effectively assess prognosis in NSCLC. Patients with high risk scores had the 
higher mutational load and lower immune infiltration levels and were more likely to not respond to immunotherapy. 
The experiments revealed overexpression of GGA2 inhibited proliferation and motility of NSCLC cells. Mechanically, 
GGA2 downregulated METTL3 expression and thus reduced m6A abundance in NSCLC. This study developed and 
validated a prognostic signature based on m6A regulator-related genes, providing useful insights for the manage-
ment of NSCLC. And GGA2 may be a target of m6A regulation.
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Introduction

In the last decade, N6 methylation (m6A) of 
adenosine has been the most commonly 
observed reversible mRNA modification in 
eukaryotes [1, 2]. Unlike DNA methylation and 
histone modifications, RNA modifications have 
recently been highlighted as a new dimension 
of epigenetic regulation at the posttranscrip-
tional RNA level [3]. All m6A modifications  
are strictly sequence specific, do not require 

extended sequences or secondary structures, 
and occur in only a small fraction of transcripts 
[4]. 

M6A is catalyzed by the methyltransferase 
complex, which consists of the writer proteins 
METTL3, METTL14 and WTAP. Its demethyl-
ation is catalyzed by two “eraser” demethylas-
es, FTO and ALKBH5 [5-7]. YTHDF1, YTHDF2, 
YTHDF3, YTHDC1 and NHRNPA2B1, which are 
members of the YTH structural domain protein 
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family, are the m6A “readers” that recognize 
their modifications and influence pre-mRNA 
splicing as well as mRNA transport, stability 
and translation [8, 9]. Writers can colocalize 
with mammalian RNA methylation through  
m6A deposition [10]. Erasers apply as a revers-
ible internal modification that catalyzes m6A 
demethylation [11]. In the cytoplasm of eukary-
otes, the reader selectively binds m6A-contain-
ing mRNAs [12]. To date, more than 12,000 
m6A sites in the transcripts of over 7,000  
mammalian genes have been characterized by 
immunoprecipitation sequencing of methylated 
RNA [13]. Thus, RNA modifications play a cru-
cial role in important biological processes in 
mammals.

Recently, several studies have shown that  
alterations in core genes during m6A modifica-
tions affect tumorigenesis and proliferation, 
the tumor microenvironment and prognosis 
[14, 15]. Genetic alterations and epigenetic 
modifications are also increasingly recognized 
as important regulators of cancers. However, 
there has been little progress in understand- 
ing the biological functions and mechanisms 
underlying the actions of m6A in non-small cell 
lung cancer (NSCLC) [16]. 

To gain further insight into the role of m6A  
in tumors, we investigated the relationship 
between NSCLC and m6A regulator-related 
genes. The results showed that alterations in 
the m6A regulator-related genes led to signifi-
cant changes in the overall survival (OS) of 
patients with NSCLC. In brief, the identification 
of m6A-associated risk factors in NSCLC can 
help in the development of targeted therapy, 
early detection and treatment strategies for 
tumors.

Materials and methods

Data collection and processing

This study involved datasets from The Cancer 
Genome Atlas (TCGA), which including tran-
scriptome data, mutation data and copy num-
ber variation (CNV) data. The count data were 
analyzed after log2 processing. We calculated 
the number of mutated genes in each sample. 

For the validation cohorts, we collected the 
expression profile and clinical characteristics 
from NSCLC patients that were published by 

GSE81089 and Raponi 2006. GSE81089 was 
downloaded from the Gene Expression Om- 
nibus (GEO). Raponi 2006 lung cancer data 
were downloaded from Xena.

Acquisition of m6A regulator-related genes 
and enrichment analysis

A total of 21 m6A regulators were identified 
according to a previous study [17]. These 21 
m6A regulators included 8 writers (METTL3, 
METTL14, RBM15, RBM15B, WTAP, KIAA1429, 
CBLL1, ZC3H13), 2 erasers (ALKBH5, FTO) and 
11 readers (YTHDC1, YTHDC2, YTHDF1, YTH- 
DF2, YTHDF3, IGF2BP1, HNRNPA2B1, HNR- 
NPC, FMR1, LRPPRC, ELAVL1). The expression 
of m6A regulators were entered into the down-
stream analysis after Z score conversion.

We performed the Pearson test to analyze the 
data regarding gene expression, CNV and num-
ber of mutations. Then, the correlation coeffi-
cients between the m6A regulator and other 
genes in each sample were obtained. Fur- 
thermore, genes that were significantly corre-
lated with each m6A regulator in all three terms 
were identified using the absolute value of the 
correlation coefficient ≥ 0.2 and P < 0.05 as 
screening conditions.

The ‘clusterProfiler’ R package was used for 
enrichment analysis of the identified genes in 
Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG). In addition, we 
used ‘ClueGO’ and ‘BinGo’ in Cytoscape soft-
ware to analyze and visualize the network inter-
actions between KEGG pathways and GO net-
work interactions, respectively.

Construction and validation of the prognostic 
gene signature

Univariate Cox regression was used to screen 
for prognosis-related genes from the m6A regu-
lator-related genes. Then, the last absolute 
shrinkage and selection operator (LASSO) was 
used for further screening and generation of 
risk scores. 

In the training cohort, all samples were divided 
into high-risk and low-risk groups based on the 
median risk score. The predictive power of the 
risk scores was assessed using receiver oper-
ating characteristic (ROC) curves and Kaplan-
Meier (KM) survival analysis. These analyses 
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were repeated in the validation cohorts. To fur-
ther assess the validity and stability of the sig-
nature, we extracted clinical characteristics 
from the TCGA datasets for subgroup stratifica-
tion analysis.

Analysis of tumor environment and immuno-
therapy response

To elucidate the genomic differences between 
the two groups, we analyzed the mutations. 
Next, we analyzed immune infiltration levels in 
the two groups using Cibersort. Finally, we 
explored the correlation between the risk score 
and the tumor stemness index, tumor microen-
vironment (TME) scores and tumor mutation 
burden (TMB) using the Spearman test.

We used the IMvigor210CoreBiologies dataset 
to investigate whether the risk score could be 
used as a marker of immunotherapy response. 
And we detected the difference in risk score 
between non-responders and responders. In 
addition, the proportion of non-responders in 
the high-risk and low-risk groups was also 
calculated.

Cell transfection and human tissue collection

Among the genes that constituted the signa-
ture, GGA2 was the only protective factor for 
prognosis (hazard ratio < 1). Therefore, a series 
of experiments was performed to explore its 
role in NSCLC.

Three NSCLC cell lines (A549, H1299 and 
H520) were involved in this study. All cell lines 
were purchased from Procell Biotechnology 
Co., Ltd. (Wuhan, China) and cultured according 
to the instructions.

GGA2 overexpression plasmid were purchas- 
ed from Genechem (Shanghai, China). Small 
interference RNA (siRNA) of GGA2 negative 
control siRNA (siNC) were purchased from 
Genepharma (Shanghai, China). Cells were 
transfected according to the manufacturer’s 
instructions. We used PCR to analyze transfec-
tion efficiency.

Tumor and its paired normal tissues were col-
lected from patients who underwent surgery for 
NSCLC in our institution. Each sample was 
diagnosed independently by two pathologists. 

Western blot analysis and PCR

Total proteins were extracted from cells us- 
ing RIPA buffer (Cell Signaling Technology, 
Danvers, MA, USA). Western blot was per-
formed according to previous study [18]. 
Antibodies used were: METTL3 (1:1000), 
METTL14 (1:1000), WTAP (1:1000), FTO 
(1:1000), ALKBH5 (1:1000). B-actin (1:1000) 
was set as control. All antibodies were pur-
chased from Cell Signaling Technology.

Total RNA was extracted from cells and tissu- 
es using TRIzol reagent (Life Technologies, CA, 
USA). PCR was performed to detect mRNA 
expression levels according to previous study 
[19]. B-actin was set as control and relative 
mRNA expression levels were calculated by the 
2-ΔΔCt method. The sequences of primers were 
included in Supplementary Table 1.

Detecting the role of GGA2 in NSCLC cells

Cells were seeded at a density of 1 × 103 cells/
well in 96-well plate for CCK-8 assays. At spe-
cific timepoints, 10 μl of CCK-8 reagent was 
added. After incubation at 37°C for 60 minutes, 
optical density (OD) was measured at 450 nm.

The fraction of DNA-replicating cells, which rep-
resented cell proliferation status, was assess- 
ed using EdU Detection Kit (RiboBio, Guang- 
zhou, China).

Transwell assays were performed according to 
previous study [20]. At the beginning, 1 × 104 
cells per group were inoculated in the upper 
chamber. 

The m6A% content in total RNA was detected 
by MethyFlash m6A DNA Methylation ELISA Kit 
(Colorimetric) (A&D Technology Corporation, 
Beijing, China).

Statistical analysis and ethics statement

All experiments were carried out at least three 
independent times. Continuous variable was 
expressed as mean and standard deviation. 
Group differences for continuous variables 
were investigated with 2-tailed Student t  
test or Wilcoxon-Mann-Whitney nonparametric 
tests (2-tailed). Statistical significance was set 
at P < 0.05. All analyses were performed in R 
(version 4.1.2).
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Figure 1. Acquisition of the genes significantly associated with m6A regulators and functional enrichment analysis. Differential expression of m6A regulators be-
tween tumor samples (n = 1015) and normal samples (n = 108) (A). The intersection of mutation, expression and copy number variation (B). Enriched signaling 
pathways in KEGG (C). Interaction network analysis in KEGG (D) and GO (E).
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The study was conducted according to the 
guidelines of the Declaration of Helsinki and 
approved by the Biomedical Research Ethic 
Committee of Qilu Hospital of Shandong 
University (KYLL-2017KS-189). All patients had 
signed an informed consent form.

Results

Identification of m6A regulator-related genes 
and functional enrichment analysis

We observed differences in m6A regulators 
expression between tumor and normal sam-
ples (Figure 1A). Most of the writers and read-
ers showed higher expression levels in the 
tumor samples. Previous studies had reported 
that increased m6A mRNA methylation promot-
ed the progression of NSCLC [21, 22]. 

By Pearson’s test, we detected 1809 genes 
that were significantly associated with m6A 
regulators in the terms of mutation, 34159 

(Figure 2A). They were ID1, GPX8, TEAD4, 
BMP2, YWHAZ, NOG, CD70, and GGA2. Then, 
we successfully generated a prognostic gene 
signature by LASSO (Figure 2B, 2C).

In the training cohort, the area under the curves 
(AUC) for the risk score were all greater than 
0.55 (Figure 3A). Patients in the high-risk  
group had lower survival rates. In the validation 
cohorts, the risk score showed similarly good 
predictive ability to discriminate the patients 
(Figure 3B, 3C). Analysis of the clinical charac-
teristics of the training cohort revealed that 
patients with higher risk score exhibited lower 
survival rates among the age, stage M and 
stage T (Supplementary Figure 1). These data 
suggested a high predictive power and stability 
of the risk score.

Risk score and tumor microenvironment

As shown in Figure 4A, the mutational load that 
was observed in the high-risk group was higher 

Figure 2. Construction of the prognostic gene signature. Forest plot of 8 
genes (A). Distribution of lambda values for LASSO analysis (B). Coefficient 
statistics of 7 genes (C). 

genes in the terms of gene 
expression, and 19296 genes 
in the terms of CNV. Next, we 
defined the intersection of 
these genes as the m6A regu-
lator-related gene (Figure 1B).

We found 17 signaling path-
ways from enrichment analy-
sis in KEGG based on the  
m6A regulator-related genes 
(Figure 1C). Pathway interac-
tion network analysis showed 
that the IL-17 signaling path-
way was in a central position 
(Figure 1D). In addition, re- 
garding the GO analysis, the- 
se genes were found to be 
more associated with molecu-
lar binding, cell biological ac- 
tivities and signaling exchang-
es between cells (Figure 1E). 

Establishment and validation 
of the prognostic gene signa-
ture

We performed univariate Cox 
regression analysis to screen 
for prognostic contributions in 
m6A regulator-related genes. 
And 8 genes were significant 
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than that in the low-risk group. But most mutat-
ed genes were shared between the two sub-
groups. In particular, the proportion of samples 
with mutations in the TP53 was greater in the 
high-risk group than in the low-risk group, and 
the same was observed for the TTN. 

Correlation analysis showed a significant nega-
tive correlation between TMB and risk score 
(Figure 4B). And the infiltration levels of B cell, 
T cells regulatory and other immune cells were 
decreased with the increased risk score.

Finally, the data showed significant differences 
in response to immunotherapy between the 
high- and low-risk groups. A higher risk score 
observed for patients who did not exhibit 

response (Figure 5A). And patients with high 
risk scores had bad prognosis (Figure 5B). 
Additionally, we noticed that the proportion of 
immune nonresponsive samples was higher in 
the high-risk group than in the low-risk group 
(Figure 5C). The above results suggest that the 
risk score can be a marker of the immune 
response.

GGA2 inhibited NSCLC by downregulating 
METTL3

In Supplementary Figure 2, we found that  
the average expression of GGA2 was decreas- 
ed in tumor compared with normal tissues (n = 
6). Then, we successfully established GGA2-
overexpressing cell lines (Figure 6A). As show 

Figure 3. Validation of the prognostic gene signature. Risk score distribution, time-dependent ROC curves and KM 
survival analysis in TCGA (A), GSE81089 (B) and Raponi 2006 datasets (C).
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in Figure 6B, GGA2 inhibited cellular prolifera-
tion both in three cell lines. This phenomenon 
was further validated in EdU staining (Figure 
6C). Moreover, the migration and invasion of 
NSCLC cells were also attenuated (Figure 6D). 
Next, we detected the m6A% content in total 
RNA. The data revealed that overexpression of 
GGA2 decreased m6A abundance in NSCLC 
cells compared to controls (Figure 6E). To fur-

ther explore the role of GGA2 in m6A, we exam-
ined the protein level of readers and erasers. 
Western blot analysis indicated the METTL3 
expression was downregulated. The expression 
of other readers and eraser was not statistical-
ly altered (Figure 6F). 

The role of METTL3 in NSCLC was reported by 
Mengmeng Chen et al [23]. They found that 

Figure 4. Analysis of tumor envi-
ronment. The difference in SNV 
between the high- (n = 482) and 
low-risk (n = 481) groups (A). 
Correlation analysis of the risk 
score with the stemness index, 
immune cell infiltration levels, 
mTMB and tumor environment 
scores (B).
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knockdown of METTL3 significantly inhibited 
the proliferation and motility of NSCLC cells. 
Based on their work, we knocked down MET- 
TL3 in GGA2 overexpressing cells to further 
identify that GGA2 inhibited NSCLC cells via 
downregulating METTL3 (Supplementary Figure 
3). 

As shown in Figure 7A, the m6A content in total 
RNA was further decreased in co-treated 
(OE-GGA2+si-METTL3) NSCLC cells. And both 
cellular proliferation and motility were also fur-
ther inhibited (Figure 7B-D). Together, these 
data indicated GGA2 inhibited cell proliferation 
and motility by decreasing m6A abundance via 
downregulating METTL3.

Discussion

Non-small cell lung cancer (NSCLC) is one of 
the leading causes of death in oncology 
patients worldwide and the most predominant 
type of lung cancer. The five-year survival rate 
of NSCLC is less than 15% due to its strong 
invasive and metastatic ability [24]. As the 
most common means of RNA modification in 
eukaryotes, m6A modifications are frequently 
involved in mRNA metabolism and translation, 
thus affecting protein expression levels. When 
regulators of m6A are mutated, with copy num-
ber variation and disturbed expression, the 
genes they modify are also disturbed and thus 
involved in the cancer process. However, the 
biological functions and key target genes of 
these m6A regulators in NSCLC remain unclear. 
In the present study, we used data from TCGA 
to identify genes associated with m6A regula-

tors. Next, a prognostic signature was generat-
ed and validated based on the identified genes. 
The data showed that the signature could 
effectively be used to assess the prognosis of 
patients.

Abnormalities of the immune system profound-
ly affect tumor development. Therapies target-
ing the immune system have also revolution-
ized the treatment strategy for many malignan-
cies, including NSCLC [25]. However, few stud-
ies have addressed the relationship between 
m6A regulator-related genes and immune  
infiltration in NSCLC. Therefore, we further 
explored the clinical value of the generated sig-
nature. We analyzed the correlation between 
immune infiltration and the signature. The data 
showed that the infiltration levels of multiple 
immune cells such as resting dendritic cells 
and resting mast cells were decreased in 
patient with high risk scores. These findings 
suggest that decreased immune infiltration lev-
els may be a factor in the poorer prognosis of 
patients in the high-risk group. Our data also 
indicate that risk scores can be markers of 
immune response. Together, m6A regulator-
related genes are closely associated with 
immune abnormalities in NSCLC.

In addition to immune abnormalities, we also 
focused on other possible mechanisms by 
which m6A regulator-related genes affect the 
prognosis of NSCLC. It has been suggested 
that the accumulation of genetic alterations 
leads to abnormal cell proliferation and eventu-
ally tumorigenesis [26, 27]. These genetic alter-
ations are considered to be the drivers of 

Figure 5. Risk score and immunotherapy response. Risk scores were higher in samples without immune response 
(**, P < 0.01) (A). Significant prognostic differences between the high- and low-risk groups (B). Higher proportion of 
non-response samples in the high-risk group than in the low-risk group (C).
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Figure 6. GGA2 inhibited NSCLC cells. Construction of NSCLC cell lines overexpressing GGA2, P value was calculated by 2-tailed Student t test (***, P < 0.001) 
(A). Cell proliferation was detected by measuring the optical density in 450 nm, P value was calculated by 2-tailed Student t test (***, P < 0.001) (B). EdU staining 
(green fluorescence) on cell proliferation 3 days after the construction of cell lines, nuclei were counterstained blue with DAPI (Scale bars, 50 μm) (*, P < 0.05; ***, 
P < 0.001) (C). Representative images of Transwell assays (migration and invasion) after 24 hours incubation (Scale bars, 500 μm) (***, P < 0.001) (D). Detection 
of m6A content in total RNA, P value was calculated by 2-tailed Student t test (**, P < 0.01; ***, P < 0.001) (E). The expression of m6A regulators were detected 
by western blot (F).
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Figure 7. GGA2 inhibited NSCLC cells by downregulating METTL3. Detection of m6A content in total RNA, P value was calculated by 2-tailed Student t test (***, P < 
0.001) (A). Cell proliferation was detected by measuring the optical density (OD) in 450 nm, P value was calculated by 2-tailed Student t test (**, P < 0.01; ***, P < 
0.001) (B). EdU staining (green fluorescence) on cell proliferation 3 days after the construction of cell lines, nuclei were counterstained blue with DAPI (Scale bars, 
50 μm) (*, P < 0.05; **, P < 0.01; ***, P < 0.001) (C). Representative images of Transwell assays (migration and invasion) after 24 hours incubation (Scale bars, 
500 μm) (*, P < 0.05; **, P < 0.01) (D). 
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tumors. Therefore, genetic mutations are very 
important for tumorigenesis and tumor devel-
opment [28]. After analyzing the mutation pro-
file in NSCLC, we found a significantly higher 
proportion of TP53 and TTN mutations in the 
high-risk groups than in the low-risk groups. 
Both TP53 and TTN are now known to be driver 
genes of tumors. This finding may be associat-
ed with the higher mortality observed in the 
high-risk group.

In our study, the role of GGA2 in NSCLC was 
explored. GGA2 encodes a member of the 
Golgi-localized, gamma adaptin ear-containing, 
ARF-binding family, which regulate the traffick-
ing of proteins. Some relationships between 
GGA2 and lung cancer had been found in previ-
ous researches. Rs2285521 in GGA2 contrib-
uted to lung cancer susceptibility in European 
populations [29]. Our data showed that overex-
pressed GGA2 suppressed lung cancer by 
decreasing the expression level of METTL3. It 
has been reported that METTL3 promoted the 
translation of EGFR [30]. The driving effect of 
EGFR on NSCLC had also been demonstrated 
[31]. Therefore, we believe that the inhibitory 
effect of GGA2 on NSCLC is likely to be ulti-
mately achieved through the inhibition of EGFR.

However, there are some limitations to this 
study. The interaction between m6A regulators 
and prognostic genes needs to be further vali-
dated experimentally to better explain our find-
ings. In addition, although the signature we 
generated has been validated in two external 
cohorts, an independent cohort consisting of 
more NSCLC patients is needed to further vali-
date the model prospectively. 

Conclusions

In conclusion, our work provides insights into 
the function of m6A regulator-related genes 
and offers evidence for predicting the immune 
response in NSCLC patients. In this study, we 
analyzed the genes related to m6A regulators 
in NSCLC from the perspective of m6A gene 
expression and genomic variation. The poten-
tial application of these genes as predictive bio-
markers of immunotherapeutic response was 
highlighted.
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Supplementary Figure 1. Validity and stability assessment of the gene signature.

Supplementary Table 1. Primers used in the study
Gene symbol Full name Sequence (5’-3’)
GGA2 Gamma-Adaptin-Related Protein 2 Forward AATCAATGCCCCAGTCACCT

Reverse CTTCTTTGGGACACTTGCTGC
METTL3 Methyltransferase 3 Forward CAAGGAGGAGTGCATGAAAG

Reverse GGCTTGGCGTGTGGTCTTTG
β-actin Actin Beta Forward CTCCATCCTGGCCTCGCTGT

Reverse GCTGTCACCTTCACCGTTCC
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Supplementary Figure 2. The mRNA expression of GGA2 in tumor and normal samples.

Supplementary Figure 3. Construction of cell lines.


