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ABSTRACT

Meningiomas are common intracranial tumors, and the effect of surgical resection is often unsatisfactory.
N6-Methyladenosine (m6A)-related regulator expression levels are related to cancer occurrence and
development. This study aimed to investigate the roles of m6A RNA methylation regulators in meningiomas,
as these are currently unclear. Two m6A methylation-regulated genes (METTL3 and IGF2BP2) were identified
as survival-associated linear models for RiskScore through bioinformatics analysis. Univariate and multivariate
Cox regression analyses showed that the overall survival of patients with meningioma in the high-risk group
was substantially shorter than that in the low-risk group. Weighted gene co-expression network analysis
constructed a co-expression network based on the m6A methylation model (RiskScore). Gene Ontology and
the Kyoto Encyclopedia of Genes and Genomes analyses identified the biological processes of hub
module gene behavior, and Cytoscape constructed an m6A methylation-related gene regulatory network.
In vitro experiments verified that the mRNA and protein expression levels of METTL3 and IGF2BP2 were lower
in meningioma cells than in normal meningioma cells. Therefore, central regulators of m6A methylation
(METTL3 and IGF2BP2) could potentially serve as novel therapeutic targets in meningioma. Subsequently,
a novel methylation signature (RiskScore) was developed for prognostic prediction in patients with
meningioma.

INTRODUCTION confirmed that m6A methylation regulatory genes

change the expression of target genes by modifying

Meningiomas originate from benign intracranial tumors
of arachnoid cells. Despite the surgical removal of most
meningiomas, some patients experience tumor recurrence
or clinical disease progression, leading to increased
morbidity and mortality [1-3]. Therefore, finding
effective diagnostic markers, prognostic indicators, and
treatment targets is of great significance for better
diagnosis and treatment of meningiomas.

N6-Methyladenosine (m6A), is a modification occur-
ring at the N6 position of RNA adenine (A), which is
the most common and abundant internal modification
on eukaryotic RNA molecules [4]. Many studies have

them, thereby regulating cell self-renewal and diffe-
rentiation, and participation in the pathogenesis and
progression of cancer [5, 6]. IGF2BP1 recognizes the
m6A site of paternally expressed gene 10 (PEG10)
mRNA, bind to the 3' untranslated region and poly-
adenylic acid binding protein 1, and PEG10 mRNA.
This subsequently promotes PEG10 protein expression,
thereby accelerating the endometrial cancer cycle [7].
In glioblastoma, [8] METTL3 exerts oncogenic effects
by regulating the mRNA expression of splicing factors
and alternative splicing isoforms. In epithelial ovarian
cancer, [9] ALKBHS5 inhibits autophagy and promotes
cell proliferation and invasion. However, the relationship
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between regulators of m6A RNA modification and
meningiomas remain unknown and warrants further
investigation.

In this study, meningioma sample datasets were
obtained from the Gene Expression Omnibus (GEO;
http://www.ncbi.nlm.nih.gov/geo/) database, and m6A
RNA methylation regulators were used to analyze
the expression profiles and prognostic value. The
characteristics of prognostic hub genes and methylation
regulatory genes were determined through univariate
and multivariate Cox analyses and least absolute
shrinkage and selection operator (LASSO) Cox
regression analysis. Weighted gene co-expression
network analysis (WGCNA) was used to construct
a co-expression network of clinical features with
RiskScore, and enrichment analysis was used to
determine the regulation of m6A RNA methylation-
related genes in the pathogenesis of meningiomas.
Finally, an m6A methylation-regulation network was
constructed. In short, the results of this study may
provide a powerful reference for individualized treat-
ment of meningiomas.

RESULTS

The expression level of m6A RNA methylation
regulator in meningioma and normal tissues

The datasets (GSE55609 and GSE43290) were merged
and processed in batches, and the 20 m6A regulatory
genes were matched separately. Fifteen m6A regulatory
genes were differentially expressed in meningioma and
normal samples. Interestingly, the expression levels of
ZC3H13, Y1HDC1, IGFBP3, YIHDF1, FTO, YTHDF2,
YTHDF3, and HNRNPC in normal samples were
substantially higher than those in tumor tissues (Figure
1A); the expression levels of the samples were also
notably different between meningioma (Grade | and
I) and normal tissues (Figure 1B, 1C). ZC3H13 and
YTHDF3 were moderately correlated (COR = 0.59), and
there were two negatively correlated genes (RAM15B
and METTLS3). Therefore, it was speculated that dys-
regulation of the m6A regulatory gene played a crucial
role in the mechanism of meningiomas.

Using m6A RNA methylation regulator as a
prognostic factor for meningiomas

To further verify the clinical effects of m6A methylation,
a prognostic analysis of 18 m6A regulatory genes was
conducted in the GSE16581 dataset. First, univariate
and multivariate Cox regressions screened for prognosis-
related and independent prognostic m6A regulators
(Table 1). We believed that IGFBP2 and METTL3 were
survival-related m6A regulatory genes with critical
prognostic value in meningiomas.

Second, a risk-scoring system based on the level of gene
expression and risk coefficient was constructed to
comprehensively explore the relationship between the
expression level of the m6A regulator and progno-
sis of meningioma. To avoid overfitting the model
construction, LASSO regression was used, and a risk
model for the two prognostic genes was constructed
based on partial likelihood deviation, lambda value
(lambda = 0.04) (Figure 2A, 2B), and RiskScore = (—
0.34 * IGF2BP2) + (-1.36 * METTLS3). Moreover, the
“cutoff” package was used to identify the best cutoff
value to group the prognostic models (high-risk and
low-risk groups). Overall, univariate (C-index: 0.81)
and multivariate Cox (C-index: 0.8) regression analyses
further confirmed that the RiskScore was an independent
prognostic factor for the prognosis of meningioma
(Figure 2C, 2D). The high-risk group had a shorter
survival time than the low-risk group (p < 5.3e-3)
(Figure 3E). The receiver operating characteristic (ROC)
curve was used to evaluate the prognostic model and
prediction accuracy of the two m6A genes (Figure
2F). The prognostic RiskScore models showed 1-, 3-,
and 5-year area under the ROC curve (AUC; 0.67,
0.85, and 0.79, respectively). RiskScore proved to be
an independent prognostic factor of meningiomas with
good sensitivity and specificity.

Construction of m6A RNA methylation gene
network based on the WGCNA

The results revealed that RiskScore was an independent
prognostic factor for meningiomas. The gene regulation
of methylation in meningiomas was clarified by a
designed gene regulatory network associated with the
RiskScore; this was also used to establish separate groups
(high- and low-risk groups) through the “cutoff” package,
and WGCNA was performed. The soft threshold power
was set to four (R? = 0.89) and modules were merged
(threshold value = 0.2) to obtain 12 modules (Figure 3A—
3D). The network heatmap indicated close relation
between the modules (Figure 3D), and the eigengene
adjacency heatmap showed that the modules were
independent of each other (Figure 3E). The module-trait
relationships heatmap (Figure 4A) helped in determining
that the RiskScore was negatively correlated with the red
module (COR =-0.3, p=0.01).

To further understand the features of the characteristic
genes in the red module, the correlation between
module membership and significance of the gene was
first analyzed (COR = 0.46, p = 2.6e-19) (Figure 4B
and Supplementary Table 2); this accelerated the
understanding of the regulatory mechanism of m6A
methylation. Next, Gene Ontology (GO) function and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses were performed for all genes in
the red module (Figure 5A, 5B). The red module GO
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Figure 1. m6A regulatory genes expression level of GSE55609, GSE43290 datasets. (A) The expression levels of 15 m6A regulatory
genes in healthy samples and meningioma samples. (B) The expression levels of 15 m6A regulatory genes in different WHO grades (Grade |,
Grade Il) meningioma samples and normal samples. (C) Heatmap of 15 m6A regulatory genes expression level. ¥<0.05,**<0.01,***<0.001.
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Table 1. Univariate and multivariate Cox regression analysis results of m6A RNA

methylation regulator.

Univariant Cox analysis

Characteristics Hazard.Ratio CI95 P Value
METTL3 0.11 0.01-1.15 0.066*
METTL14 1.12 0.07-16.97 0.933
KIAA1429 2.01 0.32-12.56 0.453
WTAP 0.88 0.32-2.4 0.801
RBM15 3.21 0.17-61.93 0.44
RBM15B 0.83 0.07-10.54 0.886
ZC3H13 1.36 0.15-12.3 0.785
YTHDC1 1.21 0.28-5.14 0.796
YTHDC2 0.81 0.2-3.22 0.761
IGF2BP2 0.57 0.26-1.23 0.152%*
IGF2BP3 0.93 0.06-15.55 0.961
YTHDF1 2.83 0.22-35.82 0.422
ALKBHS5 4.83 0.38-61.72 0.226
FTO 5.61 0.43-73.08 0.188*
YTHDEF2 0.36 0.05-2.42 0.294
YTHDEF3 2.21 0.25-19.71 0.476
HNRNPA2BI1 0.79 0.08-8.14 0.84
HNRNPC 0.59 0.27-1.27 0.175%*
Multivariant Cox analysis

Characteristics Hazard.Ratio CI95 P.Value
METTL3 0.05 0-0.74 0.03*
IGF2BP2 0.39 0.16-0.98 0.045*
FTO 2.42 0.14-42.7 0.547
HNRNPC 0.5 0.18-1.44 0.2

(Biological Progress) analysis mainly comprised
I-kappaB kinase/NF-kappaB signaling, and KEGG
pathway analysis comprised necroptosis and natural
killer cell-mediated cytotoxicity. The RiskScore
regulatory network was identified, and the disease
gene characteristics and potential biological mediation
pathways of RiskScore as independent prognostic
factors were preliminarily described.

m6A RNA methylation regulator gene network
visualization

The Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING; https://cn.string-db.org/) database
serves as an online platform that evaluates and integ-
rates protein-protein interactions and transmits mutual
information between organisms [10]. Here, all genes
in the red module (n = 100) were analyzed. Moreover,
Cytoscape software was used for network visualization
and processing (Figure 6A). The m6A RNA methylation
regulatory network landscape in meningiomas was
also described. In other words, the mechanism of
meningiomas could involve a gene network regulated
by m6A RNA methylation and occur due to changes in

the abovementioned genes. The results of this study lay
a foundation for future research on the genetic landscape
of meningiomas.

Low expression of m6A methylated regulators
(METTLS3 and IGF2BP2) in meningioma cells

To verify whether m6A methylated hub regulators
(METTL3 and IGF2BP2) played an important role in
meningioma, their mRNA expression levels in normal
meningeal cells (HMC) and meningioma cells (IOMM-
Lee cells) were first detected by reverse transcription
polymerase chain reaction (Figure 7A, 7B). The results
showed that the expression levels of METTL3 and
IGF2BP2 in IOMM-Lee cells were lower than those in
HMC. In addition, low expression of METTL3 and
IGF2BP2 in meningioma cells was verified by western
blotting (Figure 7A).

DISCUSSION

Meningiomas, as primary intracranial tumors are fatal
to patients’ lives. The expression of RNA methylation,
an epigenetic regulatory factor, is closely related to the
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mechanism of tumors and disease progression. In 2017,
based on the new classification of DNA copy number
analysis, mutation analysis, and RNA sequencing, current
understanding of meningioma recurrence and prognosis
deepened considerably [11, 12]. In this study, an m6A
RNA methylation regulator was used to construct a
clinical prognostic model, and factors prominently
related to the prognosis of patients with meningiomas
were identified. A gene expression landscape featuring
m6A RNA methylation regulators was constructed to
promote understanding of the mechanism and regulation
of methylation in meningiomas. The mRNA and protein
levels in HMC and IOMM-Lee cells were verified.

In this study, METTL3 and IGF2BP2 were identified
as crucial m6A genes for meningioma prognosis.
Previous studies [13, 14] have confirmed that m6A
binding proteins (m6A readers) that target RNA were
recruited, and methyltransferase complexes (M6A
writers) were installed on target RNA through the
methyl group of S-adenosylmethionine transferase.
Demethylases dynamically modified m6A by removing
the methyl group of m6A. Recent study results have
further explained the prognostic effects of m6A RNA
methylation [15, 16].

A

| sco2
SNCAIP cox4i2

CCDC132

FBXO15

The full name of METTL3 is methyltransferase-like
protein 3, also known as the N6-adenosine-methyl-
transferase complex catalytic subunit. The IGF2BP
protein (insulin-like growth factor 2 mRNA binding
protein) is a uniqgue m6A reader that does not promote
MRNA degradation like YTH domain family proteins,
but makes mRNA more stable. The results of this
study highlight the need for further verification and
investigations on the complex biological mechanisms
of these m6A targets in meningiomas.

METTLS3 catalyzes the modification of m6A. It contains
580 amino acids and consists of a zinc finger domain and
a methyltransferase structure domain composition [17].
Chen et al. [18] demonstrated that, in a TTL3 knockout
mouse model, METTLS3 inhibited the progression of
CRC cells by inhibiting m6A-GLUT1-mTORCL. In a
study by Liu et al. [19], METTL3 was found to be an
independent prognostic factor for relapse-free survival,
and the upregulation of METTL3 was closely related to
CNV and DNA methylation. IGF2BP2 is also an m6A
reader and is closely associated with the prognosis of
pancreatic cancer [20, 21]. In addition, INcRNAs have a
positive effect on aerobic glycolysis in colorectal cancer,
which is achieved by stabilizing IGF2BP2 [22]. These
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Figure 6. The m6A RNA methylation regulation gene network in meningiomas. (A) Visualized by Cytoscape, cytoHubba screened
important gene modules. The darker the color of the hub node, the higher the score, and the more inclined to key genes.
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results are consistent with those of the present study.
However, modification and regulation of a single m6A
gene cannot be consistent for an entire organism. Thus,
the prognostic effect of multiple m6A RNA regulators
in meningioma was further analyzed, and an m6A
methylation regulation network was constructed.

The LASSO results, as well as the univariate and
multivariate Cox regression results, confirmed that the
RiskScore, was an independent prognostic factor of
meningioma and a good indicator of meningioma
survival that had a higher significance of sensitivity
and specificity. The high- and low-risk groups in the
present study, based on methylation regulators, stimu-
lated interest in meningioma pathogenesis. Therefore,
the co-expressed gene network related to the RiskScore
was further explored, and the entire methylation gene
regulation map was investigated.

WGCNA is considered a method for identifying highly
correlated genes and characteristics of external samples
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However, the present study had some limitations. First,
the sample size was insufficient because many cases
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in the prognosis was not based on experimental
evidence. Third, confirmation regarding the prognostic
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importance of METTL3 and IGF2BP2 in clinical
patient samples is expected in the future. In conclusion,
two m6A methylated genes (METTL3 and IGF2BP2)
were identified and a RiskScore methylation regulatory
network was constructed, which can be considered
prognostic factors for meningioma.

MATERIALS AND METHODS
Bioinformatics analysis

The GEO database is a comprehensive and
free public gene expression database. Here, three data-
sets, GSE16581 [26] (clinical information in Table 2),
GSE55609, and GSE43290 [27], were included
(Supplementary Table 1). Overall, 20 m6A methylation
regulators were obtained from previous studies [28,
29], and the expression of GSE16581 was matched
separately with the m6A methylation regulators.

Construction of the prognostic characteristics of
methylation regulators

An expression matrix of 20 m6A methylation regulators
was obtained from the GSE16581 dataset. First, uni-
variate Cox regression analysis was used to identify
m6A methylation regulators related to the prognosis
of meningioma (p < 0.2 was used as the screening
condition). Thereafter, multivariate Cox regression
analysis was then used to assess independent prognostic
factors associated with overall survival in patients with
meningioma (with p < 0.05 as a screening condition).
The LASSO Cox regression algorithm was used to
construct the best prognostic prediction model for
the m6A methylation regulators. The optimal cutoff
value was defined by the expression level of the m6A
methylation regulators (“cutoff” package, version 1.3).
Patients with meningioma were divided into high-
and low-risk groups based on the RiskScore value.
The glmnet installation package in the R environment
was used to perform LASSO regression analysis. A
prognostic prediction model was constructed based on
the m6A methylation regulators. Univariate (p < 0.05)
and multivariate Cox (p < 0.05) regression analysis
was used to evaluate the prognostic effect of RiskScore,
and Kaplan—Meier curve analysis was performed using
the log-rank test. The TimeROC package (version 0.4)
was used to compare the predictive accuracy of the
RiskScore of genetic characteristics of patients with
meningioma, and p < 0.05 was considered to indicate
statistical significance.

WGCNA

To better reveal the mechanism of m6A methylation
in meningiomas, a gene co-expression network was

established using the WGCNA package (version:1.71).
This network identified genes closely related to the
RiskScore and aimed at constructing a methylation gene
regulatory network. First, the optimal cutoff value was
determined through the “cutoff” package, and depending
on the RiskScore value, high and low expression groups
were established. All samples were clustered to identify
outliers (height = 100), and PickSoftThreshold was used
to determine the soft threshold (B = 4) to construct a
scale-free topology model (R? > 0.85). To minimize the
influence of noise, the adjacency matrix was converted
into a topological overlap matrix (TOM). TOM-based
dissimilarity was used to cut the module through a
dynamic tree. The number of genes in the smallest
module was 30 and cutting height was 0.25. The
correlation analysis between the m6A regulator, color
module, and genes in the module was visualized. The
clusterProfiler installation package (version 4.3.3) was
used to perform KEGG pathway enrichment and GO
analyses of the genes in the RiskScore module.

Construction of the m6A gene network in meningioma

The gene in the red module was explored using
the online PPl website (STRING); the network was
visualized using Cytoscape _v3.8.2 and processed using
cytoHubba. Finally, an m6A gene regulation network
was constructed for meningiomas.

RNA extraction and real-time fluorescent quantitative
PCR detection

Both meningioma and normal meningioma cells
were purchased from the Cell Resource Center of
the Shanghai Institute for Biological Sciences, Chinese
Academy of Sciences. Total RNA was extracted from
meningioma and normal meningioma cells using
TRIzol reagent (Invitrogen, USA) according to the
manufacturer’s instructions, and complimentary DNA
was synthesized from 1 pg of total RNA using the
PrimeScript uRT kit with gDNA eraser (Takara, Japan).
The expression of METTL3 and IGF2BP2 mRNA
was detected by quantitative reverse transcription PCR,
using the SYBR premixed dimer eraser, and GAPDH
was used as a normalization control. The following
primers were used: METTL3 F: 5-TCTTCAGCATC
GGAACCAGC-3’, R: 5-TGGGGATTTCCTTTGACA
CCAA-3’. IGF2BP2 F: 5-GACAGGTCCTGCTGA
AGTCC-3’, R: 5-TGTTGACTTGTTCCACATTCTC
C-3’. GAPDH F: 5'-CCCATCACCATTCCAGGAG-3/,
R: 5-GTTGTCATGGATGACCTTGGC-3".

Western blot

Protein concentrations were estimated using the
bicinchoninic acid protein assay. Total protein was
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Table 2. Clinical information of GSE16581 dataset.

Characteristic

Freq

Age, median (interquartile range)

Gender, No. (%)
Female
Male

RFS_status, No. (%)
No recurrence
recurrence

64(53 to 76)

40 (62%)
25 (38%)

57 (88%)
8 (12%)

OS_time, median (interquartile range)  1757(1089 to 2535)

OS_status, No. (%)
alive
death

grade, No. (%)
Grade I
Grade I1
Grade 111

55 (85%)
10 (15%)

43 (66%)
18 (28%)
4 (6%)

extracted wusing cold RIPA buffer containing
phenylmethanesulfonyl fluoride (Beyotime, China)
and phosphatase inhibitor cocktail 2 (Sigma, USA)
for 30 min on ice and at 12,000 x g at 4° C. The
mixture was centrifuged for 20 min. Antibodies
against METTL3 (Cat. No. 67733-1-1g, 1:10000) and
anti-IGF2BP2 (Cat. No. 11601-1-AP, 1:8000) were
purchased from Proteintech (China). The GAPDH
antibody (Cat. No. 11601-1-AP, 1:5000) was used as
a normalization control.

Statistical analysis

R version 4.0.3 software (R Core Team (2020); R:
Language and environment for statistical computing;
R Foundation for Statistical Computing, Austria:
https://www.R-project.org/) was used for data pre-
processing, DEG screening, WGCNA, and functional
enrichment analysis. One-way ANOVA followed by
Dunnett’s multiple comparisons test was performed,
using GraphPad Prism software version 8.0.0 for
Windows (GraphPad Software, USA; https://www.
graphpad.com), to analyze the expression of selected
genes in different groups. The “pROC” R package
(version 1.18.0) calculated the ROC curve and the
AUC to evaluate the diagnostic value of RiskScore.

Data availability statement

The data used in this study were downloaded from the
GEO database (https://www.ncbi.nlm.nih.gov/gds/?term),
and the data used to support the results of this study
were obtained from the corresponding authors.

AUTHOR CONTRIBUTIONS

All authors contributed significantly to and agree
with the content of the manuscript. Conceptualization:
Zhiwu Zhou. Methodology: Yu Yang. Software: Ligin
Luo. Validation: Yu and Zhiwu Zhou. Formal analysis:
Yu Yang. Data curation: Ligin Luo. Writing of the
original draft: Yu Yang and Ligin Luo. Writing, review
and editing: All authors. Visualization: Yu Yang.
Supervision: Zhiwu Zhou.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

FUNDING

This work is supported by the General Science and
Technology Program of Jiangxi Provincial Health
Commission (NO: 20203083).

REFERENCES

1. Buerki RA, Horbinski CM, Kruser T, Horowitz PM, James
CD, Lukas RV. An overview of meningiomas. Future
Oncol. 2018; 14:2161-77.
https://doi.org/10.2217/fon-2018-0006
PMID:30084265

2. Preusser M, Brastianos PK, Mawrin C. Advances in
meningioma genetics: novel therapeutic opportunities.
Nat Rev Neurol. 2018; 14:106-15.
https://doi.org/10.1038/nrneurol.2017.168

www.aging-us.com 12079

AGING


https://www.r-project.org/
https://www.ncbi.nlm.nih.gov/gds/?term
https://doi.org/10.2217/fon-2018-0006
https://pubmed.ncbi.nlm.nih.gov/30084265
https://doi.org/10.1038/nrneurol.2017.168

PMID:29302064

3. Birzu C, Peyre M, Sahm F. Molecular alterations in
meningioma: prognostic and therapeutic perspectives.
Curr Opin Oncol. 2020; 32:613-22.
https://doi.org/10.1097/CC0O.0000000000000687
PMID:32890025

4. Hel, LiH, WuA, PengY, Shu G, Yin G. Functions of N6-
methyladenosine and its role in cancer. Mol Cancer.
2019; 18:176.
https://doi.org/10.1186/s12943-019-1109-9
PMID:31801551

5. LiJ, Liang L, Yang Y, Li X, Ma Y. N®-methyladenosine as
a biological and clinical determinant in colorectal
cancer: progression and future direction. Theranostics.
2021; 11:2581-93.
https://doi.org/10.7150/thno.52366 PMID:33456561

6. Tian S, Lai J, Yu T, Li Q, Chen Q. Regulation of Gene
Expression Associated With the N6-Methyladenosine
(m6A) Enzyme System and Its Significance in Cancer.
Front Oncol. 2021; 10:623634.
https://doi.org/10.3389/fonc.2020.623634
PMID:33552994

7. Zhang L, Wan Y, Zhang Z, Jiang Y, Gu Z, Ma X, Nie S,
Yang J, lang J, Cheng W, Zhu L. IGF2BP1
overexpression stabilizes PEG10 mRNA in an m6A-
dependent manner and promotes endometrial cancer
progression. Theranostics. 2021; 11:1100-14.
https://doi.org/10.7150/thno.49345 PMID:33391523

8. LiF YiY, Miao Y, Long W, Long T, Chen S, Cheng W,
Zou C, Zheng Y, Wu X, Ding J, Zhu K, Chen D, et al. N&-
Methyladenosine  Modulates  Nonsense-Mediated
MRNA Decay in Human Glioblastoma. Cancer Res.
2019; 79:5785-98.
https://doi.org/10.1158/0008-5472.CAN-18-2868
PMID:31530567

9. Zhu H, Gan X, Jiang X, Diao S, Wu H, Hu J. ALKBH5
inhibited autophagy of epithelial ovarian cancer
through miR-7 and BCL-2. J Exp Clin Cancer Res. 2019;
38:163.
https://doi.org/10.1186/s13046-019-1159-2
PMID:30987661

10. Szklarczyk D, Franceschini A, Wyder S, Forslund K,
Heller D, Huerta-Cepas J, Simonovic M, Roth A, Santos
A, Tsafou KP, Kuhn M, Bork P, Jensen LJ, von Mering C.
STRING v10: protein-protein interaction networks,
integrated over the tree of life. Nucleic Acids Res.
2015; 43:D447-52.
https://doi.org/10.1093/nar/gku1003 PMID:25352553

11. Sahm F, Schrimpf D, Stichel D, Jones DT, Hielscher T,
Schefzyk S, Okonechnikov K, Koelsche C, Reuss DE,
Capper D, Sturm D, Wirsching HG, Berghoff AS, et al.

12.

13.

14.

15.

16.

17.

18.

19.

DNA methylation-based classification and grading
system for meningioma: a multicentre, retrospective
analysis. Lancet Oncol. 2017; 18:682-94.
https://doi.org/10.1016/51470-2045(17)30155-9
PMID:28314689

Nowosielski M, Galldiks N, Iglseder S, Kickingereder P,
von Deimling A, Bendszus M, Wick W, Sahm F.
Diagnostic challenges in meningioma. Neuro Oncol.
2017; 19:1588-98.
https://doi.org/10.1093/neuonc/nox101
PMID:28531331

Pendleton KE, Chen B, Liu K, Hunter OV, Xie Y, Tu BP,
Conrad NK. The U6 snRNA mPA Methyltransferase
METTL16 Regulates SAM Synthetase Intron Retention.
Cell. 2017; 169:824-35.e14.
https://doi.org/10.1016/j.cell.2017.05.003
PMID:28525753

Satterwhite ER, Mansfield KD. RNA methyltransferase
METTL16: Targets and function. Wiley Interdiscip Rev
RNA. 2022; 13:e1681.
https://doi.org/10.1002/wrna.1681

PMID:34227247

Fang Z, Mei W, Qu C, Lu J, Shang L, Cao F, Li F. Role of
m6A writers, erasers and readers in cancer. Exp
Hematol Oncol. 2022; 11:45.
https://doi.org/10.1186/s40164-022-00298-7
PMID:35945641

Jiang X, Liu B, Nie Z, Duan L, Xiong Q, Jin Z, Yang C,
Chen Y. The role of m6A modification in the biological
functions and diseases. Signal Transduct Target Ther.
2021; 6:74.
https://doi.org/10.1038/s41392-020-00450-x
PMID:33611339

Huang J, Dong X, Gong Z, Qin LY, Yang S, Zhu YL, Wang
X, Zhang D, Zou T, Yin P, Tang C. Solution structure of
the RNA recognition domain of METTL3-METTL14 Né-
methyladenosine methyltransferase. Protein Cell.
2019; 10:272-84.
https://doi.org/10.1007/s13238-018-0518-7
PMID:29542011

Chen H, Gao S, Liu W, Wong CC, Wu J, Wu J, Liu D, Gou
H, Kang W, Zhai J, Li C, Su H, Wang S, et al. RNA N°-
Methyladenosine Methyltransferase METTL3
Facilitates Colorectal Cancer by Activating the m°A-
GLUT1-mTORC1 Axis and Is a Therapeutic Target.
Gastroenterology. 2021; 160:1284-1300.e16.
https://doi.org/10.1053/j.gastro.2020.11.013
PMID:33217448

Hu X, Peng WX, Zhou H, Jiang J, Zhou X, Huang D, Mo
YY, Yang L. IGF2BP2 regulates DANCR by serving as an
N6-methyladenosine reader. Cell Death Differ. 2020;
27:1782-94.

www.aging-us.com 12080

AGING


https://pubmed.ncbi.nlm.nih.gov/29302064
https://doi.org/10.1097/CCO.0000000000000687
https://pubmed.ncbi.nlm.nih.gov/32890025
https://doi.org/10.1186/s12943-019-1109-9
https://pubmed.ncbi.nlm.nih.gov/31801551
https://doi.org/10.7150/thno.52366
https://pubmed.ncbi.nlm.nih.gov/33456561
https://doi.org/10.3389/fonc.2020.623634
https://pubmed.ncbi.nlm.nih.gov/33552994
https://doi.org/10.7150/thno.49345
https://pubmed.ncbi.nlm.nih.gov/33391523
https://doi.org/10.1158/0008-5472.CAN-18-2868
https://pubmed.ncbi.nlm.nih.gov/31530567
https://doi.org/10.1186/s13046-019-1159-2
https://pubmed.ncbi.nlm.nih.gov/30987661
https://doi.org/10.1093/nar/gku1003
https://pubmed.ncbi.nlm.nih.gov/25352553
https://doi.org/10.1016/S1470-2045(17)30155-9
https://pubmed.ncbi.nlm.nih.gov/28314689
https://doi.org/10.1093/neuonc/nox101
https://pubmed.ncbi.nlm.nih.gov/28531331
https://doi.org/10.1016/j.cell.2017.05.003
https://pubmed.ncbi.nlm.nih.gov/28525753
https://doi.org/10.1002/wrna.1681
https://pubmed.ncbi.nlm.nih.gov/34227247
https://doi.org/10.1186/s40164-022-00298-7
https://pubmed.ncbi.nlm.nih.gov/35945641
https://doi.org/10.1038/s41392-020-00450-x
https://pubmed.ncbi.nlm.nih.gov/33611339
https://doi.org/10.1007/s13238-018-0518-7
https://pubmed.ncbi.nlm.nih.gov/29542011
https://doi.org/10.1053/j.gastro.2020.11.013
https://pubmed.ncbi.nlm.nih.gov/33217448

20.

21.

22.

23.

24,

https://doi.org/10.1038/s41418-019-0461-z
PMID:31804607

Wang L, Zhang S, LiH, Xu Y, Wu Q, Shen J, Li T, Xu Y.
Quantification of m6A RNA methylation modulators
pattern was a potential biomarker for prognosis and
associated with tumor immune microenvironment of
pancreatic adenocarcinoma. BMC Cancer. 2021;
21:876.

https://doi.org/10.1186/s12885-021-08550-9
PMID:34332578

Cui XH, Hu SY, Zhu CF, Qin XH. Expression and
prognostic analyses of the insulin-like growth factor 2
mRNA binding protein family in human pancreatic
cancer. BMC Cancer. 2020; 20:1160.
https://doi.org/10.1186/s12885-020-07590-x
PMID:33246429

Li T, Hu PS, Zuo Z, Lin JF, Li X, Wu QN, Chen ZH, Zeng ZL,
Wang F, Zheng J, Chen D, Li B, Kang TB, et al. METTL3
facilitates tumor progression via an m°A-IGF2BP2-
dependent mechanism in colorectal carcinoma. Mol
Cancer. 2019; 18:112.
https://doi.org/10.1186/s12943-019-1038-7
PMID:31230592

Langfelder P, Horvath S. WGCNA: an R package for
weighted  correlation  network analysis. BMC
Bioinformatics. 2008; 9:559.
https://doi.org/10.1186/1471-2105-9-559
PMID:19114008

Rezaei Z, Ranjbaran J, Safarpour H, Nomiri S, Salmani F,
Chamani E, Larki P, Brunetti O, Silvestris N, Tavakoli T.
Identification of early diagnostic biomarkers via
WGCNA in gastric cancer. Biomed Pharmacother.
2022; 145:112477.
https://doi.org/10.1016/j.biopha.2021.112477
PMID:34864309

25.

26.

27.

28.

29.

You JA, Gong Y, Wu Y, Jin L, Chi Q, Sun D. WGCNA,
LASSO and SVM Algorithm Revealed RAC1 Correlated
MO Macrophage and the Risk Score to Predict the
Survival of Hepatocellular Carcinoma Patients. Front
Genet. 2022; 12:730920.
https://doi.org/10.3389/fgene.2021.730920
PMID:35493265

Lee Y, Liu J, Patel S, Cloughesy T, Lai A, Farooqi H,
Seligson D, Dong J, Liau L, Becker D, Mischel P, Shams
S, Nelson S. Genomic landscape of meningiomas. Brain
Pathol. 2010; 20:751-62.
https://doi.org/10.1111/j.1750-3639.2009.00356.x
PMID:20015288

Tabernero MD, Maillo A, Gil-Bellosta CJ, Castrillo A,
Sousa P, Merino M, Orfao A. Gene expression profiles
of meningiomas are associated with tumor
cytogenetics and patient outcome. Brain Pathol. 2009;
19:409-20.
https://doi.org/10.1111/j.1750-3639.2008.00191.x
PMID:18637901

Zhu W, Zhao L, Kong B, Liu Y, Zou X, Han T, Shi Y. The
methylation  modification of m6A  regulators
contributes to the prognosis of ovarian cancer. Ann
Transl Med. 2022; 10:59.
https://doi.org/10.21037/atm-21-6462

PMID:35282121

LiW, Gao, Jin X, Wang H, Lan T, Wei M, Yan W, Wang
G, Li Z, Zhao Z, Jiang X. Comprehensive analysis of N6-
methylandenosine regulators and m6A-related RNAs
as prognosis factors in colorectal cancer. Mol Ther
Nucleic Acids. 2021; 27:598-610.
https://doi.org/10.1016/j.omtn.2021.12.007

PMID:35070494

WWWw.aging-us.com

12081

AGING


https://doi.org/10.1038/s41418-019-0461-z
https://pubmed.ncbi.nlm.nih.gov/31804607
https://doi.org/10.1186/s12885-021-08550-9
https://pubmed.ncbi.nlm.nih.gov/34332578
https://doi.org/10.1186/s12885-020-07590-x
https://pubmed.ncbi.nlm.nih.gov/33246429
https://doi.org/10.1186/s12943-019-1038-7
https://pubmed.ncbi.nlm.nih.gov/31230592
https://doi.org/10.1186/1471-2105-9-559
https://pubmed.ncbi.nlm.nih.gov/19114008
https://doi.org/10.1016/j.biopha.2021.112477
https://pubmed.ncbi.nlm.nih.gov/34864309
https://doi.org/10.3389/fgene.2021.730920
https://pubmed.ncbi.nlm.nih.gov/35493265
https://doi.org/10.1111/j.1750-3639.2009.00356.x
https://pubmed.ncbi.nlm.nih.gov/20015288
https://doi.org/10.1111/j.1750-3639.2008.00191.x
https://pubmed.ncbi.nlm.nih.gov/18637901
https://doi.org/10.21037/atm-21-6462
https://pubmed.ncbi.nlm.nih.gov/35282121
https://doi.org/10.1016/j.omtn.2021.12.007
https://pubmed.ncbi.nlm.nih.gov/35070494

SUPPLEMENTARY MATERIALS

Supplementary Tables

Supplementary Table 1. Basic information of three datasets.

Datasets Samples Authors GPL platform
GSE16581 meningioma:68 Lee Y etal. GPL570
GSE55609 normal:3, meningioma:21 Yeh TH et al. GPL570
GSE43290 normal:4, meningioma:47 Tabernero MD et al. GPL96
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Supplementary Table 2.
Genes in red module.

Red module

LPHN3
LMO4
SLC38A4
LRRC17
PLA2G4A
HERCS
FYN
SH3BGR
SULT1C4
SLC16A1
RARRES3
GJA1
TNFSF10
BENDG6
PIR
PPAP2C
ACSLS
EPB41L2
FBXOI15
LINC00893
CXCL11
SNCAIP
IMPA2
NINJ2
SYNC

PC

AMPH
BENDS5
EFCAB7
ADAMTSLI1
CCDC132
CDCI14A
PRMT6
ARNTL
MAB21L2
TBC1D32
IFNGR1
PGM3
ZMYNDI12
CNN3
NMI

TPR
COX412
MIER1
PPIL4
SBF2-AS1
AKR7A2
FGGY
POLI
CD58
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ZBED5-AS1
FAIM
LINC00959
SCO2
HSF2
CDC20
NT5DC1
IF135
PEX3
THNSL1
CCDC28A
CHM
WTAP
EXOC4
TAF12
FAF1
VAMP3
ANKRDI13C
SNX30
MED30
UBE4B
COL14A1
Cé6orf57
PROSC
WRAP73
DDX6
RBM26-AS1
DPY19L1
CYB5D2
NDRG3
ZUFSP
DENND2C
NEU1
ADPRHL2
ANXAT7
MAPRE2
CAMTALI
OSBPL9
HSPBI1
ZNF593
EFHCI1
C60rf203
LOC102606465
ZSWIM7
RHOC
RP11-676J12.6
DUSP23
PINK1
STX7
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