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Abstract

METTL3 for lung cancer therapy.

Lung cancer remains one of the major causes of cancer-related death globally. Recent studies have shown that aber-
rant m°A levels caused by METTL3 are involved in the malignant progression of various tumors, including lung cancer.
The m°A modification, the most abundant RNA chemical modification, regulates RNA stabilization, splicing, transla-
tion, decay, and nuclear export. The methyltransferase complex plays a key role in the occurrence and development
of many tumors by installing m®A modification. In this complex, METTL3 is the first identified methyltransferase, which
is also the major catalytic enzyme. Recent findings have revealed that METTL3 is remarkably associated with different
aspects of lung cancer progression, influencing the prognosis of patients. In this review, we will focus on the underly-
ing mechanism of METT3 in lung cancer and predict the future work and potential clinical application of targeting

Keywords: METTLS3, m°oA, Lung cancer, Malignant progression, Prognosis, Tumor microenvironment, Inhibitors

Introduction
Lung cancer is one of the most common malignant
tumors with the highest mortality rate worldwide [1-3].
According to histological appearance, lung cancer is clas-
sified into small cell lung cancer (SCLC) and non-small
cell lung cancer (NSCLC) [4, 5]. Unfortunately, due to the
lack of effective means of early diagnosis, most patients
with lung cancer are found to be in an advanced stage
and have a poor prognosis [6]. Even with the develop-
ment of multidisciplinary comprehensive management
of lung cancer, the overall survival (OS) of patients with
lung cancer is still very low, about 15% [7].

As we all know, tumorigenesis is an extremely complex
biological process involving genomics and epigenetics [8,
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9]. There is strong evidence that epigenetic modification
has a profound impact on the occurrence and develop-
ment of tumors without DNA sequence changes [10].
The epigenetic modifications include DNA methylation,
histone modification, RNA modification, and noncoding
RNA [11, 12]. However, with the studies of DNA meth-
ylation, histone modification and noncoding RNA in full
swing, we know little about RNA modification.

At present, more than 170 RNA modifications have
been found in mammals [13], while m°A modification is
the most abundant RNA chemical modification, account-
ing for approximately 60% of all RNA modifications [14,
15]. RNA m°A modification was reported as early as 1970
[16, 17], but it was not until the emergence of methylated
RNA immunoprecipitation sequencing (MeRIP-seq) that
m®A modification became the focus of epigenetic modi-
fication. In addition, aberrant m°A levels mediated by
METTL3 have been reported to be involved in the malig-
nant progression of various tumors, including prolifera-
tion, invasion, metastasis, and drug resistance.
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However, RNA m°®A modifications account for about
0.1-0.4% of the isolated RNA from eukaryotic cells [16].
Studies have shown that the sites modified by m°A are
highly conservative and tend to be present in the con-
sensus sequence Pu[G >A] m°AC[U>A >C](Pu, purine)
[18]. Of note, m°A sites are mainly enriched near the 3’
untranslated region (UTR), stop codon and long inter-
nal exon [18, 19], and play an important role in regulat-
ing RNA metabolism. In mammals, m®A modification is
dynamically reversible, installed by the methyltransferase
complex (writers) and removed by demethylases (eras-
ers) [20, 21]. At least eight methyltransferases are found
in the methyltransferase complex, including METTLS3,
METTL14, WTAP, KIAA1429(VIRMA), RBM15, HAK
Al ZC3H13(KIA A0853), and METTL16. In the methyl-
transferase complex, METTL3 is the first identified and
the sole catalytic subunit that can catalyze the transfer of
a methyl group from S-adenosylmethionine (SAM) to the
N6-position of adenosine [13]. In addition, RNA bind-
ing proteins, also called readers, can selectively recognize
and bind to the m®A modification sites of target RNAs,
thereby participating in the RNA metabolism process,
including RNA splicing, maturation, decay, translation,
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stabilization, Pri-mRNA processing, nuclear export [22,
23] (Fig. 1). With the deepening of the research, more
and more novel m®A-related regulators will be identified.

Recent findings have revealed that METTL3 is closely
related to the progression of a variety of tumors, includ-
ing lung cancer. In the present review, we will discuss
the underlying molecular mechanism of METTL3 in the
occurrence and development of lung cancer and predict
the future research direction, as well as the potential
clinical application of targeting METTL3 in lung cancer
treatment.

Effects of methyltransferase METTL3 on lung
cancer

Accumulating evidence has shown that abnormal m®A
levels mediated by METTL3 are involved in the malig-
nant progression of lung cancer, including cell prolifera-
tion, invasion, metastasis, angiogenesis, drug resistance,
glycolysis, cancer stem cells, and tumor environment
[24-26]. Therefore, we summarize the recent findings of
METTL3 in the tumorigenesis of lung cancer (Table 1).
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Fig. 1 Molecular components involved in the dynamic and reversible process of m°A methylation include methyltransferases (METTL3, METTL14,
METTL16, WTAP, KIAA1429, ZC3H13, RBM15/15B), demethylases (FTO, ALKBH5) and RNA-binding proteins (YTHDF1, YTHDF2, YTHDF3, YTHDCT,
YTHDC2, IGF2BP1/2/3, HNRNPC, HNRNPA2B1). METTL3 has an influence on the expression of key oncogenes by regulating RNA metabolism, such
as Pri-mRNA processing, RNA splicing, maturation, stability, translation, decay, and nuclear export
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Table 1 Effect of METTL3 on lung cancer
Role Cell line Animal mode Up-regulator Target Mechanism Biological Refs
function
Oncogene A549,H1299, Female NU/J - EGFR and TAZ Enhance oncogene  Promote cell [42]
H1792, BJ, IMR-90 (Nude) immunode- translation growth invasion
ficient mice and survival

A549 NCI-H460 - miR-33a EGFR and TAZ Downregulate Inhibit cell prolifera- [32]
the expression of tion
METTL3 and down-
stream genes

A549,H1299 - - EIF3h Enhance transla- Promote onco- [43]

HEK293T BJ, NIH- tion of oncogenic  genesis

373, Hela cells, mMRNAs

MEFs

HBEC, A549,H1299, - - MALAT1-miR-1914-  Promote YAP trans-  Promote tumor [38]

Calu6, H520, 95-D 3p-YAP lation and increase  drug resistance and
YAP activity metastasis

- BALB/c nude mice - miR-143-3p/VASH1  Activate miR- Promote the brain  [59]

axis 143-3p/VASH1 axis  metastasis of lung
cancer

A549,H1299 - miR-600 EGFR, TAZ, DNMT3a Activate PI3K path-  Promote cell [102]
way and upregulate proliferation, migra-
expression of tion, invasion of
apoptosis-related lung cancer cells
proteins and induce cell

apoptosis,

A549 - - EZH2 Induce m®A modi-  Promote cell EMT, [83]
fication on EZH2 migration, invasion
mRNA

H1299, A549, EBC-1, - - c-Met Increase c-Met Induce drug resist-  [91]

HCC827, Calu-3, mMRNA methylation  ance

H661, H596, H358,

H460, H1650,

H1975,H1395, and

H292

A549, HCC827,PCO - H,S PRPF6 Promote PRPF6 Promote cell [103]
gene spicing and growth, prolifera-
translation tion, invasion

A549, LC2/ad - - JUNB Increase the stabil-  Induce EMT [35]
ity of JUNB mRNA

HBE BALB/c nude mice - /BTB4 Attenuate the Induce EMT [41]
mMRNA stability of
/BTB4

PC9, H3255 - - c-Met Regulate PI3k/AKT ~ Promote drug [51]
pathway resistance

A549,H1299, H520, BALB/c nude mice - miR-1246 Upregulate the Promote lung [104]

H1975 expression of miR-  cancer occurrence
1246 and down- and progression
regulate PEG3

H1650, A549, BALB/C nude mice  CircPUM1 - Upregulate the Promote cell [31]

BEAS-2B expression of proliferation and
METTL3 via target-  glycolysis in NSCLC
ing mir-590-5p

BEAS-2B, NCI- Male mice - LncABHD11-AS1 Enhance Promote the [30]

H1299, A549, LncABHD11-AS1 proliferation and

HCC827, and NCI- stability Warburg effect of

H1650 NSCLC cells

A549, PC9, H1299, BALB/c - Bcl-2 Enhance the Promote cell [81]

H1975 and HCC827, nude mice expression of Bcl-2  growth, survival,

BEAS-2B migration in NSCLC

H1299, H460, and - miR-338-5p  C-myc Regulate the Promote cell [105]

A549, BEAS-2B

expression of C-myc

growth and migra-
tion
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Table 1 (continued)
Role Cell line Animal mode Up-regulator Target Mechanism Biological Refs
function
Tumor Suppressor HEK-293T, BEAS-2B,  KP mice, Athymic - YTHDC2 Promote the degra-  Suppress tumori- [34]
A549, NCI-H1299, nude mice dation of SLC7A11 genesis
PC-9, NCI-H1975, mMRNA
NCI-H441,
NCIH1650, HCC827,
NCI-H292, Calu-1
HEK293T, 16HBE, BALB/c nude mice  miR-4443 FSP1 Inhibit FSPT m°A Inhibit Cisplatin [52]
PGCL3, H460, modification-medi-  resistance
H1299, and A549 ated ferroptosis
HCC827, PCY BALB/c nude mice - FBXW?7 Enhance FBXW7 Suppress cell prolif- - [106]

mMRNA translation eration

Effects of METTL3 on the proliferation of lung
cancer
Lung cancer is a malignant tumor originating from
bronchial mucosal epithelial cells that is closely associ-
ated with excessive cell division, cycle disturbance, and
apoptosis dysregulation [27-29]. It has been reported
that long noncoding RNA (LncRNA) ABHD11-AS1
was highly expressed in NSCLC, closely related to poor
prognosis. Mechanisticallyy, METTL3 increases the
transcript stability of ABHD11-AS1 and reduces the
expression of its downstream gene KIF4, promoting
cell proliferation [30]. In contrast, RNA pumilio RNA
binding family member 1 (circPUM1), a functional cir-
cRNA, promotes NSCLC cell growth by activating the
miR-590-5p/METTL3 axis [31]. Thus, METTL3 partici-
pates in the initiation and development of lung cancer
by modifying noncoding RNA. Interestingly, miR-33a
can inhibit NSCLC cell proliferation by downregulating
METTL3 expression and its downstream genes, such
as epidermal growth factor receptor (EGFR) and tran-
scriptional coactivator with PDZ-binding motif (TAZ),
via directly targeting the 3’'UTR of METL3 mRNA [32].
In addition, METTL3 can also act as a tumor sup-
pressor in lung cancer. Wu et al. found that numer-
ous m°A methylation sites on FBXW7 mRNA in lung
adenocarcinoma (LUAD) by using MeRIP-qPCR analy-
sis. Further study showed that METTL3 upregulates
FBXW?7 expression to regulate proliferation or apop-
tosis-related genes such as Bax, c-Myc, Mcl-1, in an
m®A manner [33]. Similarly, METTL3 represses LUAD
tumorigenesis by regulating SLC7A11 mRNA expres-
sion. Mechanistically, YTHDC2 (reader) preferentially
binds to m6A-modified SLC7A11 mRNA, which makes
it more likely to be degraded, preventing cystine uptake
and antioxidant function [34].

Effects of METTL3 on the invasion, migration

and metastasis of lung cancer

Accumulating studies have shown that METTL3 over-
expression in lung cancer tissues was significantly
higher than that in normal cells and was strongly asso-
ciated with tumor invasion, migration, and metastasis
[35-37]. In NSCLC, METTL3-mediated Yes-associated
protein (YAP) overexpression leads to tumor metasta-
sis. By analyzing the upstream regulatory mechanism of
YAP, researchers found that METTL3 not only upreg-
ulates the m°A level of YAP transcript to enhance its
translation but also activates the MALAT1-miR-1914-
3p-YAP axis to increase the stability of YAP transcript
[38]. In lung cancer epithelial-mesenchymal transition
(EMT) models mediated by TGF-f, METTL3 mark-
edly accelerates the EMT process [35]. Mechanistically,
METTLS3 significantly enhances JUNB mRNA stability
dependent of m°A methylation. In contrast, E-cadherin
expression was upregulated when METTL3 knockdown
was performed.

Moreover, CTNNB1 gene encodes [B-catenin pro-
tein. The m°A level of CTNNB1 mRNA is abnormally
increased, closely related to the EMT process in HeLa
cell line. Mechanistically, METTL3 modifies the 5UTR
region of CTNNB1 mRNA and negatively regulates
CTNNB1 mRNA stability and translation [39]. In addi-
tion, METTL3 upregulates the expression of transcrip-
tion factor E2F1, thereby indirectly downregulating
B-catenin protein. Intriguingly, this study also revealed
that YTHDF1 selectively binds eIF4E1 or eIF4E3 to reg-
ulate B-catenin expression in a noncanonical pathway,
according to the level of METTL3 in the cell. For exam-
ple, in METTL3 knockdown cells, YTHDF]1 tends to bind
the oncoprotein elF4E1 to upregulate p-catenin. Eventu-
ally, METTL3 can also decrease c-Met kinase expression
to repress membrane localization of 3-catenin, inhibiting
cell migration.
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The m°A levels were reported to be affected by environ-
mental factors, including particulate matter (PM, ) [40]
and cigarette smoke [41]. Recent studies have shown that
METTL3 overexpression induced by smoke exposure
downregulates E-cadherin to accelerate the malignant
transformation of normal lung tissue in mice by activat-
ing the ZBTB4/EZH2/ H3K27me3 axis [41]. It has been
reported that METTL3 participates in m°®A-modified
mRNA translation independently of its catalytic activ-
ity or m°A readers in lung cancer lines [42]. In METTL3
mutation assays, its N-terminal domain (1-200 amino
acids) did not exhibit methyltransferase catalytic activity
but is sufficient to increase the translation efficiency of
target mRNAs. Mechanistically, METTL3 interacts with
elF3h to form the RNA looping to enhance significantly
the translation efficiency of polyribosomes, leading to
an increase in the expression of key oncogenes such as
EGEFR and TAZ [43]. However, METTL3 approximately
selectively binds only 22% of RNA containing the m°A
methylation site [44], so it is vital to explore selection
mechanisms of METTL3 for target mRNAs to elucidate
its biological function.

Effects of METTL3 on drug resistance of lung cancer
Drug resistance is the major reason for the failure of
most solid tumor treatments (8, 45, 46], its mechanism
is quite complicated, including cancer stemness, the ABC
transporter family, noncoding RNA regulation, tumor
microenvironment, hypoxia, autophagy, DNA damage
and repair, and epigenetic modification. However, there
is a lot of evidence that METTL3 is linked to drug resist-
ance in many different types of tumors, including lung
cancer [27].

In a murine cisplatin-resistant lung cancer model,
METTL3 upregulates YAP expression to promote drug
resistance and metastasis by YTHDF1/3, elF3b and
the MALAT1-miR-1914-3p-YAP axis [38]. In contrast,
METTL3 knockdown increased the sensitivity of lung
cancer cells to Cisplatin by downregulating YAP expres-
sion. C-Met overexpression in NSCLC was positively
correlated with Crizotinib resistance [47, 48]. NSCLC
cells treated with Chidamide increased sensitivity to
Crizotinib in vivo and vitro. Mechanistically, Chidamide
reduced m°A level of c-Met and its expression by down-
regulating METTL3 and WTAP [49]. Liu et al. found that
METTL3-mediated autophagy is involved in NSCLC
resistance to gefitinib, and further mechanistic studies
revealed that METTL3 in NSCLC regulates autophagy-
related gene expression such as ATG5, ATG7, LC3B,
and SQSTM1 to promote cell survival in an m®A man-
ner [50]. Similarly, METTL3 overexpression was posi-
tively correlated with MET in gefitinib-resistant LUAD.
Further studies revealed that METTL3 regulates MET
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expression, thereby synergistically activating the down-
stream PI3K/AKT pathway and reducing the sensitivity
of LUAD to gefitinib [51]. Conversely, METTL3 knock-
down has also been reported to increase NSCLC resist-
ance to Cisplatin [52].

Effects of METTL3 on the glycolysis of lung cancer
Abnormal glucose metabolism has been reported to facil-
itate malignant tumor initiation and development, which
is one of the key energy metabolism features of tumors
[8, 53]. Recent findings have revealed that circPUM1
upregulated the expression levels of glucose transporter
1(GLUT1) and hexokinase-2 (HK2) to promote the gly-
colysis of lung cancer by upregulating METTL3 [31].

Different from the oxidative phosphorylation of mito-
chondria in normal cells, tumor cells mainly rely on aero-
bic glycolysis for energy supply, a phenomenon called
"Warburg effect" [54, 55], which provides a beneficial
environment for tumor cell growth. The study has shown
that METTL3 could activate ABHD11-AS1/EZH2/KLF4
axis to downregulate the expression of transcription fac-
tor Kruppel-like factor4 (KLF4), enhancing the Warburg
effect [30]. Besides, METTL3 might also be involved in
other energy mechanism pathways, such as lipid metabo-
lism, amino acid metabolism, which needs to be further
explored.

Effects of METTL3 on angiogenesis of lung cancer
Angiogenesis, a typical feature of the malignant pro-
gression of tumor cells, is a complex biological process
by which new capillaries grow from preexisting vessels,
providing oxygen and nutrients for the malignant pro-
gression of tumors [8, 56, 57]. METTL3 was reported
to regulate the expression of let-7e-5p and miR-18a-5p
to significantly improve endothelial cells (ECs) biologi-
cal functions that facilitate neovascularization in limb
ischemia and myocardial infarction mouse models [58].
Thus, METTL3 can serve as an important regulator of
angiogenesis. Similarly, METTL3 also regulated miR-
143-3p/VASH1 axis to enhance the angiogenesis ability
of lung cancer cells in an m®A manner [59].

Effects of METTL3 on the tumor microenvironment
of lung cancer

The tumor microenvironment (TME) is composed of
cancer cells, cancer stem cells, endothelial cells, pericytes,
cancer-associated fibroblasts, immune and inflammatory
cells, as well as extracellular components such as vascu-
lar endothelial-derived growth factor (VEGF), ERGF etc.,
participating in tumor growth, invasion, metastasis, and
drug resistance [8, 27].
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METTL3 depletion in macrophages reshaped the TME
by increasing M1- and M2-like tumor-associated mac-
rophages (TAMs) and regulatory T (Treg) cell infiltration
in vivo, resulting in tumor growth, metastasis, and drug
resistance. Mechanistically, ablation of METTL3 in mac-
rophages inhibits the YTHDF1-mediated SPRED2 trans-
lation to upregulate ERK expression to activate NF-kB
and STAT3 signaling [60]. Thus, METTL3 plays a key
role in the TME. However, the molecular mechanisms
involved in the TME are quite complex, and METTL3-
mediated remodelling of the TME also only reveals the
tip of the iceberg where m°A methylation participates in
the formation of the TME (Fig. 2).

Effects of METTL3 on the prognosis of lung cancer

More and more studies have demonstrated that METTL3
is strongly linked to the prognosis of lung cancer. How-
ever, whether METTL3 can precisely reflect clini-
cal outcomes is controversial. The retrospective study
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conducted by Liu et al. evaluated the relationship
between METTL3 and the prognosis of lung cancer
through meta-analysis and bioinformatic analysis [61].
The result has shown that METTL3 overexpression is
closely related to the prognosis of various tumors and
could serve as a potential tumor biomarker [61].

By analyzing 22 immune cell types, Xu et al. identified
that T follicular helper cell signature (risk core) could
serve as an independent prognostic factor in patients
with lung squamous cell carcinoma (LUSC) [62]. LUSC
patients were separated into low-risk and high-risk
groups based on this risk core. Interestingly, low-risk
groups exhibited a worse OS, in which the expression
of METTL3, HNRNPC, ALKBH5, and KIAA1429
was upregulated. While high-risk groups in which
m®A-related regulators is downregulated better respond
to chemotherapies and immunotherapies, suggesting
METTL3 overexpression may predict a poor prognosis in
LUSC patients [62].
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The study by Zhang et al. has shown that METTL3
overexpression in LUAD was strongly related to bet-
ter OS and progression free survival (PES) [63]. Hence,
METTL3 could serve as the protective gene in LUAD.
However, another study suggested the opposite conclu-
sion that METTL3 overexpression was negatively associ-
ated with LUAD prognosis [64].

Construction of a risk score model and lung cancer
prognosis

METTL3, together with other m®A-related regulators,
participates synergistically in an m®A methylation. There-
fore, it is less reliable to estimate the prognostic value of
METTLS3 in lung cancer. Hence, based on multiple-gene
signatures, the risk score model is constructed to reflect
the prognosis of patients with lung cancer more reason-
ably. Zhu et al. found that nothing in the six m°®A-related
regulators is a prognostic risk factor for lung cancer
[65]. The risk score model of six genes was built through
bioinformatics analysis, which is significantly associ-
ated with clinicopathological features and survival out-
comes, serving as an independent predictor of prognosis
in LUAD [65]. Similarly, based on eight m°A regulators,
an optimal prognostic gene risk score model was con-
structed by Liu et al., which could serve as an independ-
ent prognostic factor in LUAD [66]. Additionally, the risk
score model constructed by three risk genes (METTLS3,
YTHDCI1, and HNRNPC) also did well in predicting the
prognosis of LUSC patients [66]. Moreover, Zhuang et al.
constructed the risk score model by using ten m°A regu-
lators, which were strongly related to clinicopathological
characteristics and could be used to be an independent
risk factor in LUAD [67]. Unfortunately, this model was
not applicable to LUSC.

Gene alternative splicing (GAS) can be explained by
the production of multiple mRNA isoforms from a sin-
gle gene, which regulates gene expression at the post-
transcriptional level and plays a crucial role in the
development of diverse diseases, including cancer [68—
71]. The risk signature of the m®A-associated GAS events
was constructed by Zhao et al., which could serve as an
independent prognostic risk factor in LUAD and LUSC
[72]. Of note, METTL3, HNRNPC, and RBM15, as the
splicing factors, can also be directly involved in GAS
events in NSCLC [72].
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Relationship between METTL3 and noncoding RNA
in lung cancer

Noncoding RNA is functional RNA that is not trans-
lated into proteins but can regulate gene expression
[73, 74]. According to length, noncoding RNA can
be divided into short-chain noncoding RNA (siRNA,
miRNA, piRNA) and long-chain noncoding RNA
(LncRNA) [75, 76].

In mammals, miRNA can regulate the expression of
target genes at the posttranscriptional level through
incomplete complementary pairing with mRNA 3'UTR.
Interestingly, 3'UTR is also where m®A modification is
enriched [75]. Studies have shown that approximately 67%
of transcripts in the 3’'UTR with m®A modification contain
at least one miRNA binding site [18]. Hence, METTL3-
mediated m®A methylation modification has a high link
with miRNA. Functionally, both can regulate critical onco-
gene expression and influence tumor progression. Addi-
tionally, it has been reported that nine m®A-mediated
miRNA were identified in human bronchial epithelial
cells (HBEs) treated with arsenite by using the Venn dia-
gram and KEGG analysis [77], which might regulate cru-
cial pathways related to cell proliferation and apoptosis,
including the P53 pathway, mTOR pathway, and MAPK
pathway, suggesting that miRNA could serve as the pivotal
bridge by which METTL3-mediated m®A facilitates to cell
proliferation or apoptosis in HBEs treated with arsenite.
Table 2 lists the relationships between METTL3 and non-
coding RNA in lung cancer.

In addition, the METTL3-YTHDCI participates in the
back-splicing of some circRNAs and affects their biogene-
sis. For example, YTHDF3/elF4G2 regulates its translation
by recognizing a specific m°A site on circ-ZNF609 [78].
It has been reported that circPUM1 knockdown inhibits
NSCLC cell growth and glycolysis in vivo and vitro. Fur-
ther study has shown that circPUM1 sponges miR-590-5p,
which can directly target METTL3 and downregulate its
expression. Liu et al. identified a novel circIGF2BP3 that
is overexpressed in NSCLC and inhibits CD8™ T cell infil-
tration [79]. Mechanistically, METTL3 promotes PKP3
mRNA to form a protein-RNA complex with FXR1 to
stabilize OTUB1 mRNA by regulating the circIGF2BP3/
PKP3 axis. OTUB1 upregulates its expression by inhibiting
PD-L1 ubiquitination in NSCLC cells to induce immune
escape and resistance to PD-1 inhibitors.
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Table 2 The relationships between METTL3 and noncoding RNA
Up-regulator Target Mechanism Biological function Refs
miR-4443 METTL3 Enhance FSP1 expression Promote drug resistance [52]
circPUM1 miR-590-5p Upregulate the expression of METTL3 Promote cell growth and glycolysis [31]
METTL3 Lnc RNA MALAT1 Activate MALAT1-miR-1914-3p-YAP axis Promote drug resistance and metastasis (38]
METTL3 Lnc RNA ABHD11-AS1  Enhance the stability of ABHD11-AS1 transcript  Promote the proliferation and Warburg effect of NSCLC  [30]
cells
METTL3 miR-143-3p Increase the splicing of precursor miR-143-3p ~ Promote angiogenesis and brain metastasis of lung (59]
cancer
METTL3 miR-1246 Activate miR-1246/PEG3 axis Promote NSCLC progression [104]
miR-338-5p METTL3 Decrease C-myc expression Inhibit lung cancer malignant progression [105]
miR-33a METTL3 Inhibit the expression of METTL3 Suppress NSCLC cell proliferation [32]
miR-600 METTL3 Downregulate the expression of METTL3 Inhibit lung cancer progression [102]
Table 3 METTL3 activators and inhibitors
Drug Activator/Inhibitor Target Mechanism Biological function Refs
IL-37 Activator METTL3, YTHDC3, METTL14, Upregulate METTL3, YTHDC3 Inhibit tumor growth [94]
WTAP, ALKBH5, Wnt5a/5b and downregulate METTL14,
pathway WTAP, ALKBH5
Compound 1/2/3/4  Activator METTL3 Lower the energy barrier of the  Increase the total m°A level [95]
substrate RNAs methylation
reaction
ATTM Activator METTL3, FTO Increase PRPF6 m°A methyla- Promote cell growth, prolifera- ~ [103]
tion level tion and invasion
STM2457 Inhibitor METTL3 Decrease the level of leukaemo-  Inhibit tumor growth and [107]
genic mMRNAs m°A methylation  eliminate stem cell subpopula-
tions of AML
Simvastatin Inhibitor METTL3 Downregulate METTL3 expres-  Inhibit the EMT process of lung  [83]
sion and regulate the m°A level  cancer
of EZH2 mRNA
Chidamide Inhibitor METTL3, WTAP Downregulate METTL3 and Decrease c-Met RNA m°A meth-  [91]
WTAP expression ylation level and inhibit NSCLC
drug resistance
Compound 2/7 Inhibitor SAM Serve as SAM-competitive Decrease the total m°A level [82]

inhibitor of METTL3

Recent advances in targeting METTL3

Accumulating evidence has shown that METTL3 plays a
crucial role in the tumorigenesis of lung cancer, depend-
ent or independent of m°A modification. It could act as a
potential therapeutic target (Table 3).

METTL3 inhibitors

As the sole catalytic subunit in the methyltransferase
complex, METTL3 is involved in different aspects of
tumor progression, such as cell proliferation, invasion,
migration, metastasis, tumor environment, cancer stem
cells, and drug resistance [43, 80, 81].

Because adenosine could serve as a SAM-competitive
inhibitor of METTL3, Bedi et al. identified seven com-
pounds from among 4000 adenosine analogs and deriv-
atives using high-throughput docking into METTL3,
two of which (compounds 2 and 7) showed good ligand

efficiency [82]. Additionally, simvastatin has been
reported to exert anti-tumor activity in various can-
cers, including lung cancer. The study by Chen et al. has
indicated that simvastatin suppresses cell proliferation,
migration, invasion, metastasis and EMT by reducing
EZH?2 expression via downregulating METTL3 in lung
cancer [83].

Drug combination

In order to overcome multiple drug resistance and pro-
long patient survival, drug combination is becoming
the mainstream of lung cancer therapy [84, 85]. Recent
evidence has shown that two different targeted agents
for lung cancer could block numerous targets on the
signal transduction pathway to prevent the malignant
progression of lung cancer, thereby achieving better
clinical efficacy [86—88]. Chidamide is a novel small
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molecular inhibitor targeting HDAC1/2/3/10 [89].
Interestingly, histone deacetylase inhibitors (HDACIs)
combined with other agents strongly improved anti-
tumor activities [90-93]. Recently, Ding et al. revealed
that Chidamide could make NSCLC cells more sensi-
tive to Crizotinib in vivo. Mechanistically, Chidamide
can decrease the stability and translational efficiency of
METTL3 and WTAP transcripts to downregulate the
mPA level and expression of c-Met [49].

Others
METTL3 overexpression is common in NSCLC and
dramatically accelerates the transcriptional efficiency of
key oncogenes, resulting in NSCLC malignancy [42, 43].
However, it has also been shown that METTL3 overex-
pression is associated with a better prognosis in NSCLC
patients. Based on bioinformatics analysis, Liu et al.
constructed a risk score model with eight m°A methyla-
tion regulators, including METTL3, which could better
respond to the clinical outcomes of LUAD and LUSC
patients. METTL3 acted as a protective gene in this
model and was commonly enriched in the low-risk group
[66]. Similarly, Zhang et al. found that METTL3 overex-
pression was positively correlated with OS in LUAD sam-
ples from The Cancer Genome Atlas (TCGA) [63]. Zhu
et al. constructed a risk score model based on six m°A
methylation regulators that could better predict the clin-
icopathological characteristics of LUAD patients, and
METTL3 acted as a tumor suppressor in this model [65].
It has been reported that Interleukin 37 (IL-37)
increases METTL3 expression to upregulate the total
mPA  level, inhibiting A549 cell proliferation. Fur-
thermore, IL-37 has anti-tumor activity by targeting
the Wnt5a/5b pathway [94]. Therefore, Selberg et al.
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performed a virtual screening based on the crystal struc-
ture of the methyltransferase complex. It turned out
that four small molecule compounds enhance its meth-
yltransferase activity by specifically binding METTL3,
upregulating the total m°A level in RNA in cells [95].
Mechanically, the compound increases SAM affinity for
METTL3 and lowers the energy barrier of the m°A meth-
ylation reaction by interaction with SAM in the active
center of METTL3 [95].

METTL3-METTL14-WTAP complex in lung cancer
METTL3 is the first identified methyltransferase and has
sole enzymatic activity. However, METTL3 interacts with
METTL14 to form a heterodimer with the highest enzy-
matic activity and a better preference for substrate RNAs
[44]. However, WTAP binds to the METTL3-METTL14
heterodimer to form a METTL3-METTL14-WTAP
complex localized at the nuclear speckle, thereby affect-
ing the total m°®A level [96]. Interestingly, METTL3, as
the only catalytically active subunit of the methyltrans-
ferase complex, promotes the development of lung can-
cer dependent or independent of catalytic activity. On
the one hand, METTL3 affects m°A levels of oncogenes
or tumor suppressors, thereby regulating their expres-
sion to promote tumor progression [39, 81]. On the
other hand, METTL3 interacts with eIlF3h to form RNA
looping independent on catalytic activity, which greatly
accelerates the translation efficiency of polyribosomes
and upregulates the expression of key oncogenes, such as
EGFR and TAZ [42, 43] (Fig. 3).

It has been reported that METTL14 depletion signifi-
cantly downregulates m®A levels in tumor stromal cells,
thereby decreasing CD8" T cell infiltration and increas-
ing dysfunctional T cells, leading to tumor growth [79].

METTL3

N-terminal region of METTL3 (1-200 amino acids)

1 395 398

DPPW

512 535
SAM-binding

YAP, MALAT1,miR-143-3p, JUNB,
Bel-2, TGF1,C-myc, EGFR,TAZ,
ZBTB4,ABHD11-AS1,circPUMI,
miR-33a,EGFR, TAZ, EIF3h,HK2,
ABHDI11-AS]1,Let-7e-5p,miR-143-3p,
Tspl, miR-18a-5p,C-met, EIF3h
miR-4443 NK-kB,STAT3,circPUMI,
GLUTI

Tumor
Suppressors

Oncogenes

FSP1,SLC7A11,FBXW7

580 1 0

-

<(A)" V009

eIF3
J @

EGFR,TAZ, ...

C

Fig. 3 METTL3 regulates tumor suppressors and oncogenes expression to promote lung cancer progression in an m6A manner (left). In addition,
METTL3 also accelerate the translation efficiency of key oncogenes to affect lung cancer progression independent of its methyltransferase activity
(right)
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Further study revealed that the METTL14-YTHDF2 axis
maintained the balance between cytotoxic CD8* T cells
and dysfunctional T cells, and METTL14-depleted TAMs
overexpressing Epstein-Barr virus-induced protein 3
(Ebi3) transcripts inhibited the anti-tumor activity of
CD8" T cells, which resulted in the conversion of CD8*
T cells to dysfunctional T cells. Furthermore, METTL14
is overexpressed in NSCLC cell lines and induces the
EMT process [97]. Mechanistically, METTL14 knock-
down downregulates Twist expression to inhibit the AKT
pathway and upregulate E-cadherin, thereby inhibiting
NSCLC cell migration. Of note, Li et al., based on TCGA
and GEO databases, found that METTL14 was downreg-
ulated in lung cancer tissues compared to normal tissues.
And METTL14 overexpression inhibited lung cancer
growth and metastasis in vivo and in vitro through the
miR-30c-1-3p/MARCKSLI axis [98].

In 2000, Little et al. first identified WTAP using a yeast
two-hybrid assay [99]. WTAP, a widespread nuclear
protein, can specifically bind to the WT1 protein to co-
localize at the nuclear speckle [99]. In addition, WTAP
can also act as a splicing factor and participate in alter-
native splicing of specific a subset of m®A-modified
RNAs. It has been reported that LncRNA PCGEM1 is
highly expressed in NSCLC and promotes cell growth
[100]. Mechanistically, LncRNA PCGEM1 sponges miR-
433-3p to upregulate WTAP expression and accelerate
NSCLC progression. Intriguingly, METTL3 levels are
critical for WTAP homeostasis, and METTL3 knock-
down or overexpression both upregulate WTAP expres-
sion [101]. Mechanistically, METTL3 overexpression
increases WTAP mRNA translation and protein stability
independent of its catalytic activity. In contrast, METTL3
knockdown increases WTAP mRNA levels and even-
tually upregulates the expression of WTAP. Notably,
WTAP overexpression is insufficient to promote tumor
progression when functional METTL3 is absent, imply-
ing that WTAP must depend on the METTL3-METTL14
complex to exert oncogenic activity [101].

Conclusions

Accumulating studies have shown that METTL3 plays a
crucial role in the occurrence and development of lung
cancer. METTL3 participates in cell proliferation, inva-
sion, migration, metastasis, angiogenesis, glycolysis, drug
resistance, and tumor microenvironment, dependent or
not on catalytic activity. Thus, METTL3 could act as a
potential therapeutic target for lung cancer. Notably, m®A
regulators include methyltransferases and demethylases,
while METTL3, as the sole methyltransferase with enzy-
matic activity, does not ultimately determine the global
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m°A level, suggesting that m6A levels may be regulated
by specific patterns that require further investigation.

On the one hand, METTL3-mediated m°A meth-
ylation regulates the expression of oncogenes or tumor
suppressors, influencing the malignant progression
of lung cancer. On the other hand, METTL3 interacts
with eIF3h to form RNA looping, significantly increas-
ing the translation efficiency of key oncogenes. The
combined effect of the two may determine the devel-
opment of lung cancer. Intriguingly, either METTL3
knockdown or overexpression can regulate WTAP
expression, suggesting that they can interact with each
other, and act as upstream regulators of each other.
Therefore, the regulatory network with METTL3 as the
core in lung cancer is extremely complex and involves
many molecular mechanisms.

A large number of studies have shown that METTL3
interacts with noncoding RNA to regulate the expres-
sion of downstream genes, thereby affecting the pro-
gression of lung cancer. Among noncoding RNA,
especially circRNAs, the METTL3-YTHDC1 partici-
pates in circRNAs biogenesis and regulates the transla-
tion of specific m®A-modified circRNAs.

Notably, there is solid evidence that METTL3 can
act as an oncogene in lung cancer cell lines but as a
tumor suppressor in tumor stromal cells. For example,
METTL3 deletion in macrophages can promote tumor
growth, metastasis, and drug resistance by increas-
ing M1- and M2-TAM and Treg infiltration in tumors
and reshaping the tumor microenvironment. In addi-
tion, METTL14-deficient macrophages significantly
downregulated the global m°A level to reduce CD8"
T cells and increase dysfunctional T cells, promoting
tumor growth. In tumor stromal cells, especially TAM,
METTL3 or METTL14 can serve as a protective genes
for lung cancer. To our knowledge, this is the first time
to propose that METTL3 and METTL14 play oppo-
site roles in lung cancer cells and tumor stromal cells,
precisely explaining why high levels of m°A methyla-
tion can be predictive of better prognosis in NSCLC
patients.
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