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In recent years, N7-methylguanosine (m7G) methylation,
originally considered as messenger RNA (mRNA) 50 caps
modifications, has been identified at defined internal posi-
tions within multiple types of RNAs, including transfer
RNAs, ribosomal RNAs, miRNA, and mRNAs. Scientists
have put substantial efforts to discover m7G methyltrans-
ferases and methylated sites in RNAs to unveil the essential
roles of m7G modifications in the regulation of gene expres-
sion and determine the association of m7G dysregulation in
various diseases, including neurological disorders. Here, we
review recent findings regarding the distribution, abundance,
biogenesis, modifiers, and functions of m7G modifications.
We also provide an up-to-date summary of m7G detection
and profile mapping techniques, databases for validated and
predicted m7G RNA sites, and web servers for m7G methyl-
ation prediction. Furthermore, we discuss the pathological
roles of METTL1/WDR-driven m7G methylation in neurolog-
ical disorders. Last, we outline a roadmap for future direc-
tions and trends of m7G modification research, particularly
in the central nervous system.
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INTRODUCTION
RNA methylation is the most well-characterized type of RNA
modifications, which has been discovered for more than six de-
cades.1–3 To date, more than 70 types of RNA methylations have
been reported, including N6-methyladenosine (m6A), N1-methyl-
adenosine (m1A), N5-methylcytosine (m5C), and N7-methylgua-
nosine (m7G) (Figure 1A).1 Although m6A methylation is the
most well-investigated one, other RNA methylations particularly
m7G methylation have obtained growing attention in recent
years.1,4,5 m7G methylation is a prevalent and evolutionarily
conserved RNA modification that was first discovered at the 50

cap of messenger RNAs (mRNAs).1,6,7 Most eukaryotic mRNAs
have a methyl group and a positive charge at the N7 position of
the terminal guanosine at its 50 cap.4 This essential cap modifica-
tion stabilizes transcripts against exonucleolytic degradation8–10

and mediates cap-related biological functions including transcrip-
tion elongation,11 pre-mRNA splicing,12,13 polyadenylation,14 nu-
clear export,15 and translation.16
Molecular Th
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Besides being a part of the cap structure, m7G methylation has been
found at internal positions within mRNAs, transfer RNAs (tRNAs),
and ribosomal RNAs (rRNAs).17,18 To date, internal m7G modifica-
tions have been demonstrated to play a very important role in many
aspects of RNA metabolism including RNA processing, stabilization,
maturation, and translation.5,19,20 m7G modifications are dynami-
cally regulated by methyltransferases. The most well-characterized
methyltransferase for internal m7G methylation is methyltransfer-
ase-like 1 (METTL1), the mammalian ortholog of yeast Trm8.18

METTL1 forms a functional methyltransferase complex with co-fac-
tor WD repeat domain 4 (WDR4), the human ortholog of the yeast
Trm82.18

Despite recent advances in m7G research, the locations and functions
of internal m7G modifications remain largely unknown. Internal
m7G modifications have been suggested to be widely associated
with the dysregulations of disease-related proteins, implicating inter-
nal m7G methylation as a novel epitranscriptome that contributes to
multiple neurological disorders.21–24 In this review, we limit our dis-
cussions to internal m7G modifications and hence do not discuss
modifications occurring as a part of the mRNA cap structure. We
focus on the latest progresses made in internal m7G modification
research, provide an up-to-date summary of established databases
and web servers for validated and predicted m7G RNA sites, and
discuss the association of m7Gmodifications with neurological disor-
ders. With that, our review may provide insight into the development
of m7G-centered diagnostic and prognostic biomarkers, as well as
therapeutic strategies in neurological disorders.
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Figure 1. Molecular composition of common RNA methylations and m7G modifications in RNAs

(A) Molecular composition of common RNA methylations including m1A, m5C, m6A, and m7G. (B) Secondary structure of tRNA. m7G modification occurs at nucleotide

position 46 in the extra loop. (C) Human small ribosomal subunit rRNAm7G can bemethylated in the 18S rRNA 30 major domain at nucleotide position 1639, which locates at

a ridge forming a steric block between the P-site and E-site tRNAs at the back of the small subunit head. (D) Secondary structure of pri-let-7e-5p in which m7Gmodification

occurs at nucleotide position 11.
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The internal m7G methylation in eukaryotes

The internal m7G methylation in eukaryotes is first identified within
yeast tRNA.18 tRNA nucleotide position 46 (m7G46) is the most
prevalent m7G methylation site (Figure 1B).18,25 m7G46 is found in
the variable loop region of a subset of tRNAs, forming a C13-G22-
m7G46 base triple interaction in the tRNA three-dimensional
core.5 m7G46 has no charge under physiological conditions and is
conferred with positive charge via hydrogen bonding to bases G22
and C13.5,26 The tertiary base pair of the m7G46-C13-G22 and the
site-specific electrostatic charge of m7G46 methylation stabilize the
tRNA three-dimensional core of tRNA.5,26 tRNA m7G methylation
may occur at positions other than position 46. For instance, m7G
has been found at position 34 in the anticodon of mitochondrial
(mt) tRNASer(GCU) of marine invertebrates.27 The D-arm of the
mt tRNASer(m7GCU) is responsible for reading all four AGN codons
as Ser on account of an unusual secondary structure.28 However,
whether m7G34 exists in vertebrates remains to be certified.

m7G methylation is prevalent and conserved to rRNA as well.29,30

m7G modification has been identified in the 18S rRNA 30 major
domain at yeast rRNA nucleotide position 1,575, which is conserved
296 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
to human small ribosomal subunit rRNA nucleotide position 1,639
(Figure 1C).31,32 m7G1575 methylation is at a ridge forming a steric
block between the P-site and E-site tRNAs at the back of the small
subunit head.29 The m7G1575 modification can be found throughout
eukaryotes but not in bacteria or Archaea.29

Besides, m7G modification is also present in mRNAs. Based on bulk
analyses, m7G modification widely exists on mRNAs, and its levels
range from approximately 0.02% to 0.05% of all guanosines within
mRNAs across several human and mouse cell lines.17,33 To date,
more than 44,000 internal mRNAm7G sites within mammalian tran-
scriptomes have been experimentally validated,34 and more than
1,200 disease-associated genetic mutations probably function
through regulation of m7G methylation.34,35 Moreover, one methyl-
ated guanosine at position 11 (G11) of primary let-7e-5p transcript
(pri-let-7e-5p) has been detected using a new protocol to detect
m7G within low-abundant RNAs, referred to as borohydride red-
uction sequencing (BoRed-seq) (Figure 1D).20 G11 belongs to a
16-nt-long G-rich sequence that folds into the alternative Hoogsteen
base-paired G-quadruplex structure to inhibit microRNA (miRNA)
processing.36 Because G-quadruplexes exist in the precursors of
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Figure 2. The functions of m7G methylation in RNA

metabolism

m7G methylation is involved in multiple steps of RNA

metabolism processes. First, G46 on tRNA can be

methylatedbyMETTL1/WDR4complex andconferredwith

positive charge via hydrogen bonding to bases G22 and

C13, stabilizing the tRNA three-dimensional core of tRNA.

Second, rRNA m7G can be methylated by WBSCR22/

TRMT112 complex at human small ribosomal subunit

rRNA G1639 with uncertified function. Third, mRNA m7G

can be methylated by METTL1/WDR4 complex, leading

to stabilization and translation of mRNA. Fourth, m7G

of pri-let-7e-5p can also be methylated by METTL1/

WDR4 complex, which, destabilizes G-quadruplexes

and thereby promotes DROSHA-mediated cleavage of

primary miRNA transcripts.
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miR-92b and miR-149 as well, m7G modification may occur in other
miRNAs.37,38 Notably, the presence of m7Gmodification onmiRNAs
and their precursors has been questioned by other studies.39 The re-
analysis of liquid chromatography-tandem mass spectrometry data
implied that BoRed-seq detected m7G modifications on LSU rRNA
rather than let-7e-5p.39 This finding can be supported by the
AlkAniline-seq and m7G-MaP-seq results that m7G modifications
were detected only in very few nucleotides of mRNAs, and no m7G
signals was detected for noncoding RNAs, including miRNAs in eu-
caryotic cells.33,35,40 These findings imply low frequencies of m7G
modifications in mRNAs/miRNAs; however, such results may also
be due to technical issues like the incomplete dephosphorylation of
m7G-capped mRNAs.33

Hence, m7Gmodifications have been detected in tRNAs, rRNAs, and
maybemRNAs andmiRNAs.With the combination of advancedm7G
sequencing at single nucleotide resolution with antibody-based m7G
purification approaches, the discovery of more types of RNAs with
m7G modifications and more methylation sites is a near possibility.

The functions of internal m7G methylation

Numerous studies have shown distinct functions of internal m7G
modifications in various types of RNAs (Figure 2). Among them,
tRNA m7G46 modification is the most intensively investigated one.
m7G modification is important for the regulation of tRNA expres-
sion, structural stabilization, and function. For example, m7G46
modifications are essential for tRNA expression in mouse embryonic
stem cells (mESCs), although with uncertified molecular mecha-
nisms.41 m7G46 modification also confers a positive charge to
tRNA, facilitating the interaction among G46, G22, and C13 to stabi-
lize the tRNA three-dimensional core of tRNA.41 Moreover, tRNA
m7G46 modification enhances translation efficiency of mRNAs in a
m7G tRNA-decoded codon (m7G codon)-dependent manner.41,42

tRNA m7G modifications regulate ribosome translocation, whereas
Molecular Th
the lack of m7G tRNA induces ribosome
pausing at m7G codons in the charged tRNA
binding sites (A sites).42 In this way, m7G
tRNAs are reported to control neural lineage commitment of mESCs
by influencing pro-neural gene expression in mESCs.42 Except for
developmental regulation, m7G46 modification also participates in
the expression regulation of disease-associated genes.42 For instance,
m7G modification of Arg-TCT tRNA facilitates translation of AGA
codon-enriched mRNAs corresponding with cell growth-related
genes, thereby driving oncogenic cell transformation.43

The m7G modifications of mRNAs and pri-miRNAs exhibit distinct
functions from that of tRNA. m7G methylation stabilizes mRNA and
stimulates its translation, as a hallmark of protein expression regula-
tion.19 Zhao et al.19 have reported that m7G methylation of VEGFA
transcript directly enhanced mRNA translation. However, whether
mRNA m7G methylation modulates mRNA metabolism and tra-
nslation through the same mechanisms as those of m6A remains
to be determined. The m7G modifications of transcripts also play
an important role in miRNA processing. Pandolfini et al.20 have
claimed that m7G11 of pri-let-7e-5p leads to destabilization of
G-quadruplexes, thereby promoting DROSHA-mediated cleavage
of primary miRNA transcripts.37,38 Their findings indicate that
m7G modifications modulate gene/miRNA expression by fine-tun-
ning the secondary and tertiary structures of the transcripts. Howev-
er, more rigorous studies are needed to confirm the existence of m7G
modifications in mRNAs and miRNAs and clarify their functions.

Although m7G methylation has been reported within eukaryotic
rRNAs, its exact role remains vague. Although rRNA m7G1639
modification and the pre-rRNA processing are under the control of
the same protein complex WBSCR22/TRMT112, the methylation
activities of the complex are not necessarily required for 18S rRNA
synthesis, leaving the biological functions of rRNA m7G1639 un-
clear.29,32 Interestingly, multiple studies have demonstrated altered
expression of WBSCR22 and TRMT112 in various pathological con-
ditions, including various cancers44,45 and inflammation.46,47 These
erapy: Nucleic Acids Vol. 31 March 2023 297
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findings imply potential contribution of WBSCR22/TRMT112 com-
plex-mediated rRNA m7G modification on human diseases, which
needs to be confirmed in future work.

The modifying enzymes of m7G methylation

Although we are far away from clearly understanding the m7Gmodi-
fication processes, multiple enzymes with m7G methyltransferase ac-
tivities have been identified. Among them, the most well known are
the Trm82/Trm8 complex in yeast and its mammalian orthologs
METTL1/WDR4 complex.18,48

In 2002, Alexandrov et al.18 identified two yeast open reading frames
(ORFs) YDL201w and YDR165w (encoding Trm8 and Trm82,
respectively) with tRNA m7G-methyltransferase activity, using an
assay of genomic collection of glutathione S-transferase-ORF pools
for m7G methyltransferase activity. These two proteins are unrelated
and have no homology to each other. The Trm8 protein has an
S-adenosyl-L-methionine Rossmann fold methyltransferase and
serves as the catalytic subunit of the Trm82/Trm8 complex.49

Trm82 is a member of the WD fold family that adopts a propeller
fold and contains seven blades.25,50 Trm82 induces structural rear-
rangements in Trm8 to influence the catalytic site.50 The noncatalytic
subunits of the complex are involved in stabilizing the catalytic sub-
unit or controlling the activity.49,50

Internal m7G methylation in mammals is carried out through the
METTL1/WDR4 complex.48 The METTL1 gene, mapped to 12q13,
contains seven exons and produces at least three different transcripts
because of the differential splicing of two exons.21 The most
frequently found METTL1 transcript consists of 1,292 nucleotides
and codes for a protein of 276 amino acids.48 METTL1 protein are
with high sequence similarities among mouse, Drosophila mela-
nogaster, Arabidopsis thaliana, Caenorhabditis elegans, and yeast
(39.8% identity between all six species).48 METTL1 is expressed in
various organs and tissues and is inactivated by protein kinase B-
and ribosomal S6 kinase-mediated phosphorylation at Ser27.51

Interestingly, m7G modifications in 18S rRNA are not introduced by
METTL1/WDR4 complex. Instead, rRNA m7G sites at a ridge form-
ing a steric block between P- and E-site tRNAs are methylated by
Bud23/Trm112 methyltransferase complex in yeast and WBSCR22/
TRMT112 one in human cells.29,52,53 Bud23/Trm112 complex
mediates m7G1575 methylation in the yeast 18S rRNA.31,52

WBSCR22/TRMT112 complex mediates human 18S rRNA m7G
1639 methylation.32 Bud23 and WBSCR22 are the catalytic subunits
of methyltransferase complexes, and Trm112 and TRMT112 act as
coactivators to regulate the metabolic stability of the complexes.29,52

Bud23 and Trm112 interact and form a b-zipper involving main
chain atoms, which stabilizes the complex by burying an important
hydrophobic surface.53 Moreover, the catalytic activity of these meth-
yltransferases is not required for the pre-18S rRNA processing and
the nuclear export of pre-40S ribosomal subunit.29,32,52 Thus, these
methyltransferases may regulate rRNA maturation independent of
its catalytic function, suggesting the interaction of these methyltrans-
298 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
ferases to pre-18S rRNA as a conserved quality control mechanism
during rRNA maturation.

The distinct m7G methyltransferases for different types of RNAs are
highly likely due to their conserved domains.54 Both METTL1 and
WBSCR22 contain the conserved domain of the S-adenosyl-
Lmethionine (AdoMet) methyltransferase that catalyzes the methyl-
ation reaction, however, their binding motifs are slightly different.
The AdoMet binding motif of METTL1 is DIGCGYGGLLVELS
PLFPDTLILGLEIR,48 and that of WBSCR22 is MAGRALELLYLP
ENKPCYLLDIGCG.55 METTL1 and WBSCR22 may also form their
own special structures. Based on current knowledge on Trm8/Trm82,
the major recognition sites of METTL1/WDR4 complex are the D-
and T-stem structures of tRNA, and the Py48 sequence in the variable
region was required for efficient methylation.56 WBSCR22 and
TRMT112 form a heterodimeric methyltransferase complex.29

Although the binding sites or substrates of the WBSCR22/
TRMT112 complex remain to be identified, the association of the
WBSCR22/TRMT112 complex with pre-ribosomes, an early step
occurring on nascent nucleolar transcripts, has been proposed as a
key process for rRNA maturation.29

It is worth-noting that there are other methyltransferases for m7G,
such as RNMT for m7G cap modification, TrmB family for prokary-
otic tRNA m7G46 methylation, and sisomicingentamicin methylase
for prokaryotic 16S rRNA m7G1405 methylation.57,58 These m7G
cap and prokaryotic enzymes are not summarized here since they
are out of the scope of this review.

The detection and high-throughput sequencing technologies of

internal m7G methylation

Internal m7G modification can be measured by two different strate-
gies, regular molecular biology experiments and high-throughput
sequencing approaches (Table 1). The most classic molecular biology
methods to detect m7G methylation are northern blot and immune-
dot blot. The m7G modification levels of tRNAs are usually deter-
mined by northwestern blot41 and those of rRNAs are examined
through primer extension.29,31 The m7G modification of mRNAs
and miRNAs can be detected by RNA immune-dot blots using
m7G-specific antibodies.20 The m7G modification levels of mRNAs
and miRNAs can be further quantified by methylated RNA immuno-
precipitation (MeRIP)-qPCR19 andmass spectrometry-based analyses
such as liquid chromatography-electrospray ionization-tandem mass
spectrometry and differential enzyme treatment coupled with high-
resolution mass spectrometry analysis.20 Regular molecular biology
experiments are sufficient to examine the m7G methylation at certain
positions; however, these methods have a common limitation: they are
not able to detect m7G methylation at the single-nucleotide level.

Next-generation sequencing-based technologies has offered an un-
precedented opportunity to map the transcriptome-wide atlas of
internal m7G modification under various conditions. MeRIP
sequencing (MeRIP-seq) is an immunocapturing approach for unbi-
ased transcriptome-wide localization of methylated RNA in high
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Table 1. Current approaches for detecting m7G in different types of RNAs

Technique Throughput Quantitative RNA selection Detection resolution References

Northern blot low yes tRNA bulk level Ma et al., 202141

Primer extension low no rRNA RNA fragment level Zorbas et al., 201529

Immune-dot blot low no mRNA, pri-miRNA bulk level Pandolfini et al., 201920

MeRIP-qPCR low yes mRNA, pri-miRNA RNA fragment level Zhao et al., 202119

Liquid chromatography-electrospray
ionization-tandem mass spectrometry

low yes mRNA bulk level Pandolfini et al., 201920

Enzyme treatment coupled with high-resolution
mass spectrometry analysis

low yes mRNA bulk level Pandolfini et al., 201920

MeRIP-seq high yes mRNA RNA fragment level Li et al., 202224

m7G-seq high yes tRNA, mRNA single-nucleotide level Zhang et al., 202162

AlkAniline-seq high yes tRNA, rRNA single-nucleotide level Marchand et al., 201833

TRAC-seq high yes tRNA single-nucleotide level Lin et al., 201961

m7G-MaP-seq high yes tRNA, rRNA single-nucleotide level Enroth et al., 201935
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resolution that is widely applied to map the profile of m6A, m7G,
m1A, m5C, and other RNA modifications.24,42 However, MeRIP-
seq has been restricted because of the requirement of a large amount
of total RNAs, the limited reproducibility for the detection of changes
in RNA methylation, non-specific signals introduced by antibody
pulldown, and the lack of capacity to map m7G down to single-
base resolution.17,59,60 Inspiringly, MeRIP-seq with low-input RNA
samples can be achieved by optimizing immunoprecipitation condi-
tions and applying a post-amplification rRNA depletion strategy,59

and MeRIP-seq reproducibility can be enhanced significantly via an
improved statistical approach implementing R package DESeq2,
edgeR, and QNB, that partially overcomes the limitations of m7G-
MeRIP-seq.60 Unlike meRIP-seq for the enrichment of methylated
RNA sequences, chemically based approaches including m7G
sequencing (m7G-seq), alkaline hydrolysis and aniline cleavage
sequencing (AlkAniline-seq), tRNA reduction and cleavage
sequencing (TRAC-seq), and m7G mutational profiling sequencing
(m7G-MaP-seq) can provide nucleotide-level resolution of modifica-
tion sites and determine the methylation states of highly methylated
sites to reveal frequently modified m7G sites.17,33,61,62 These chemi-
cally based sequencing techniques take advantage of the unique reac-
tivity of m7G that is reduced and de-purinated to induce structural
transformation, which leads to misincorporation during reverse tran-
scription to identify the methylated m7G site. In AlkAniline-seq,
RNA fragments cleaved at the N+1 nucleotide to the modification
site are produced via a specific sequence of chemical reactions, and
selectively converted into sequencing libraries to increase the speci-
ficity and the sensitivity of sequencing. Since modified nucleotides
are derived from different parental nucleotides, AlkAniline-seq simul-
taneously detects different RNAmodifications such as m7G andm3C,
which dramatically expands its applicability and efficiency.33 TRAC-
seq is a more specialized chemically based approach to profile m7G
modification within tRNAs.42,61 Compared with AlkAniline-seq,
TRAC-seq uses an existing strategy that includes small RNA selection,
AlkB demethylation, and sodium borohydride reduction to specif-
ically and efficiently profile m7G sites in tRNAs,63 which can be
further adapted to chemical cleavage-mediated detection of other
RNA modifications.61 In m7G-MaP-seq, m7G-modified positions
are converted to abasic sites using sodium borohydride reduction
steps similar to TRAC-seq.35 Modified positions are then directly re-
corded as cDNA mutations through reverse transcription and
sequenced. m7G-MaP-seq efficiently detects known m7G modi-
fications in rRNA and identified uncharacterized evolutionarily
conserved rRNA modification. However, these chemically based ap-
proaches have their limitations. The mild chemical reactions for selec-
tive m7G reduction and depurination may fail to achieve quantitative
yields. Moreover, only a portion of m7G is converted into the abasic
sites and a portion of converted m7G is labeled with biotin hydrazide,
leading to decreased accuracy of themodification level measurements.

The databases and web servers for validated and predicted

internal m7G methylation

Currently, multiple databases have been established for the annota-
tion of mRNA modifications (Table 2).34 Since internal m7G modifi-
cation is an emerging research topic, the development of database for
m7G is much slower than that for m6A. Inspiringly, Song et al.34 built
a platform, namely, m7GDB based on the data generated by high-
throughput transcriptome-wide sequencing techniques including
m7G-seq, m7G-MeRIP-seq, m7G-miCLIP-seq, and m7G-MaP-seq.
m7GDB collects more than 44,000 experimentally validated internal
m7G sites within mRNAs, rRNAs, and tRNAs; annotates m7G with
the potentially affected post-transcriptional regulations; and demon-
strates the pathological roles of internal m7G methylation.

In addition, various web servers, methods, andmodels have been built
to provide high-accuracy prediction of putative internal m7G sites,
such as iRNA-m7G,64 XG-m7G,65 m7G-IFL,66 m7GFinder,34 m7G-
DPP,67 and m7GPredictor (Table 2).68 Basically, all computational
predictors are built via a machine learning-based strategy. In these
predictors, RNA sequences are encoded by different types of features,
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 299
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Table 2. Current platforms/methods/web servers for validated and predicted m7G sites, the impacts of genetic mutations on m7G, and m7G-disease

associations

Platform/model Functions RNA types Developed year Web server links References

m7GDB m7G database mRNA, tRNA, rRNA 2020
http://www.xjtlu.edu.cn/
biologicalsciences/m7ghub

Song et al., 202034

iRNA-m7G m7G prediction mRNA 2019 http://lin-group.cn/server/iRNA-m7G/home.php Chen, et al., 201964

m7GFinder m7G prediction mRNA 2020
http://www.xjtlu.edu.cn/
biologicalsciences/m7ghub

Song et al., 202034

m7Gpredictor m7G prediction mRNA 2020 – Liu et al., 202068

XG-m7G m7G prediction mRNA 2020 http://flagship.erc.monash.edu/XG-m7G/ Bi et al., 201065

m7G-DPP m7G prediction mRNA 2021 – Zou and Yin, 202167

m7G-IFL m7G prediction mRNA 2021 http://server.malab.cn/m7G-IFL/ Dai et al., 202166

m7GSNPer Mutation impacts on m7G mRNA 2020
http://www.xjtlu.edu.cn/
biologicalsciences/m7ghub

Song et al., 202034

m7GDiseaseDB m7G-disease association mRNA 2020
http://www.xjtlu.edu.cn/
biologicalsciences/m7ghub

Song et al., 202034

m7GDisAI m7G-disease association mRNA 2021 http://180.208.58.66/m7GDisAI Ma et al., 202169
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and the obtained features (e.g., pseudo dinucleotide composition,
pseudo k-tuple composition, K monomeric units, K-spaced nucleo-
tide pair frequencies, and nucleotide chemical property) were fed
into different classification algorithms such as support vector ma-
chine and extreme gradient boosting support vector machine to
discriminate m7G from non-m7G. All these predictors achieved
decent classification accuracies that range from 86% to 92.5%, deter-
mined by performance assessment method with a 10-fold cross-vali-
dation. In addition, multiple computational methods have been
developed to predict potential disease-associated m7G sites.34,69 For
example, m7GSNPer has been developed to evaluate the impact of
genetic variants on internal m7G RNA methylation, unraveling the
potential functions of genetic mutation via the epitranscriptome
regulation.34 Based onm7GSNPer, m7GDiseaseDB is built to provide
details of disease-associated genetic variants and their affected m7G
sites.34 Another database, m7GDisAI, similarly highlights m7G sites
predicted to be associated with diseases with high prediction scores
through a heterogeneous network-based m7G-disease associations
inference method.69 All these databases and web servers greatly facil-
itate the investigations that aim to determine the conservation of m7G
among species, evaluate the impact of genetic mutations on the m7G
methylation states, demonstrate the physiological and pathological
roles of currently known and predicted m7G modification, and
identify novel internal m7G sites. With fast extension of our knowl-
edge for internal m7G methylation and its regulations, these m7G
databases will expand quickly, and these web servers for m7G sites
prediction and disease association will acquire greater prediction ac-
curacies in the foreseeable future.

The contribution of m7G methylation deregulation to

neurological disorders

To date, studies that focus on the pathological roles of m7G modifi-
cation deregulation have been initiated and inspiring results have
been acquired (Table 3). The first evidence comes from analyses of
300 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
genome and transcriptome data obtained from patients with neuro-
logical disorders and their corresponding animal models.

m7G methylation deregulation and neurodevelopmental

disorders

Microcephalic primordial dwarfism (MPD) is a group of rare single-
gene neurological disorders causing extreme reductions in brain and
body size from early development onwards. MPD is characterized by
pleasant personality, characteristic facial features, severe intrauterine
and postnatal growth restriction, and microcephaly. Whole exome
sequencing (WES) of two MPD patients in Egypt identified a novel
missense mutation in WDR4 as the likely causal variant.70 In human,
this WDR4 mutation causes a distinct form of MPD characterized by
facial dysmorphism, brain malformation, and severe encephalopathy
with seizures.70,71

Down syndrome (DS) is the commonest chromosomal disorder with
impaired braindevelopment and function, leading tomild tomoderate
intellectual disability. DS occurs in approximately 1 of 800 births glob-
ally, and more than 200,000 individuals are living with DS in the
United States.72Multiple genes on chromosome 21 and other chromo-
somes have been identified to contribute to the variation in clinical
manifestations.72 In a recent study, WDR4 has been identified as a
candidate gene for some of DS phenotypes, including the intellectual
disability caused by trisomy of this chromosomal region in human pa-
tients.73 Animal study further supports that Wdr4 is one of the candi-
date genes for DS.74Wdr4 expression levels are significantly decreased
in the hippocampal tissues of DS mice.75 The overexpression of Wdr4
facilitates cognition function and hippocampal plasticity, thereby
rescuing DS phenotypes.74 Thus, current evidence indicates the muta-
tions ofWDR4 as a key contributor to neurodevelopmental disorders.

Given the importance of METTL1/WDR4 mutations, scientists have
investigated the roles of these mutations and consequent deregulation
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Table 3. m7G and its machinery proteins associated with neurological disorders

Disease m7G related proteins m7G RNA types (Potential) role of m7G References

Microcephalic primordial
dwarfism

WDR4 (mutated) tRNA
Wdr4-mediated tRNA m7G
controls neuroectoderm commitment
during development

Ma et al., 2021, Shaheen et al., 201569,70

Down syndrome WDR4 (mutated) tRNA
Wdr4 maintains cognition function
and hippocampal plasticity

Trimouille et al., 2018, Bull, 2017,
Michaud et al., 200071–73

Ischemic stroke/hypoxia METTL1 (inhibited) mRNA
mRNA m7G under hypoxic conditions
activates apoptotic and inflammatory pathways

Li, et al., 2022, Androvic et al., 202024,82

Alzheimer’s disease METTL1 (?) – – Jiang et al., 2020, Srinivasan et al., 202097,98

Multiple sclerosis METTL1 (mutated) –

METTL1 regulates T cell and macrophage/
microglial activities via vitamin D
metabolism modulation

Zhao et al., 2021, Alcina, et al., 2013, Australia,
2009, Hadjigeorgiou et al., 201919,21,108,109
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of m7G methylation in neural fate commitment. A study on human
induced pluripotent stem cells has demonstrated that METTL1
silencing impairs neurectoderm formation, contributing to the distur-
bance of neurodevelopment.76 Multiple mechanisms may be involved
in METTL1/WDR4 mutations-mediated neurodevelopmental defect.
Cells derived from an MPD patient with WDR4 mutations have dis-
played decreased levels of m7G on tRNA.70 Similarly, Mettl1 defi-
ciency specifically abolishes the enrichment of m7G-modified tRNAs
in mESCs.42 The loss of METTL1/WDR4-mediated m7G tRNA
methylome decreases the expression of neuroectoderm determinant
genes like Otx2, Sox1, and Pax6. It is probably due to the longer cod-
ing DNA sequence and untranslated region (UTR) of these genes and
the higher frequency of codons decoded by m7G methylated tRNAs
that disrupts mESC differentiation to neural lineages.42 Besides,
m7Gmethylation within transcripts such as pri-let-7 also participates
in the regulation of neurodevelopment.20 By targeting the 30UTR of
Hmga2, Lin28, Ascl1 transcripts, and let-7 serves as a master miRNA
in controlling the timing of neural lineage commitment,77 neuroglio-
genesis,78 and adult neurogenic niches.79 Disturbed let-7 maturation
due to METTL1/WDR4mutation-mediated m7Gmethylation dereg-
ulation thus may act as a potential mechanism for the pathogenesis of
METTL1/WDR4 mutation-associated neurodevelopment including
MPD,70,71 though further direct evidences from experimental studies
(loss-of-function or gain-of-function studies) are needed to demon-
strate this inference.

m7G methylation deregulation and ischemic stroke

Ischemic stroke (IS) is one of the most common causes of mortality
and disability worldwide.80 Approximately 26% of the new cases are
not able to perform basic daily activities, and more than 50% of
patients exhibit hemiparesis and decreased mobility.81 Thus, stroke
constitutes a major public health and economic problem of global sig-
nificance, especially in the era that aging of the population has
emerged as a key feature of population development. Neuronal injury
and death are the main outcome of IS that result in mortality and
disability. The mechanisms of neuronal death after the onset of IS
are not yet completely understood. m7G modifications provide a
novel perspective to investigate the pathogenesis of stroke. Multiple
RNA-seq analyses of the mouse brain tissues with IS have revealed
misexpression ofMettl1mRNA after middle cerebral artery occlusion
(MCAo).82 The altered Mettl1 expression may contribute to the path-
ogenesis of IS via multiple mechanisms. Because the outcome of IS is
determined by the severity of hypoxia-related neuronal loss in the
affected brain regions to a large degree,80 MeRIP-seq has been per-
formed to compare m7G patterns in zebrafish brain under hypoxic
and normoxic conditions, which displayed distinct mRNA m7G
methylation signatures.24 The unbiased analyses identified more
than 100 up-regulated and 300 down-regulated transcript methylation
modification peaks, enriched in the 50UTRs and start codon regions,
in the brain tissue under hypoxic condition.24 These genes that partic-
ipated in the methylation modification peaks are involved in the regu-
lation of prominent pathways that mediate the hormesis-like response
to hypoxia in stroke including Notch signaling.24,80 Notch signaling
interacts with nuclear factor-kB,83 hypoxia-inducible factor-1a,84

p53,85 and c-Jun86 to promote neuronal death and neuroinflammation
after IS, implying that hypoxia-induced m7G methylation of Notch-
related transcripts as a causal factor of IS. Moreover, the expression
levels of let-7e-5p, whose transcripts have been identified as a vali-
dated target of METTL1, significantly elevated in the serum and cere-
bral spinal fluid (CSF) collected from IS patients,87 matching with the
increasedMettl1 expression in MCAo mouse brains.82 Let-7 has been
reported to repress neuroprotection under ischemic conditions by
down-regulating insulin-like growth factor-1 and to enhance inflam-
mation via targeting interleukin-10, thereby increasing the risk of IS
and worsening the prognosis of IS.88-90 Thus, METTL1-mediated
pri-let-7 m7G modification may also contribute to the pathogenesis
of IS, although again, we are waiting for evidence from gain-of-func-
tion or loss-of-function studies to demonstrate this inference.

m7G methylation deregulation and neurodegenerative diseases

Neurodegenerative diseases (NDs) are a group of disorders that
include Alzheimer disease (AD), multiple sclerosis (MS), Parkinson
disease, Huntington disease, and amyotrophic lateral sclerosis, char-
acterized by progressive dysfunction and loss of selectively vulnerable
populations of neurons.91,92 NDs impair learning, memory, cognitive,
and motor functions of patients. Unfortunately, none of them is
curable currently.91,93 All available treatments are only able to either
manage the symptoms or halt disease progression.91,93
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AD is the most common age-related ND and the leading cause for de-
mentia in the aged population globally, accounting for 60%–80% of
cases.94,95 To date, an estimated 5.5 million individuals suffer from
AD in the United States, and the number of patients will increase
to 13.8 million by mid-century.95 Moreover, the overall deaths result-
ing from AD increased 89% between 2000 and 2014.95 However, cur-
rent treatments including cholinesterase inhibitors and memantine
have no effect on the course of illness or the rate of decline,96 suggest-
ing the importance to identify novel targets for AD diagnosis and
treatment. Interestingly, virtually all DS patients develop AD in their
30s and at least 70% of adults with DS develop dementia by age 55–60
years, suggesting tight pathologic and mechanistic links between DS
and AD.94 Because of the association of METTL1/WDR4 mutation
with DS,74,75 the function and regulation of METTL1/WDR4-medi-
ated m7Gmodifications have emerged as a new perspective to under-
stand the pathogenesis of AD. Based on the information obtained
from scREAD, a single-cell RNA-seq database for AD, the expression
ofMettl1 transcripts was found to be repressed in excitatory neurons,
astrocytes, and microglia in the cortex and hippocampus of AD
model mice.97 However, conflicting results have been reported by Sri-
nivasan et al.98 that the expression levels of METTL1 may not be
significantly altered in different types of brain cells purified from
post-mortem frozen superior frontal gyrus of AD and control pa-
tients. Besides, evidence also implicated the association of m7Gmodi-
fication with AD neuroinflammation. CD47, a receptor belonging to
the immunoglobulin superfamily, plays an essential role in Ab-in-
duced activation of mast cells and cytokine release of microglia,
thereby stimulating inflammatory responses of immune cells in the
brain in the onset and progression of AD.99,100 A recent study re-
ported that CD47 interacts with exportin-1 to modulate the package
of m7G-modified miRNAs and mRNAs (e.g., let-7) in the extracel-
lular vesicles (EVs). The Let-7 family acts as a ligand for toll-like re-
ceptor 7 on microglia and neurons to trigger intracellular signaling
that leads to neuroinflammation and neurodegeneration in the cen-
tral nervous system (CNS).101 In the CSF of AD patients, high levels
of multiple let-7 family members like let-7b and let-7e have been de-
tected, which is likely mediated by EV-dependent miRNA release.102

Given the importance of EV-mediated spreading of AD-related
miRNAs and mRNAs within the CNS,103,104 m7Gmodification could
be a novel mechanisms for the selective sorting of neurotoxic and
pro-inflammatory RNAs into brain cell-derived EVs, and the dereg-
ulation of m7G modification thereby contributes to the pathogenesis
of AD.105

MS is a potentially progressive autoimmune disease of the CNS. In
MS, autoreactive immune cells induce myelin and axon injury in a
progressive manner, leading to sustained motor and sensory func-
tion loss.106 Demyelination and neurodegeneration in the entire
brain are central pathological features of MS. In the 21st century,
the worldwide prevalence of MS keeps elevating and is highest in
North America and Europe, which results in huge personal and so-
cioeconomical burdens.107 Recently, METTL1 mutations have been
reported in MS by various studies. Tag-single nucleotide polymor-
phism (SNP) analysis performed by the Australian and New Zea-
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land Multiple Sclerosis Genetics Consortium describes an associated
SNP (rs703842) located at the 30UTR of the METTL1 gene.108 This
finding was confirmed by a replication study of genome-wide asso-
ciation studies (GWASs) risk loci in Greek MS patients.109 Similarly,
WES and SNP analyses identified a functional variant in the KIF5A-
CYP27B1-METTL1-FAM119B locus associated with MS in the UK
and Spain.21-23 This locus is required to enhance cytotoxic T
lymphocyte antigen-4 expression in effector and regulatory CD4+

T cells, leading to a complex immune dysregulation syndrome in
an MS model.110 Furthermore, the summary data-based Mendelian
randomization method that integrating data from large scale GWAS
and quantitative trait locus studies identified the interaction of
METTL1 with METTL21B and TSFM as an important risk factor
for MS.111 The literature has implied that an intronic region of
the METTL1 gene and that of METTL21B gene function as en-
hancers of CYP27B1 gene to promote the expression of the latter,
thus regulating the inflammatory responses of T cells and macro-
phages via modulating the mechanistic homeostasis of vitamin D
metabolism.112 Notably, multiple studies have demonstrated muta-
tion of METTL1 in MS; however, more investigations are required
to clarify the contribution of METTL1 misexpression/mutation to
m7G-mediated pathogenesis, accelerating the development of ther-
apeutic strategies for treating MS.

Taken together, pioneer studies have implied that METTL1/WDR4
mutations and misexpressions and their mediated m7G methylation
deregulation widely exist in the pathogenesis of various NDs. How-
ever, we need to note that most current evidences that support a
pathological role of m7G methylation deregulation in NDs are from
observational studies. With the help of high-throughput m7G-seq
techniques and more exhaustive functional investigations for m7G
and its methyltransferases, the m7G signatures of the whole brain
and specific brain cell types in NDs can be further unveiled. Interven-
tional studies that provide more direct causal-effect evidences are also
in need to demonstrate the pathogenic role of m7G methylation
deregulation in NDs, which will fill our knowledge gap.

m7G methylation deregulation and glioma

CNS tumors are relatively rare types of tumor; however, they are a sig-
nificant cause of cancer morbidity and mortality.113 Malignant CNS
tumors are those that can be classified into primary (start within
the brain) and secondary tumors (spread from other organisms).
Among all types of malignant brain tumors, gliomas, including
both low-grade gliomas (LGGs) and glioblastomas (GBMs), are the
most common and dismal primary ones in adult.114 According to
the standards formulated by the World Health Organization, LGGs
are defined as lower stage gliomas (I–III) with good prognosis, while
GBMs are classified as the highest grade of glioma (IV) with worse
prognosis.115 Currently, the main treatment for gliomas is surgery
combined with radiotherapy and chemotherapy. The overall clinical
outcome for glioma patients, particularly GBMs, remains
poor.116,117 Therefore, it is critical to develop innovative and trust-
worthy diagnostic and prognostic biomarkers and therapeutic targets
to improve the outcomes of patients with gliomas.
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The literature has demonstrated the association of dysregulation of
m7G RNAmodification with various cancers, including lung cancer41

and intrahepatic cholangiocarcinoma.118 Recently, m7G methylation
deregulation has been found to be linked with the progression of gli-
oma through bioinformatic analyses. Researchers extracted potential
m7G regulators from Gene Set Enrichment Analysis (GSEA; http://
www.gsea-msigdb.org/gsea/index.jsp), and analyzed the expression
patterns of these genes using transcriptome data from public data-
bases including Cancer Genome Atlas, Gene Expression Omnibus,
and Chinese Glioma Genome Atlas.119-122 These analyses identified
various up-regulated m7G regulators (e.g., DCPS, NUDT1, NU
DT5, NUDT3) and down-regulated ones (e.g., CYFIP2, LARP1,
EIF4G3, NCBP2) in glioma groups versus controls.120,122 Impor-
tantly, the expression patterns of m7G RNA modification regulators
are strongly correlated with the malignant state of glioma. Moreover,
4 m7G regulators including DCPS, EIF4E1B, NUDT1, and
NUDT16L1 displayed distinct expression levels between GBMs and
LGGs, suggest their contribution to the malignancy of glioma.121

The prognostic values of differentially expressed m7G methylation
regulators in glioma have been further determined by univariate
and multivariate Cox regression analyses, and prognostic signatures
constructed on m7G regulators have demonstrated outstanding pre-
diction potentials for the overall survival of glioma patients.120-122

However, it is worth noting that there are conflicting results obtained
in both analyses.120,122 For instance, EIF4E1B and EIF4E3, which
were identified as a glioma-enriched genes,122 were reported to be
repressed in glioma tissue.120 These contradictory findings are
majorly due to the inclusion of different RNA-seq transcriptome
data and clinical data and the use of different algorithm in bio-
informatic analyses, which is hopeful to be overcome in future
comprehensive investigations. More important, we need to be aware
that we are in lack of direct causal-effect evidence from experimental
studies to support the inference from above findings from observa-
tional studies at current stage. Further investigations are needed to
demonstrate the regulatory role and underlying mechanism of m7G
RNA modification in the pathogenesis and pathologies of glioma.
Meanwhile, fastidious studies are necessary to validate the exact roles
of these predicted m7G regulators on m7G modification, which may
identify novel m7G writers, erasers, and readers in near future.

Besides, 12 m6A/m5C/m1A/m7G-associated long noncoding RNAs
(lncRNAs; e.g., AL080276.2, AC092111.1, SOX21-AS1, DNAJC9-
AS1, AC025171.1, AL356019.2, AC017104.1, AC099850.3, UNC5B-
AS1, C006064.2, AC010319.4, and AC016822.1) have been identified
as prognosis-related lncRNAs.119 These lncRNAs are with high values
for prediction of overall survival of glioma and evaluation of immu-
notherapy, ascertained by the receiver operating characteristic and
the tumor immune dysfunction and exclusion analyses.119 However,
all these studies used cohorts of glioma patients with a distinct genetic
background that significantly increase the risk of bias in analyses and
failed to explain the underlying mechanisms of differential expression
of m7G-associated genes and lncRNAs. Therefore, more original
studies, especially ones that specifically examine the m7G signatures
of gliomas and BGMs using recently developed m7G high-
throughput analyses are urgently needed to clarify the involvement
of m7G methylation in glioma.

Conclusions and future perspectives

The rapid development of RNA modification researches has revealed
an important role of METTL1/WDR4 complex-mediated m7G
methylation in neurodevelopment and neural function. However,
we are with limited knowledge of m7G modification regulation and
how it influences the CNS. Thus, we prospect for the future develop-
ment of the directions and trends of m7Gmethylation, particularly in
the CNS.

The first one is to discover novel m7G writers, erasers, and readers. To
date, more than 20 m6A modification proteins have been identified,
suggesting the complexity of RNA modification regulation mecha-
nisms.1Current literature hasdemonstratedMETTL1/WDR4complex
asm7Gwriter for tRNA,mRNA, andmiRNA, andBud23/Trm112 and
WBSCR22/TRMT112 complexes as m7G writer for rRNA in eukary-
otic cells.29,42,48 However, none of m7G erasers and readers has been
reported. Since RNA demethylases may demethylate multiple types
of modifications (e.g., FTO demethylates m6A and m3U), it is
interesting to investigate thatwhether the currently knownRNAdeme-
thylases function as m7G erasers using well established high-perfor-
mance liquid chromatography-based biochemistry assays.123 Taking
a cue from m6A researches, putative m7G readers can be predicted
through bioinformatics analyses using publishedRNA-bindingprotein
cross-linking immunoprecipitation associated to high-throughput
sequencing datasets and known m7G modification sites.124,125 m7G
reader candidates can be confirmedbymass spectrometry analysis after
RNA pull-down using methylated single-stranded RNA bait with the
consensus m7G motifs.124 Moreover, GSEA database also identified
multiple potential m7G regulators, which helps us to narrow searching
scope for novel m7G writers, erasers, and readers.

Second, it is of great importance in scientific and clinical research to
identify new m7G modifications in the CNS. Being the most complex
organ, the brain consists of many cell types, including neurons, astro-
cytes, andmicroglia.More important, these types of cells are with high
heterogeneity. We, together with other independent groups, have
demonstrated the distinct mRNA m6A signatures of brain tissues126

and specific cell types including microglia46,127 under pathological
conditions (e.g., hypoxia, neuroinflammation). Similarly, mRNA
m7G profiles are highly likely to be altered during neurodevelopment
and the progressions of neurological disorders, which can be addressed
by m7G MeRIP-seq and other high-throughput analyses. Following
the functional characterization of novel m7G-modified mRNAs, the
roles ofmRNAm7Gmodification (de)regulation inCNSdevelopment
and neurological disorders pathogenesis can be further unveiled.

Third, to unveil the functions of rRNA and tRNAm7Gmodification in
the CNS and other organ systems is necessary to expand our
understanding on m7G modification. Although studies have demon-
strated the involvement of m7Gmodification in tRNAs in neurodevel-
opment, they are just the tip of the iceberg regarding the exact roles of
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tRNAm7Gmodification on neurological disorders and the underlying
mechanisms.More important, nothing is known regarding the function
of rRNAm7Gmodification in gene expression regulation and diseases.
Inspiringly, studies have shown elevated expression levels ofWBSCR22
in human glioma cells, leading to enhanced tumor cell survival and a
poor prognosis.44 Our recent RNA-seq analyses also suggested signifi-
cant up-regulation ofTrmt112 expression in differentiating neural stem
cells,128 and reduction of expression levels of Wbscr22 transcripts in
activated microglia.46 These results provide confidence to clarify the
contribution of the deregulation of WBSCR22/TRMT112 expression
and rRNA m7G modification disorder on brain development and dis-
eases in future studies.

Fourth, the potential applications of m7Gmodification as diagnostic/
prognostic biomarkers and therapeutic targets is also an interesting
topic. Multiple studies have revealed a great clinical value of
METTL family members in the diagnosis and prognosis of cancer.129

As preliminary investigations have found alteredMETTL1 expression
in activated microglia, it is important to investigate the diagnostic/
prognostic values of METTL1/WDR4 for neuroinflammation and
related neurological disorders. Investigating the states of m7G modi-
fication and the expression levels of METTL1/WDR4 in accessible
biofluids, such as urine, blood, or CSF, might be an important first
step to demonstrate the feasibility of using m7G profiling as potential
biomarkers. We lack such studies, given that the field is still in its very
early stages. Yet interestingly, proof-of-concept studies have shown
that STM2457, a small molecule inhibitor of METTL3, is with prom-
ising anti-tumor effects thanks to the considerable functions of
METTL3-mediated m6A methylation in tumorigenesis.130 Given
the important findings ofMETTL1/WDR4mutation in the pathogen-
esis of MPD,70,71 DS,74,75 and MS,108,109 it is essential to develop
METTL1 agonists/antagonists and examine their therapeutic effects
on neurological disorders.

In summary, being a novel RNA modification, internal m7G methyl-
ation is widely associated with the modulation of tRNA and rRNA
functions, post-transcriptional regulation of mRNAs, and the pro-
cessing of miRNAs. More importantly, pioneer studies have implied
essential pathological roles of m7G modification in NDs. More
comprehensive studies that aim to expand our understanding on
the roles of m7G methylation in the CNS will shed light on the devel-
opment of novel strategies for the diagnosis, treatment, and prognosis
of neurological disorders.
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