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RNA modifications known as epitranscriptomics have emerged as a novel layer of transcriptomic regulation. Like the well-
studied epigenetic modifications characterized in DNA and on histone-tails, they have been shown to regulate activity-
dependent gene expression and play a vital role in shaping synaptic connections in response to external stimuli. Among
the hundreds of known RNA moadifications, N6-methyladenosine (m6A) is the most abundant mRNA modification in
eukaryotes. Through recognition of its binding proteins, m6A can regulate various aspects of mMRNA metabolism and is
essential for maintaining higher brain functions.
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| 1. Introduction

Epitranscriptomics, also known as RNA modifications, refers to the study of post-transcriptional modifications of RNA
molecules. Although chemical modifications of RNA have been described for a half-century, only recently with the
advancement of technology have we started to elucidate their functions . To date, over 170 post-transcriptional base
modifications have been identified. In addition, RNA modifications have been characterized not only in abundant non-
coding RNA, such as transfer RNA (tRNA), ribosomal RNA (rRNA), and small nuclear RNA (snRNAs), but also in
messenger RNA (MRNA) [, The post-transcriptional modifications of mMRNA, which include N6-methyladenosine (m6A),
N1-methyladenosine (m1A), 5-methylcytidine (m5C), N7-methylguanosine (m7G), and N6,2-O-dimethyladenosine
(m6Am) add a new layer to regulating mRNA metabolism and gene expression [@. Among them, m6A is one of the most
abundant modifications of the mRNA in eukaryotes and the best-studied modification so far [2l. Given its diverse roles in
mRNA metabolism and gene regulation, altered m6A profiles have been linked to various illnesses, including cancers and
psychiatric disorders 4.

| 2. m6A in the Brain

Methylation at the N6 position of adenosine is referred to as m6A. It is the most abundant RNA modification, with
approximately 25% of mammalian messenger RNAs (MRNA) bearing the mark . m6A is enriched in conserved regions,
namely within the 3' untranslated regions (UTRs) and near the stop codons of transcripts . It has a known consensus
motif RRACH (R represents A or G, and H represents A, C, or U) and, most importantly, it is dynamic and highly reversible
BB mBA is known to be regulated at three complementary levels through proteins that act as writers, erasers, and
readers 4 (Figure 1). Methylation is deposited by a multicomponent methyltransferase complex (“writers”) consisting of
a core writer complex and an interacting complex. In the core complex, methyltransferase-like 3 (METTLS3) is the catalytic
component, methyltransferase-like 14 (METTL14) liaises with METTL3 to recognize the substrate, and WTAP guides
METTL3/14 heterodimer . The interacting complex contains the RNA binding motif protein 15/15B (RBM15/15B), vir-like
m6A methyltransferase associated (VIRMA), zinc finger CCCH-type containing 13 (ZC3H13), and HAKAI which support
the functioning and positioning of a writer complex. VIRMA interacts with WTAP and mediates selective methylation in the
3'UTR and near the stop codon 8. RBM15/15B mediate the binding of a writer complex to the U enriched region on
MRNA and recruit writer complexes to specific sites [, ZC3H13 mediates the nuclear localization of writer complexes 10
(L1, Conversely, m6A is removed by demethylases (“erasers”), which include the fat mass and obesity-associated protein
(FTO) and ALKBB homolog 5 (ALKBHS5). For the mark to elicit its various effects, “reader” proteins must recognize and
bind m6A, thereby regulating gene expression through diverse mechanisms such as mRNA stability, splicing, nuclear
export, and translation efficiency 2. Among the known m6A readers, the YTH family of proteins, with its conserved YTH-
domain, is the best studied. Each member of the YTH family is reported to have a unique function; for example, YTHDC1
is predominantly found in the nucleus and promotes exon inclusion by selectively recruiting pre-mRNA splicing factor
SRSF3 L8l Further, YTHDCI facilitates the nuclear export of methylated transcripts by interacting with nuclear transport
receptors 4. On the other hand, YTHDC2 and YTHDF1/2/3 are found in the cytoplasm. YTHDC2 has been shown to
facilitate translation by resolving secondary structures or to promote mRNA degradation by interacting with 5'-3'



exoribonuclease 2218l |n contrast, YTHDF2 destabilizes the target transcripts by recruiting a deadenylase complex 4.
YTHDF1 and YTHDF3 modulate translation efficiency 28118 However, recent studies propose that YTHDF1/2/3 bind to
the same target transcripts and act redundantly to influence mRNA degradation 22, This may not be surprising given that
the YTHDF family has high sequence homology, sharing close to 85% of their sequence across the family [2. Other
readers include the fragile X mental retardation protein (FMRP), heterogeneous nuclear ribonucleoproteins (HNRNPS),
and insulin-like growth factor 2 mRNA-binding proteins (IGF2BPs). FMRP facilitates the nuclear export of the target
transcripts through interactions with mRNA nuclear export factors or a selective mRNA export pathway mediated by
chromosomal maintenance 1 (CRM1) 22, HNRNPC and HNRNPG modulate pre-mRNA processing and pre-mRNA
alternative splicing, respectively 23, In addition, HNRNPA2B1 is known to regulate alternative splicing and primary
microRNA processing 24, IGF2BP1-3 stabilizes the target transcripts and promotes the storage of mRNA by recruiting
stabilizers 28], More studies are needed to better understand the selective binding of m6A readers to different m6A sites;
nonetheless, these findings support diverse molecular outcomes driven by how the m6A is read, functionally altering the
levels of transcripts present in the cell.

/
’
’
’
’
b ’ Reader
’ o7 METTLY
External Stimuli 4 ’ ”
’ ’ Writer .
’ ’
’ —
,' ™ § NN e AN —» aemative splicing
7 YT
e / Eraser
7 (“_] p \
Q Rz 10 Nuclear export
\ R e\ Nucleu
\ . R i
\
\ X\
\ A
\ [ ] % Translation
\ YHT F
. T o
Y % @ Decay
\ A AANAN o
\ .
. \ & Stabilization
Changes in 3 \ \
neuronal function \ .
and behaviors 3

Figure 1. The suggested regulation of transcript by m6A in the nervous system. m6A is catalyzed by a writer complex
consisting of METTL3, METTL14, WTAP, RBM15/15B, ZC3H13, VRMA, and HAKAI. m6A is demethylated by FTO or
ALKBH5. m6A regulates the variety of mRNA metabolism in the nucleus and cytoplasm through recognition by readers,
YTHDF1/2/3, YTHDC1,2, FMRP, HNRNPs, and IGFBP1/2/3. m6A has been shown to affect translation, degradation,
splicing, and nuclear export and, therefore, could regulate the nervous system.

Interestingly, m6A is highly enriched in the brain, with more than 30% of the transcripts in the brain harboring this
modification (28, Indeed, m6A profiles in the human brain show functional enrichment in synaptic and neuronal pathways
for genes harboring brain-specific m6A &, Additionally, m6A writers, erasers, and readers are widely expressed
throughout the brain, supporting the argument that m6A plays a vital role in various aspects of brain functions.

Although cell type-specific m6A profiles in the brain have not yet been generated at large, there is evidence to support that
the proteins related to m6A are expressed across all cell types, albeit more highly expressed in the neurons compared to
the glial cells (28], However, given that non-neuronal cell types amount for at least half of all the cells in the brain, the roles
of m6A in non-neuronal cell types cannot be overlooked. Indeed, studies have demonstrated the dynamic regulatory role
of m6A in the oligodendrocyte lineage—a subclass of glial cells, including both oligodendrocyte precursor cells—and
mature oligodendrocytes 28], Thousands of transcripts are differentially methylated between the two cell types, implying
that m6A may underlie cell-specific functions in the brain 28123, Taken together, this suggests a fundamental role for m6A
methylation in the process of cellular differentiation.

| 3. Activity-Dependent Role of m6A
3.1. m6A Localizes Transcripts to the Synapse

The delivery of select transcripts to distal compartments, such as axons and dendrites, is critical in neurons where
thousands of transcripts are locally regulated, influencing the production of proteins that affect synaptic organization and
transmission. Recent research has shown that m6A modifies mRNAs destined for subcellular transport, specifically those
targeted to the synapse. m6A profiles from the synaptosomes isolated from mouse forebrains found that m6A transcripts
are enriched for pathways associated with synaptic function 9. Specifically, mRNAs from the synaptosomes with high
mM6A levels were significantly enriched for synaptic functions compared to mRNAs with low methylation, which were more
associated with cellular metabolic processes B9, Moreover, m6A writers, erasers, and readers were found at dendrites



and adjacent to synapses, suggesting that subcellular modification or the recruitment of modified mMRNAs may play a role
in synaptic activity B, Accordingly, the m6A profiling of neuronal subcellular compartments revealed that thousands of
M6A transcripts are enriched in dendrites and axons compared to cell bodies 2. Likewise, it has been found that the
mM6A sites within the 3'UTR promote the localization of a subset of transcripts to dendrites and axons in cultured mouse
hippocampal neurons B2, Furthermore, deleting the m6A writer METTL3 resulted in the altered localization of hundreds of
transcripts [22. Notably, the neurite-depleted transcripts corresponded to protein-coding genes associated with synaptic
function and structure and neuronal projections. In line with this, knocking down the m6A readers YTHDF1 or YTHDF3 in
cultured hippocampal pyramidal neurons decreased the translation of the dendritically localized mRNA and resulted in
impaired synaptic transmission and abnormal dendrite spite morphology B9. Similarly, YTHDF1 depletion was shown to
impair hippocampal synaptic transmission and long-term transmission with a reduction in dendritic spine density 331, It
appears that readers are required to maintain translational efficiency at the presynaptic terminal.

Another mechanism by which local translation is regulated is through m6A eraser function within the axon, the effects of
which have been associated with axon guidance, growth, and regeneration 2433, The eraser FTO is highly expressed in
axons compared to other m6A machinery and has been shown to demethylate the local axonal mRNA B4, The axon-
specific loss of function of FTO inhibited the demethylation of the growth-associated protein-43 (GAP-43), which is
required for axonal elongation B4l The inhibition of demethylation increased m6A levels and, in turn, inhibited the local
translation of GAP-43. Together these data suggest that m6A contributes to axon elongation by regulating the local
translation of GAP-43 4], Additionally, m6A regulates axonal guidance by facilitating mRNA translation in the spinal cord.
For example, for spinal commissural axons to cross the midline the m6A reader YTHDF1 must be inhibited, resulting in
the decrease of axon guidance receptor Robo3.1 23],

Taken together, the current literature suggests that m6A participates in the localization of target transcripts within neurons.
Moreover, those targeted transcripts include the precursors for synaptic structural proteins which are important for
synaptic communication. This implies that m6A may be one of the mediators in synaptic communication.

3.2. m6A and Synaptic Plasticity from Learning and Memory Studies

Synaptic plasticity is an essential part of the mechanism of neuronal adaptation. There is growing evidence to suggest
that mice with mutations of m6A machinery genes affect the learning and memory processes. For example, the deletion of
the m6A writer METTL3 in the hippocampus shows normal synaptic transmission and short-term memory but deficits in
long-term memory consolidation B8, At the molecular levels, METTL3 promotes the translation efficacy of immediate early
genes (IEGS), which are induced rapidly by experience-triggered neuronal activity and are necessary for long-term
memory 281, Consistent with this finding, m6A writer METTL14 is required for long-term memory formation and neuronal
excitability B2,

Likewise, the downregulation of the m6A eraser FTO and, thus, the increase of global m6A methylation level has been
linked to learning and memory. At the basal levels, memory formation causes a short-term reduction in the abundance of
FTO, preferentially at the synapse [28. Moreover, FTO knockdown in the hippocampus before learning and memory
training in mice enhanced memory formation in the contextual fear conditioning task 28], Similarly, FTO knockdown in the
mouse prefrontal cortex led to enhanced memory consolidation 4. In a like manner, the depletion of FTO led to the
upregulation of synaptic plasticity-related transcripts after an auditory fear conditioning behavioural task B9, Similar to fear
memory, the loss of FTO impaired working memory but did not influence long-term memory 49,

Readers, such as YTHDF1, have been shown to mediate the effect of m6A in learning and memory, most likely through
the regulation of translation efficiency. For example, deleting YTHDF1 resulted in learning and memory defects, impaired
hippocampal synaptic transmission, and long-term potentiation by promoting the translation of neuronal transcripts 22!,
Conversely, restoring YTHDF1 in the hippocampus of Ythdfl-knockout mice rescued the behavioural and synaptic defects
B3l This change was accompanied by a decreased abundance of transcripts related to synaptic plasticity, including
glutamate receptors and calcium calmodulin-dependent kinase (CaMK2a) 22l Altogether, these data suggest that altered
FTO expression in response to external stimuli plays a role in learning and memory, influencing the transcript level of
gene-associated synaptic plasticity.

3.3. m6A Regulates Pathways Implicated in Psychiatric Disorders

Synaptic communication, within and across brain regions, is critical for mood regulation and cognitive function and
alterations to synaptic function are a key feature of psychiatric disorders, including MDD. Emerging evidence implicates
m6A in the molecular mechanisms closely associated with synaptic connectivity and psychiatric disorders. Indeed, recent
studies have shown altered m6A profiles in neurodegenerative and psychiatric disorders, including Alzheimer’s disease



(41]142143]  parkinson’s disease 24, Huntington's disease 2, alcohol use disorder 28], and post-traumatic stress disorder
(PTSD) &4 in mice and human post-mortem brains 28149,

As described above, m6A regulation has an important influence on synaptic plasticity, which has a direct impact on
learning and memory, a system highly impacted by depression U5, Other important biological systems implicated in
depression, such as neurogenesis, HPA axis, inflammatory response, and neurotropic factors, are also shown to be
regulated by m6A and will be discussed below.

While adult hippocampal neurogenesis (AHN) remains a controversial topic in humans, some studies have nonetheless
shown an effect of AHN on psychiatric disorders with evidence that suggests m6A plays a role. The m6A eraser FTO is
highly expressed in adult neural stem cells (aNSCs) and its loss reduces proliferation and neuronal differentiation in mice
[401521[53] These changes are accompanied by an alteration in the methylation status of genes related to the brain-derived
neurotrophic factor (BDNF) signaling pathway, which is known to promote the proliferation and differentiation of NSCs 22,
Another study showed the loss of FTO led to the disrupted precursor BDNF and mature BDNF 54, BDNF is highly crucial
for synaptic neuropil outgrowth, suggesting that m6A could be indirectly mediating synaptic deficits. Another study
demonstrated that the METTL3-mediated m6A regulates neurogenesis and neuronal development by modulating the
expression of histone methyltransferase Ezh2 521, METTL3 depletion inhibits the proliferation and cell cycle progression of
aNSCs, with lineage commitment more toward glia during differentiation in vitro. Moreover, m6A is uniquely tagged under
either proliferation or differentiation stages, suggesting that m6A may correlate with its functions in aNSCs and regulates
neurogenesis at a normal state. Given the roles of m6A in adult neurogenesis, m6A may contribute to the development of
MDD by regulating adult neurogenesis.

Dysregulation of the immune and inflammatory response, both peripherally and centrally, is commonly found across
psychiatric disorders. Several studies have identified links between m6A and the inflammatory responses of microglia and
macrophage, particularly in the polarization toward different phenotypes and inflammation: for example, genes related to
microglia phenotypes. Pro-inflammatory-like M1-like, anti-inflammatory M2-like, and unstimulated MO-like are represented
by state-specific methylation patterns, suggesting a role for m6A in the pro- and anti-inflammatory responses of the brain
81 |n macrophages, FTO knockdown led to changes in the gene expression of transcription factors essential for
macrophage polarization and inhibited the nuclear factor-kappa B (NFkB) signaling pathway, thereby regulating
macrophage activation BZ. In another study, METTL3 knockdown was shown to inhibit M1 polarization but enhance M2
polarization 8. Similarly, YTHDF2 was shown to participate in the inflammatory response of macrophages by stabilizing
the expression of inflammatory-related transcription factors and activating the MAPK and NFkB signaling pathways 29,
Although how m6A mediates inflammatory responses in the context of MDD is still unknown, m6A has been found to
mediate the inflammatory response in the context of brain diseases such as brain stroke. Using an ischemic stroke model
in mice, researchers identified an increase in m6A methylation in pathways vital to the inflammatory response, including
tumour necrosis factor (TNF), Toll-like receptors (TLR), and NFkB [69,
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