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Abstract: RNA modifications known as epitranscriptomics have emerged as a novel layer of tran-
scriptomic 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 modifications, N6-methyladenosine (m6A) is the most abundant mRNA modification in
eukaryotes. Through recognition of its binding proteins, m6A can regulate various aspects of mRNA
metabolism and is essential for maintaining higher brain functions. Indeed, m6A is highly enriched
in synapses and is involved in neuronal plasticity, learning and memory, and adult neurogenesis.
m6A can also respond to environmental stimuli, suggesting an important role in linking molecular
and behavioral stress. This review summarizes key findings from fields related to major depressive
disorder (MDD) including stress and learning and memory, which suggest that activity-dependent
m6A changes may, directly and indirectly, contribute to synaptic connectivity changes underlying
MDD. Furthermore, we will highlight the roles of m6A and FTO, a m6A eraser, in the context of
depressive-like behaviors. Although we have only begun to explore m6A in the context of MDD
and psychiatry, elucidating a link between m6A and MDD presents a novel molecular mechanism
underlying MDD pathogenesis.
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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 [1]. To date, over 170 post-transcriptional base
modifications have been identified. In addition, RNA modifications have been character-
ized 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) [2]. The
post-transcriptional modifications of mRNA, 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 [2]. Among them, m6A is one of the most abundant modifications of the
mRNA in eukaryotes and the best-studied modification so far [3]. 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].

Major depressive disorder (MDD) is a complex, multifactorial illness, constituting one
of the most important societal burdens worldwide [5]. While the genetic heritability of
MDD is estimated to be at around 37%, there is no single large-effect variant [6]. As such,
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MDD, similar to many other psychiatric disorders, is likely to result from the combination
of many small-effect variants that influence gene expression and interact with factors, such
as the environment [7]. There is evidence to suggest that MDD is associated with disrupted
neuronal communication within and across regions of the brain associated with mood
regulation and cognitive function [8]. Indeed, numerous human post-mortem brain studies
have found decreases in the sizes of these critical brain regions that some researchers have
attributed to changes in synaptic density and neuropil loss [9–11]. Decreased synaptic
density has important implications for intercellular communication and proper circuit
function [12,13]. Various biological systems, such as the hypothalamic pituitary adrenal
(HPA) axis, inflammation, sex steroids, and neurotropic factors, can lead to long- or short-
term changes in neuronal communication through their influence on synaptic outgrowth
and dendritic spine density [14]. Of note, the above-mentioned biological systems are all
directly influenced by stress exposures throughout life, which, in turn, is one of the leading
risk factors for the development of MDD [15]. Over the years, researchers have come to
identify the molecular interface between stress and biology as epigenetics [16]. These are
chemical modifications to nucleic acids that act as gene regulators that can respond to
stressful stimuli and environmental factors.

Indeed, numerous studies, in both mice and humans, have shown that stressful ex-
posures result in long-lasting epigenetic changes via DNA methylation and histone tail
modifications [17]. Likewise, m6A is an epitranscriptomic modification that can dynami-
cally respond to internal and external stimuli, resulting in the fine-tuning of the levels of
gene expression. Notably, m6A participates in critical neurobiological functions, including
synaptic plasticity, neurogenesis, and learning and memory [18,19]. Furthermore, m6A
profiles are known to be altered by acute and chronic stress, suggesting that m6A is a player
in stress-related psychiatric disorders, including MDD [20,21]. Given the role of m6A in
brain function and, particularly, in activity-dependent gene regulation, it follows that m6A
may act as a key regulator in the stress response. Consequently, this may have important
implications for understanding the molecular mechanisms of MDD.

Others have done an excellent job of reviewing the roles of m6A in brain plasticity,
learning and memory [18,19], and neurodegenerative disorders [22,23]. In this review, we
focus on the evidence that m6A mediates synaptic plasticity in the context of MDD, which
in turn, may result in some of the behavioral and clinical outcomes related to the pathology.
First, we outline what is known about m6A in the brain, then we explore data from in vitro
assays to human experiments, to summarize the involvement of m6A modifications on the
various biologically associated pathways to MDD and to highlight the more direct evidence
for m6A regulation in MDD.

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 [3]. m6A is enriched in conserved regions, namely within the 3′

untranslated regions (UTRs) and near the stop codons of transcripts [24]. 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 [3,24,25]. m6A is known to be regulated at
three complementary levels through proteins that act as writers, erasers, and readers [4,26]
(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 (METTL3) is the catalytic component, methyltransferase-
like 14 (METTL14) liaises with METTL3 to recognize the substrate, and WTAP guides
METTL3/14 heterodimer [26]. 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 [27]. RBM15/15B mediate the binding
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of a writer complex to the U enriched region on mRNA and recruit writer complexes to
specific sites [28]. ZC3H13 mediates the nuclear localization of writer complexes [29,30].
Conversely, m6A is removed by demethylases (“erasers”), which include the fat mass and
obesity-associated protein (FTO) and ALKBB homolog 5 (ALKBH5). 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 [31]. 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 [32]. Further, YTHDC1 facilitates the nuclear export of methylated transcripts
by interacting with nuclear transport receptors [33]. On the other hand, YTHDC2 and
YTHDF1/2/3 are found in the cytoplasm. YTHDC2 has been shown to facilitate transla-
tion by resolving secondary structures or to promote mRNA degradation by interacting
with 5′-3′ exoribonuclease [34,35]. In contrast, YTHDF2 destabilizes the target transcripts
by recruiting a deadenylase complex [36]. YTHDF1 and YTHDF3 modulate translation
efficiency [37,38]. However, recent studies propose that YTHDF1/2/3 bind to the same
target transcripts and act redundantly to influence mRNA degradation [39]. This may
not be surprising given that the YTHDF family has high sequence homology, sharing
close to 85% of their sequence across the family [40]. 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) [41]. HNRNPC and HNRNPG modulate pre-mRNA processing and pre-mRNA
alternative splicing, respectively [42]. In addition, HNRNPA2B1 is known to regulate
alternative splicing and primary microRNA processing [43]. IGF2BP1-3 stabilizes the target
transcripts and promotes the storage of mRNA by recruiting stabilizers [44]. 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.
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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.
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Interestingly, m6A is highly enriched in the brain, with more than 30% of the transcripts
in the brain harboring this modification [45]. Indeed, m6A profiles in the human brain
show functional enrichment in synaptic and neuronal pathways for genes harboring brain-
specific m6A [46]. 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 [45].
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 [47]. Thousands of transcripts are differentially methylated
between the two cell types, implying that m6A may underlie cell-specific functions in the
brain [47,48]. 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 [49]. Specifically, mRNAs from the synaptosomes with high m6A levels were
significantly enriched for synaptic functions compared to mRNAs with low methylation,
which were more associated with cellular metabolic processes [49]. Moreover, m6A writers,
erasers, and readers were found at dendrites and adjacent to synapses, suggesting that
subcellular modification or the recruitment of modified mRNAs may play a role in synaptic
activity [50]. Accordingly, the m6A profiling of neuronal subcellular compartments revealed
that thousands of m6A transcripts are enriched in dendrites and axons compared to cell
bodies [51]. Likewise, it has been found that the m6A sites within the 3′UTR promote the
localization of a subset of transcripts to dendrites and axons in cultured mouse hippocampal
neurons [51]. Furthermore, deleting the m6A writer METTL3 resulted in the altered
localization of hundreds of transcripts [51]. 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 [49]. Similarly, YTHDF1 depletion was shown to
impair hippocampal synaptic transmission and long-term transmission with a reduction in
dendritic spine density [52]. 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 [53,54]. The eraser FTO is highly expressed in axons compared
to other m6A machinery and has been shown to demethylate the local axonal mRNA [53].
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 [53]. 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 [53]. Additionally, m6A regulates axonal guidance by
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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 [54].

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 [55]. At the molecular levels, METTL3 pro-
motes the translation efficacy of immediate early genes (IEGS), which are induced rapidly
by experience-triggered neuronal activity and are necessary for long-term memory [55].
Consistent with this finding, m6A writer METTL14 is required for long-term memory
formation and neuronal excitability [56].

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 [57]. Moreover, FTO knockdown in the hippocampus before learning and
memory training in mice enhanced memory formation in the contextual fear conditioning
task [57]. Similarly, FTO knockdown in the mouse prefrontal cortex led to enhanced
memory consolidation [56]. In a like manner, the depletion of FTO led to the upregulation
of synaptic plasticity-related transcripts after an auditory fear conditioning behavioural
task [21]. Similar to fear memory, the loss of FTO impaired working memory but did not
influence long-term memory [58].

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 synap-
tic transmission, and long-term potentiation by promoting the translation of neuronal
transcripts [52]. Conversely, restoring YTHDF1 in the hippocampus of Ythdf1-knockout
mice rescued the behavioural and synaptic defects [52]. This change was accompanied by
a decreased abundance of transcripts related to synaptic plasticity, including glutamate
receptors and calcium calmodulin-dependent kinase (CaMK2a) [52]. 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 reg-
ulation 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. In-
deed, recent studies have shown altered m6A profiles in neurodegenerative and psychiatric
disorders, including Alzheimer’s disease [59–61], Parkinson’s disease [62], Huntington’s
disease [63], alcohol use disorder [64], and post-traumatic stress disorder (PTSD) [65] in
mice and human post-mortem brains [22,23].

As described above, m6A regulation has an important influence on synaptic plas-
ticity, which has a direct impact on learning and memory, a system highly impacted by
depression [14,66]. 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.
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While adult hippocampal neurogenesis (AHN) remains a controversial topic in hu-
mans, 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 [58,67,68]. 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 [67]. Another study
showed the loss of FTO led to the disrupted precursor BDNF and mature BDNF [69]. 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 [70]. 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 neu-
rogenesis 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 cen-
trally, 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 M0-like are represented by state-specific methylation patterns, suggesting a
role for m6A in the pro- and anti-inflammatory responses of the brain [71]. In 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 path-
way, thereby regulating macrophage activation [72]. In another study, METTL3 knockdown
was shown to inhibit M1 polarization but enhance M2 polarization [73]. 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 [74]. 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 [75].

4. Direct Evidence of the Involvement of m6A Regulation in MDD

As described above, a number of the systems that are dysregulated in MDD have been
found to be mediated through m6A, but only a few studies have directly investigated the
effects of m6A on depression and depressive-like behaviors. To date, many of these studies
focused on an m6A eraser, FTO, due to its role in obesity and the strong link of metabolic
disorders with depression [76,77]. Indeed, accumulating evidence shows the dysregulation
of FTO in depressive pathology.

4.1. Potential Roles of m6A in Stress Response

The stress response is tightly regulated by the HPA axis, and it is responsible for trans-
lating stress-induced stimuli into hormonal signaling. Repeated stress can lead to increased
HPA axis activity, increased levels of glucocorticoids, and disrupted negative feedback
regulation, which are the hallmarks of MDD. Several studies have investigated the roles of
m6A in response to stress. Acute stress was found to alter gene-expression levels of the
erasers FTO and ALKBH5, which in turn regulated global m6A levels in the mice’s brains
in a region-specific manner, with the global m6A levels increased in the amygdala and
decreased in the prefrontal cortex in the mice [21]. In addition, injecting the glucocorticoid
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corticosterone mimics the acute stress effect and decreased erasers and increased global
m6A levels, indicating that m6A may mediate stress response through the HPA axis [21].
However, in three separate mouse models of depression, changes in the level of erasers
were not found in the prefrontal cortex or amygdala. Instead, FTO was consistently down-
regulated in the hippocampus of all three animal models and individuals with MDD [78].
In another study, chronic unpredictable stress (CUS) decreased global m6A levels in the
hippocampus, which is opposite to previous findings [20]. Nonetheless, m6A profiling of
the CUS model of the hippocampus revealed that genes with less methylation are enriched
for neurotrophins and MAPK signaling pathways, both of which are dysregulated in MDD.
Abdominal injections of the stress hormone corticosterone decreased global m6A levels in
the peripheral blood in mice [21]. Similarly, the administration of synthetic stress hormones
to individuals with MDD disrupted the global m6A levels in the peripheral blood [21]. In
line with this, the deletion of FTO was shown to increase corticosterone levels in plasma,
albeit the study was conducted at baseline levels [58].

Taking advantage of publicly available datasets, a recent study explored the gene
expression level of m6A regulators in depression and depressive-like behaviors [79]. Al-
though the expression patterns of m6A regulators after stress treatment or in individuals
with MDD were inconsistent across studies, overall, the results suggested expression
patterns were region and context-specific [20,21,78,79]. Altogether, rapidly modifiable
methylation patterns as a function of stress or the introduction of synthetic stress hormones
are in line with the dynamic regulation of transcripts to stress via m6A. However, more
work is required to understand the context and region-specific effects.

4.2. KO Models Show Depressive-like/Anxiety-like Behaviors

To specifically investigate the impact of m6A on depressive- and anxiety-like behaviors,
several studies tested the effects of manipulating m6A regulators in order to observe subse-
quent behavioral outcomes (Table 1). A study by Liu et al. showed that the suppression of
FTO in the hippocampus increases depressive-like behaviors but not anxiety-like behaviors,
while the overexpression of FTO led to an antidepressant-like effect [78]. Interestingly, FTO
overexpression in mice resulted in hypomethylated genes enriched in pathways associated
with synaptic organization and the regulation of neurotransmitters [78]. These pathways
targeted by FTO were previously reported in depression and antidepressant-effects, sug-
gesting that hippocampal FTO mediates, at least in part, depressive-like behaviors through
cell-communication pathways. Consistent with this study, the downregulation of FTO
in the anterior cingulate cortex led to depressive-like and anxiety-like behaviors through
the changes in several key components of the BDNF pathway [80]. However, in contrast
to these findings, FTO-knockout or Mettl3-knockout in the dorsal and ventral hippocam-
pus did not lead to significant changes in anxiety-like behaviors but increases in fear
memory [21]. Moreover, the global knockout of FTO resulted in reduced anxiety-like and
depressive-like behaviors. However, FTO-knockout mice were too vulnerable and unable
to tolerate CUMS [69]. Overall, the effect of FTO seems to depend on the stress paradigms,
brain regions, and behavioral tests. However, these studies point toward the role of FTO as
a key mediator of depressive-like behaviors.

Given the roles of m6A in depressive-like behaviors, it thus makes sense that m6A
would play a role in antidepressant response. Indeed, a recent study investigated the
potential role of m6A in response to antidepressant treatment. Peng-Fei et al. showed
that FTO mediates tricyclic antidepressant (TCA) response in the ventral tegmental area
(VTA) of mice. FTO knockout in the VTA increased stress vulnerability and abolished
antidepressant activity, while FTO overexpression increased the activity of TCAs [81].
Moreover, overexpression of FTO in the VTA decreased the expression of stress-related
neuropeptides in a chronic social defeat stress mice model (CSDS). However, it is important
to note that the levels of FTO in response to antidepressants are region-specific. Moreover,
different classes of antidepressants show different effects on the levels of FTO. Application
of imipramine or amitriptyline, which are tricyclic antidepressants (TCAs), increased the
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expression of FTO, whereas fluoxetine, which is a selective serotonin reuptake inhibitor
(SSRIs), decreased FTO in mouse neuroblastoma 2A cells. This is not overly surprising
since each class, while influencing the levels of serotonin in the brain, nonetheless has
different mechanisms of action.

Table 1. List of studies implicating m6A regulators in depressive-like behaviors.

Mice Brain Region Expression Paradigm Behavior Citation
C57BL/6 HIPP FTO Knockdown - Anxiety-like behaviors - [21]

HIPP METTL3
Knockdown - Anxiety-like behaviors -

C57BL/6 HIPP FTO Knockdown - Anxiety-like behavior ↑ [58]

C57BL/6 Global FTO Knockdown - Depressive-like behaviors ↓
Anxiety-like behaviors ↓ [69]

- Global FTO Knockdown
Chronic
unpredictable mild
stress

Unable to tolerate stress
stimulation

Global FTO Heterozygous
(HZ)

Chronic
unpredictable mild
stress

Stress susceptible ↓

C57BL/6 HIPP FTO Knockdown - Depressive-like behaviors ↑
Anxiety-like behaviors- [78]

HIPP FTO Knockout - Depressive-like behaviors ↑
Anxiety-like behaviors-

HIPP FTO Overexpression
Chronic
unpredictable mild
stress

Depressive-like behaviors ↓

C57BL/6 ACC FTO Knockdown Neuropathic pain Depressive-like behaviors ↓
Anxiety-like behaviors ↓ [80]

4.3. Mutation in FTO and ALKBH5 Are Linked to MDD

Genome-wide association studies have linked variants in m6A-related genes to the risk
of developing MDD and other psychiatric disorders [82,83]. Given that FTO is widely asso-
ciated with obesity, and changes in appetite and weight are one of the common symptoms
in MDD, FTO has been a novel candidate for these studies [76]. Early studies from Samman
et al. investigated the association between the rs9939609 FTO risk variant and depression
using four cohorts. Although the results were not replicated across all cohorts, the overall
results from a meta-analysis showed that this SNP lowered the risk of depression [84].
Given the diversity and heterogeneity of depressive symptoms, researchers attempted to
associate the different depressive subtypes with FTO [85]. In this study, MDD was sepa-
rated into three categories: severe typical, moderate severity, and severe atypical, where
the typical and atypical terms are mainly distinguished by the direction of the change in
appetite, weight, and sleep [85]. In contrast to Samman et al., a positive relationship was
identified between the FTO rs9939609 risk variant and depression in an atypical subtype
of depression. Interestingly, a later meta-analysis was able to replicate these results [86].
Likewise, ALKBH5, another m6A eraser, was associated with depression in the Chinese
Han cohort; however, these studies have yet to be replicated with larger sample sizes [87].
In other psychiatric disorders, the genetic variation of FTO was also shown to contribute to
the risk of other psychiatric disorders, including Alzheimer’s disease [88,89].

5. Summary

m6A participates in a number of diverse functions in the adult brain that underlie
neuronal activity and behavior (Figure 2). It is highly expressed at synapses and the dys-
regulation of m6A can disrupt synaptic connectivity and result in morphological changes.
Studies from learning and memory and stress imply that activity-dependent m6A gene
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regulation can translate environmental stimuli into neuronal activity and behavior. In
addition, m6A has been shown to participate in the inflammatory response, adult neuroge-
nesis, expression of neurotropic factors, and the HPA axis, all of which have been strongly
associated with MDD pathology. Taken together, m6A is highly responsive to stress, and
is involved in stress response and adaptation. Of great interest, the current literature
highlights the importance of FTO as a potential mediator in depressive-like behaviors.
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Figure 2. Model for the modulation of synaptic plasticity by m6A resulting in depressive phenotypes.
Current literature points toward the role of m6A in biological systems, including the HPA axis,
neurogenesis, inflammatory response, and glial functions, which have been implicated in depressive-
like behaviors and MDD, suggesting a potential role of m6A in MDD.

Although recent literature points to the dysregulation of m6A in MDD and psychiatric
disorders, there is a clear need for continued work in this field as we are only beginning
to scratch the tip of the iceberg. For example, recent studies in MDD suggest that males
and females respond differently to stress at multiple molecular levels. Therefore, studying
the sex-specific regulation of m6A in the context of stress could identify the underlying
mechanism engaged in the response to stressful events. Future studies using human
postmortem brains could help us better understand the roles of m6A in MDD. Moreover,
given the diverse cell types in the brain and their distinct roles in MDD, single-cell studies
will be necessary to address the importance of m6A at a higher resolution. Future studies
should also carefully investigate how m6A contributes to the response to antidepressant
treatment, leveraging peripheral samples. Ultimately, these studies will help to identify
novel pathways, mechanisms, and targets associated with MDD and move toward better
interventions and treatments.
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