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Abstract  
The study of modified RNA known as epitranscriptomics has become increasingly relevant in our 
understanding of disease-modifying mechanisms. Methylation of N6 adenosine (m6A) and C5 cytosine 
(m5C) bases occur on mRNAs, tRNA, mt-tRNA, and rRNA species as well as non-coding RNAs. With 
emerging knowledge of RNA binding proteins that act as writer, reader, and eraser effector proteins, 
comes a new understanding of physiological processes controlled by these systems. Such processes 
when spatiotemporally disrupted within cellular nanodomains in highly specialized tissues such as 
the brain, give rise to different forms of disease. In this review, we discuss accumulating evidence that 
changes in the m6A and m5C methylation systems contribute to neurocognitive disorders. Early studies 
first identified mutations within FMR1 to cause intellectual disability Fragile X syndromes several 
years before FMR1 was identified as an m6A RNA reader protein. Subsequently, familial mutations 
within the m6A writer gene METTL5, m5C writer genes NSUN2, NSUN3, NSUN5, and NSUN6, as well as 
THOC2 and THOC6 that form a protein complex with the m5C reader protein ALYREF, were recognized 
to cause intellectual development disorders. Similarly, differences in expression of the m5C writer 
and reader effector proteins, NSUN6, NSUN7, and ALYREF in brain tissue are indicated in individuals 
with Alzheimer’s disease, individuals with a high neuropathological load or have suffered traumatic 
brain injury. Likewise, an abundance of m6A reader and anti-reader proteins are reported to change 
across brain regions in Lewy bodies diseases, Alzheimer’s disease, and individuals with high cognitive 
reserve. m6A-modified RNAs are also reported significantly more abundant in dementia with Lewy 
bodies brain tissue but significantly reduced in Parkinson’s disease tissue, whilst modified RNAs are 
misplaced within diseased cells, particularly where synapses are located. In parahippocampal brain 
tissue, m6A modification is enriched in transcripts associated with psychiatric disorders including 
conditions with clear cognitive deficits. These findings indicate a diverse set of molecular mechanisms 
are influenced by RNA methylation systems that can cause neuronal and synaptic dysfunction 
underlying neurocognitive disorders. Targeting these RNA modification systems brings new prospects 
for neural regenerative therapies.
Key Words: 5-methylcytosine methylation; Alzheimer’s disease; cognitive diseases; epitranscriptomics; 
intellectual disability; Lewy body diseases; N6 adenosine; RNA modification

Introduction 
The study of modified RNA species, known as epitranscriptomics, has led to 
unprecedented discoveries in RNA regulatory systems which are increasingly 
relevant in our understanding of disease-modifying mechanisms. Over a 
hundred and fifty different types of post-transcriptional RNA modifications 
are presently recognized to occur on rRNA, tRNA, and mRNA species and 
include N6-methyladenosine modification (m6A), 5-methylcytosine (m5C), 
N6,2′-O-dimethyladenosine (m6Am) and other mRNA capping modifications, 
N1-methyladenosine (m1A), pseudo-uridine (Ψ) and dihydrouridine 
(Boccaletto et al., 2018; Eyler et al., 2019; Finet et al., 2022). Novel forms 
of RNA modification in mammals and their functional consequences are 
still being discovered. For example, 3-methylcytidine (m3C) methylation has 
recently been described to modify eukaryotic tRNAs, and while controversial, 
potentially mRNAs (Ma et al., 2019; Lentini et al., 2022). Although suggested 
to be involved in the regulation of translation in the cytoplasm as well as in 
mitochondria, m3C functional specificity and range of molecular functions in 
these compartments are still relatively unknown. Similarly, modification by 
acetylation of N4-cytidine in mammalian rRNAs (ac4C) has only recently been 
characterized and is suggested to moderate rRNA processing and ribosome 
biogenesis but its biological significance is yet to be established (Arango et al., 
2022).

The most prevalent commonly stable RNA modifications in mammals are 
methylation of N6 adenosine (m6A) and C5 cytosine (m5C) bases. m6A and 
m5C modification occurs at internal sites within mRNA transcripts. However, 
both forms of methylation also exist on tRNA, mt-tRNA, and rRNA species 
as well as non-coding RNAs. In tRNA, rRNA, and mt-tRNA, m5C modification 
provides structural stability and improves the accuracy of translation (Van 
Haute et al., 2019; Schumann et al., 2020). In comparison, m5C methylation 
of mRNA is indicated to increase RNA stability and abundance, regulate 

nuclear exportation as well as negatively correlating with translation efficiency 
(Yang et al., 2017; Liu et al., 2021). The biological consequences of m5C RNA 
methylation on cellular function are numerous and differ depending on the 
developmental stage but include regulating fundamental processes such as 
cell proliferation and migration, DNA repair, and cell senescence (Zhang et al., 
2012; Xue et al., 2019; Yang et al., 2019; Chen et al., 2020). m6A methylation 
is the most abundant internal modification in mRNA and long non-coding 
RNAs and has been shown to regulate mRNA nuclear splicing, translation 
efficiency, and RNA degradation. It has also been implicated in regulating 
numerous physiological processes such as stem cell differentiation, embryonic 
development, as well as neuronal and glial cell function.

Methylation status is moderated by groups of proteins referred to as 
effector proteins. These proteins differ between the m5C and m6A systems. 
Methyltransferases, known as writer proteins, add methyl groups to 
nucleotides. m5C methyltransferases include NOL1/NOP2/SUN (NSUN) domain 
family proteins and a tRNA (cytosine(38)-C(5))-methyltransferase also known 
as DNMT2. NSUN1, NSUN2, NSUN5, NSUN6, NSUN7, and DNMT2 target 
rRNA, mRNA and tRNA, and enhancer RNAs (Brzezicha et al., 2006; Bourgeois 
et al., 2015; Aguilo et al., 2016) whilst NSUN3 and NSUN4 are predominately 
located within mitochondria where they modify mitochondrial tRNA and 
rRNAs, respectively (Metodiev et al., 2014; Nakano et al., 2016). In contrast, 
in mammals the writer proteins involved in m6A mRNA methyltransferase 
activity consist of METTL3 and METTL14, WTAP, ribosomal binding motif 15 
(RBM15), and its paralogue RBM15B. An additional, newly discovered m6A 
writer protein, METTL16, has recently been shown to be involved in the 
methylation of coding RNAs (Brown et al., 2016; Pendleton et al., 2017) as 
well as non-coding U6 spliceosomal small nuclear RNAs (Warda et al., 2017). 
Furthermore, ribosomal RNA can be m6A modified at two sites namely, 18S 
rRNA at position A1832 and 28S at position A4220a (Maden, 1986, 1988) and 
that is catalyzed by the writer protein METTL5 (van Tran et al., 2019).
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The erasers effector proteins, the demethylases, are proteins that remove 
the methyl group. Removal of m5C modification is mediated by the ALKBH1, a 
pleitropic dioxygenase that equally demethylates other forms of modification 
such as m1A and m3C (Falnes et al., 2004; Ougland et al., 2004; Kawarada 
et al., 2017). ALKBH1 has also been shown to mediate modifications of 
cytosine-34 (m5C34) in mitochondrial tRNAs (mt-tRNAmet) (Haag et al., 
2016). Three additional eraser proteins TET1, TET2, and TET3 enzymes also 
demethylate m5C by oxidation and are involved in the demethylation of DNA 
as well as RNA. The m6A demethylase eraser proteins, FTO and ALKBH5, 
belong to the AlkB subfamily of the Fe(II)/2-oxoglutarate dioxygenase 
superfamily. However, they differ in their mode of demethylation with FTO 
demonstrating oxidative methylase activity, while ALKBH5 directly removes 
methyl groups from single-stranded RNA non-oxidatively (Han et al., 2010; 
Feng et al., 2014). Importantly, ALKBH5 which is highly abundant in brain 
tissue, is reported to be specific to m6A whereas, FTO also mediates tRNA m1A 
demethylation.

RNA binding proteins belonging to the reader effector protein category, 
recognize specific chemical modifications and direct binding events. Several 
RNA binding proteins have been suggested to be m5C reader proteins. 
Nonetheless, the most well-studied m5C readers include the THO complex 
subunit 4 (ALYREF) that interacts with the methyltransferase NSUN2 and 
mediates mRNA transport in and out of the nucleus (Yang et al., 2017); and 
YBX1 that is involved in mRNA stabilization (Chen et al., 2000) and splicing 
(Raffetseder et al., 2003). The best-characterized m6A reader effector proteins 
belong to the YTH domain family that consists of YTHDF1, YTHDF2, YTHDF3, 
YTHDC, and YTHDC2. The YTHDF1-3 proteins have similar binding affinities 
toward preferred RNA motifs and recent studies support dosage-dependent 
redundancy in their function to regulate m6A-dependent mRNA stability 
and translation (Li et al., 2020). However, context-specific factors may be 
determining spatial-temporal changes in their expression and hence individual 
roles unique in moderating RNA metabolism. In addition to YTH domain 
reader proteins that interact with m6A RNA-modified sites, several proteins 
have been identified as auxiliary readers such as FMR1, FXR1, and FXR2. 
Indeed a subset of proteins have recently been characterized and are referred 
to as m6A anti-readers (Arguello et al., 2017) as they preferentially interact 
with unmodified m6A RNA binding sequences, i.e., they are repelled by “m6A” 
RNA modifications. The expression and cellular localization of these m5C and 
m6A writers, eraser and reader/anti-reader effector proteins are likely to have 
a direct effect on RNA methylation regulatory systems and consequential 
cellular function that could influence the expression of disease. To date, 
clinical investigations of RNA modification deficits in human cohorts and using 
human tissue have been focused more on cancer, and only very recently has 
the field of epitranscriptomics started to explore neurodegenerative and 
neuropsychiatric conditions. The purpose of this review is to sumarize the 
current evidence, ranging from genetic, RNA, and protein expression studies, 
and quantitative modification analysis, which supports that alterations in 
m5C and m6A RNA modification influence brain disease processes underlying 
cognitive disorders. 

Search Strategy  
The citation database used was PubMed and literature was searched between 
January and June 2023. All years were chosen in the search. 

Evidence of Disrupted m5C Effector Protein 
Expression in Neurodevelopmental and 
Neurodegenerative Disease
m5C RNA methylation, although less prevalent than m6A RNA modification, 
has been characterized across multiple tissues and is found highest in 
abundance within mRNAs in the brain (Huang et al., 2019). Evidence initially 
from pedigree studies in which causative mutations were identified, led 
to the discovery that several NSUN writers cause neurodevelopmental 
conditions (Figure 1). For example, NSUN2 is known to cause forms of 
autosomal recessive intellectual disability (Abbasi-Moheb et al., 2012; Khan 
et al., 2012; Martinez et al., 2012; Sun et al., 2020), as well as Dubowitz 
syndrome, a rare multiple congenital syndrome characterized by growth 
retardation, microcephaly, distinctive facial dysmorphism, and intellectual 
deficits (Martinez et al., 2012). NSUN3, a mitochondrial tRNA writer, causes 
autosomal recessive mitochondrial encephalomyopathy characterized by 
global developmental delay (Van Haute et al., 2016; Paramasivam et al., 
2020). Likewise, the rRNA writer, NSUN5, is located within the critical region 
for Williams Beuren syndrome, a rare neurodevelopmental condition; and 
haploinsufficiency of NSUN5 in fibroblasts from Williams Beuren syndrome 
patients causes a partial loss of 28S rRNA m5C methylation (Heissenberger 
et al., 2019). Furthermore, in a very recently published report, biallelic 
mutations within a fourth NSUN writer, NSUN6, were described to cause 
autosomal recessive neurodevelopmental disorders (Mattioli et al., 2023). The 
different mutations identified, i.e., two homozygous frame shift mutations 
and a homozygous missense mutation, were suggested, by the authors, 
to lead to a loss of functional NSUN6 protein abundance and hence to a 
loss of m5C modification of tRNAs. Finally, the m5C reader, ALYREF, is part 
of the TRanscription-EXport (TREX) protein complex that regulates mRNA 
transcription and processing and shuttles mRNA out of the nucleus (Dufu 

et al., 2010). Mutations within THOC2 and THOC6 that are protein binding 
partners of the TREX mRNA-export complex are reported to cause X-Linked 
intellectual disability and rare autosomal recessive syndromic intellectual 
disability (Najmabadi et al., 2011; Kumar et al., 2015).

Regulatory processes important for neurodevelopment and which are 
disrupted in such neurodevelopmental diseases are commonly found 
dysregulated in the aging brain. Indeed, evidence that changes in m5C 
machinery abundance contribute to neurodegeneration is beginning to 
emerge. Dementia, a progressive decline in neurocognitive ability, is the 
principal cause of disability in the elderly population. Alzheimer’s disease 
(AD) is the most common form of dementia and is characterized by the 
neuropathological accumulation of intraneuronal aggregation of tau protein 
known as neurofibrillary tangles and the accumulation of insoluble beta 
amyloid peptide termed senile and neurite plaques. These pathological 
features progress through stages of severity that correlate to the burden of 
pathology and anatomical localization (Braak et al., 1991), and are assessed 
as neuropathological Braak and CERAD scores. Neuropathological lesions are 
also commonly found in individuals exposed to head trauma that leads to 
either focal or diffuse traumatic brain injury (TBI) (Hyman et al., 2012). TBI 
can have both acute or chronic effects with the latter having a greater link to 
a decline in cognition. 

One approach commonly undertaken to understand how pathology develops 
through changes at the cellular level, is to examine changes in RNA expression 
profiles using RNA sequencing data for large AD cohorts (Gardner et al., 2019; 
Marques-Coelho et al., 2021). In a recent study by PerezGrovas-Saltijeral 
et al. (2023), gene expression profiles of m5C RNA effector transcripts were 
examined in AD and TBI clinical populations as well as age-matched healthy 
control individuals (PerezGrovas-Saltijeral et al., 2023). RNA-sequencing for 
107 individuals, of which 51 had a clinical diagnosis of AD and 56 were healthy 
controls, was obtained from the aging, dementia, and traumatic brain injury 
study generated initially for the Adult Changes in Thought study (Miller et al., 
2017). Information was available for four brain regions, the hippocampus, 
the superior temporal gyrus of the temporal cortex, the inferior parietal 
cortex, and the white matter from the parietal cortex. Twenty-six individuals 
had a history of TBI and 30 had no history of TBI. The m5C effector protein 
investigated by PerezGrovas-Saltijeral et al. (2023) were the writers, NSUN1, 
NSUN2, NSUN3, NSUN4, NSUN5, NSUN6, NSUN7, and DNMT2; the readers, 
ALYREF and YBX1; and erasers, ALKBH1, TET1, TET2, and TET3. Expression 
profiles were compared between AD and controls, Braak and CERAD scores 
of neuropathology, and individuals with a history of TBI. The study found that 
in healthy brain tissue, RNA effector protein transcripts exhibited the overall 
highest relative expression in the white matter tissue from the parietal cortex. 
However, differences in abundance for sets of effector transcripts were 
observed across the different brain regions. For example, in the hippocampus, 
a region associated with contextual learning and memory, gene expression of 
the m5C NSUN writer effector proteins was found to be moderately high. In 
contrast, the reader YBX1 and eraser effectors TET1 and TET2 were the most 
abundant transcripts in the hippocampus and white matter tissue, whereas in 
the superior temporal gyrus of the temporal cortex and the inferior parietal 
cortex, the reader ALYREF, and erasers ALKBH1 and TET3, were more highly 
expressed. Such observations suggested that in the healthy aged brain, there 
are tissue-specific m5C RNA methylation effector protein mechanisms. 

In the same study, RNA effector proteins expression in the AD population 
showed a similar overall expression profile to healthy controls across the 
brain regions. However, in AD individuals, significantly lower expression of 
NSUN6 was found in the superior temporal gyrus and the white matter tissue; 
while a second writer, NSUN7, showed significantly higher abundance in the 
hippocampus in AD individuals. These changes were consistently observed 
for both NSUN writers across different stages of AD neuropathology for 
neurofibrillary tangles, Braak stages, within the hippocampus. Interestingly, 
NSUN7 was the only m5C effector protein that showed changes in abundance 
for the neuropathological score assessing amyloid load, CERAD. In addition to 
the changes in NSUN6 and NSUN7 gene expression, the m5C reader ALYREF 
showed lower expression in the most severe Braak stages in the hippocampus 
and inferior parietal cortex. Finally, all individuals with a history of TBI showed 
significantly lower expression of m5C writer NSUN6 across the temporal 
gyrus when compared to healthy aged controls, which was consistent across 
samples regardless of whether there was a diagnosis of AD or not. 

Although this study did not directly assess changes in m5C-modified RNAs 
in the human brain, the findings do describe consistent alterations in the 
methylation machinery associated with neurodegenerative disease or 
neuropathology status. As RNA methylation effector proteins are known 
to target various types of RNA species, e.g. mRNA, tRNA, rRNA and mt-
RNA and alternative non-coding RNA species such as enhancer RNA, 
vault RNA and circular RNA, understanding the functional role of these 
differentially expressed effector proteins in the cellular context, is important 
for understanding of how the m5C system may be contributing to cognitive 
disease and TBI. The function of NSUN7 is still relatively uncharacterized 
although it has been suggested to regulate the stability of enhancer RNAs 
of genes targeted by the transcriptional co-activator PGC-1α (Aguilo et al., 
2016). Nevertheless, PGC-1α is a known mitochondria and energy metabolism 
regulator associated with neuronal survival and synaptic maintenance, 
and its dysregulation is suggested to be involved in the pathogenesis of 
neurodegenerative diseases.
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Conversely, NSUN6 methylates tRNAThr and tRNACys molecules in human cells, 
and alongside NSUN2, was recently discovered to determine most mRNA 
transcription-wide m5C sites. Moreover, NSUN6 is associated with “type II” 
m5C mRNA sites, which are predicted to be located in the loops of putative 
hairpin structures. Like NSUN6, type II m5C mRNAs are commonly found in 
the cytoplasm of cells and in NSUN6 knock-out cells, type II modification 
correlated with a modest overall increase in translation efficiency (Liu et 
al., 2021). Furthermore, within NSUN6 transcript coding regions, a circular 
RNA transcript is predicted to be encoded, which is evident across several 
regions of the human brain. As circular RNAs can regulate mRNA through 
binding to RNA-binding proteins and have been shown to be abnormally 
expressed in brain diseases (Dube et al., 2019), these observations highlight 
the potential for a more complex transcriptional regulatory system involving 
NSUN6 underlying AD and TBI pathology. Such complex transcriptional 
regulatory mechanisms may also be involved in disease-driving processes 
giving rise to neurodevelopmental disorders associated with NSUN6 (Mattioli 
et al., 2023). The PerezGrovas-Saltijeral et al. (2023)’s study also highlighted 
that the expression of the m5C reader ALYREF increased with increasing 
Braak pathology. This reader is a core regulator of m5C-modified mRNA 
export out of the nucleus and is a component of the TREX protein complex. 
Interestingly, mutations in the TREX complex genes, THOC2 and THOC6, are 
known to cause forms of intellectual disabilities (Kumar et al., 2015), which 
include neurodevelopmental delay and growth disorders. Furthermore, the 
recognition and hence nuclear-cytoplasmic shuttling of specific transcripts by 
ALYREF is reduced with the knockdown of NSUN2 suggesting that NSUN2 is 
required for both NSUN6 and ALYREF’s role in the distribution of m5C mRNA 
sites as well as for m5C mRNAs nuclear export. 

One limitation of the PerezGrovas-Saltijeral et al., 2023’s study is that 
heterogeneous cellular tissue sections were used to examine changes in 
expression and were therefore not cell-type population or subcellular region 
specific. Alterations in cell type composition in brain tissue with increased 
pathological staging is well documented and could be a significant factor 
influencing effector protein transcript expression. Another drawback of the 
study is that it is unknown whether changes in effector transcript expression 
lead to changes in protein abundance and hence whether post-transcription 
regulatory mechanisms, proteomic changes, or a combination of both 
mechanisms, are influencing pathological processes. Indeed, the knockdown 
of mouse Nsun2, which like NSUN6, is part of the tRNA regulome, results in 
decreased tRNA m5C levels, deficits in tRNA glycine codon-specific defects, 
and a loss of Gly-rich synaptic proteins (Blaze et al., 2021). Whether such 
consequential molecular changes are co-moderated by Nsun2 effector 
transcript mechanisms, remains to be determined. Nevertheless, cell-

population-specific high throughput transcriptomic and proteomic studies 
of dementia and TBI pathological brain tissue will be needed to elucidate 
methylome-specific mechanisms and consequences.

Evidence of m6A Abundance Changes in 
Neurocognitive Disease 
Like m5C writer effector proteins that can cause intellectual disability, 
heritable mutations within m6A writer effector proteins are reported to cause 
neurodevelopmental phenotypes. For example, the m6A rRNA writer, METTL5, 
is reported to cause autosomal recessive intellectual disability syndrome 
with microcephaly (Richard et al., 2019), and functional studies of truncated 
METLL5 suggest that METTL5 expression rather than cellular localization 
is changed in the mutated form. In addition, the auxiliary m6A readers, the 
fragile X gene family, Fragile X messenger ribonucleoprotein 1 (FMR1), FMR1 
Autosomal Homolog 1 (FRX1), and Fragile X Mental Retardation Syndrome-
Related Protein 2 (FXR2), are associated with causing fragile X syndrome, an 
X-linked dominant neurodevelopmental disease characterized by moderate to 
severe intellectual disability (Devys et al., 1993). These RNA binding proteins 
that interact with m6A sites along mRNAs, are associated with translation 
at ribosomes, and, form ribonucleoprotein complexes that are involved in 
trafficking RNAs between the nucleus and cytoplasm. FMR1 also binds to 
mRNAs at synaptic sites and represses translation by stalling mRNA-linked 
ribosomes (Darnell et al., 2011). 

In 2018, using tissue from mouse brains, Merkurjev et al., first provided 
evidence that modified RNA existed at synapses. Furthermore, through 
reducing YTHDF1 reader expression and observing deficits in excitatory 
synaptic transmission, the same authors indicated that the m6A modification 
system was involved in synaptic function (Merkurjev et al., 2018). To further 
elucidate how m6A-modified RNAs might be involved in synaptic function and 
thereby contribute to brain disease driving mechanisms, Martinez De La Cruz 
et al. (2021) used advanced microscopy techniques in human differentiated 
neuronal cell lines and visualized m6A-modified RNAs using an antibody that 
specifically binds to m6A. They first showed in differentiated cell cultures 
that modified m6A RNAs are located at both pre- and post- synaptic regions 
which were confirmed in situ by scanning transmission electron microscopy 
imaging of single mature synapses. To assess changes in m6A abundance 
with the YTHDF1, YTHDF3, FMR1 reader, and ALKBH5 eraser proteins after 
synaptic activation during an early plasticity stage (15 minutes) and late 
plasticity stage (24 hours), neuronal cells were activated using the glutamate 
neurotransmitter receptor agonist, NMDA. They found that at activated 

Figure 1 ｜ Alterations in m5C and m6A RNA modification systems contribute to neurocognitive disorders. 
Mutations within the m5C writer effector protein genes NSUN2 (Abbasi-Moheb et al., 2012; Khan et al., 2012; Martinez et al., 2012; Sun et al., 2020), NSUN3 (Paramasivam et al., 
2020), and NSUN5 (Heissenberger et al., 2019) cause intellectual disability and neurodevelopmental disorders. Loss-of-function mutations within the genes THOC2 and THOC6 
which are TREX-complex protein partners of the m5C reader, ALYREF, cause X-linked and syndromic forms of intellectual disabilities (Kumar et al., 2015; Mattioli et al., 2019). Similarly, 
familial mutations within the m6A rRNA writer gene METTL5 cause autosomal recessive intellectual disability with microcephaly (Richard et al., 2019), whereas damaging variants 
within the m6A mRNA reader gene, FMR1, cause fragile X associated disorders (Devys et al., 1993; Zhang et al., 2018). Changes in expression of the m5C writers, NSUN6 and NSUN7, 
and the reader ALYREF, are associated with Alzheimer’s disease and Traumatic Brain Injury (PerezGrovas-Saltijeral et al., 2023). Likewise, changes in abundance and the cellular 
location of m6A-modified RNAs, are significantly altered in Lewy body diseases and mild cognitive impairment brain tissue (Martinez De La Cruz et al., 2023). m6A-modified RNAs are 
also found enriched in mRNA transcripts which are associated with psychiatric disorders (Martinez De La Cruz et al., 2021). All artwork is original, created with BioRender.com and 
using information cited in the referenced papers. ALYREF: Aly/REF export factor; FMR1: fragile X messenger ribonucleoprotein 1; m5C: 5-methylcytosine; m6A: N6-methyladenosine; 
METTL5: methyltransferase 5; NSUN2: NOP2/Sun domain family, member 2; NSUN3: NOP2/Sun RNA methyltransferase 3; NSUN5: NOP2/Sun RNA methyltransferase 5; NSUN7: NOP2/
Sun RNA methyltransferase family member 7; THOC2: THO complex subunit 2; THOC6: THO complex subunit 6.

D
ow

nloaded from
 http://journals.lw

w
.com

/nrronline by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dgG

j2M
w

lZ
LeI=

 on 09/25/2023



4  ｜NEURAL REGENERATION RESEARCH｜Vol 19｜No. ××｜×× 2024

NEURAL REGENERATION RESEARCH
www.nrronline.org Review

glutamatergic post-synaptic sites, both the YTHDF1, YTHDF3, and FMR1 reader 
and the ALKBH5 eraser proteins increased in co-localization to m6A-modified 
RNAs during early plasticity. To determine the role of modified RNA and 
effector proteins in local protein synthesis at synapses undergoing plasticity, 
Martinez De La Cruz et al. (2021) used biochemical inhibitor assays to stall 
translation at active ribosomes. They found that after synaptic activation 
there was a significant increase in modified m6A RNAs at active ribosomes, as 
well as increases in YTHDF1, YTHDF3, and ALKBH5 proteins with m6A-modified 
RNAs. Furthermore, they observed that before synaptic activation the 
eraser protein ALKBH5 was predominantly localized to the nucleus but upon 
synaptic activation, ALKBH5 is transported from the nucleus to cytoplasmic 
synapses and co-localized with m6A-modified RNAs at active local ribosomes, 
demonstrating that m6A demethylation of RNAs by ALKBH5 is involved in 
synaptic translation during early synaptic plasticity. As m6A methylation has 
previously been associated with proliferation and differentiation in embryonic 
stem cells and oligodendrocyte lineage progression (Xu et al., 2020), the 
authors examined changes in m6A-RNAs and effector protein machinery at 
synapses during differentiation of human neuronal progenitor stem cells. They 
found that m6A-modified transcripts were scarce throughout the cytoplasm 
in undifferentiated and early differentiated cells but in fully differentiated, 
synaptically mature cells, m6A-modified RNAs were dramatically increased. 
Furthermore, YTHDF readers exhibited differential roles during developmental 
stages during synaptic maturation suggesting that their temporal and 
subcellular abundance may determine specific functions.

The same study also performed high throughput sequencing of m6A sites 
(m6A-seq) of human parahippocampal grey and white matter tissue and 
fetal brain tissue from non-diseased individuals to assess m6A methylation 
patterns across individual transcripts and to characterize modified transcripts 
belonging to functional categories. They reported that transcripts encoding 
known m6A writer, reader and eraser, and other RNA binding proteins were 
themselves m6A-modified and hence provided the first evidence for m6A 
autoregulation within a RNA methylation system. When assessing differences 
between the parahippocampal grey and white matter and fetal brain tissue, 
they observed that only one third of significantly enriched gene ontology 
terms were shared across all tissues. In particular, the grey and white 
matter parahippocampus tissue reveal distinct m6A methylome profiles 
indicating that cellular context was a fundamental factor dictating regulated 
pathways in the brain. However, both grey and white matter brain tissue did 
show commonality for m6A enriched transcripts belonging to the disease 
classification terms, ‘psychiatric disease’ and ‘neurological disease’ as well as 
transcripts associated with other cognitive disease pathologies or brain states, 
such as addiction disorders, and which have the potential to be reversed.

How changes to m6A-modified mRNAs may be contributing to synaptic 
pathology and disease is as yet unknown. However, Martinez De La Cruz et 
al. (2021) hypothesized that m6A mRNA methylation and demethylation by 
ALKBH5 is integral to a “synaptic tagging and capture” mechanism (Frey and 
Morris, 1997), i.e. a process proposed to explain how mRNAs are localized to, 
and available at, specifically activated synapses. Such a tagging mechanism 
would not only involve the regulation of mRNAs locally but also control the 
spatiotemporal timing of local synaptic protein synthesis. A second postulated 
mechanism proposed by the same authors arose from the recent observations 
that m6A multi-modified mRNAs act as a multivalent scaffold for the YTHDF 
reader proteins and hence promote liquid-liquid phase separation and the 
formation of highly condensed membraneless macromolecular aggregates 
(Gao et al., 2019; Ries et al., 2019; Liu et al., 2020; Wang et al., 2020a). Given 
that postsynaptic densities and presynaptic active zone regions are recognized 
to be dynamic molecular assemblies (Zeng et al., 2016), Martinez De La 
Cruz et al. (2021) hypothesized that during early phase synaptic plasticity, 
m6A multi-modified RNA-YTHDF interaction contributes to the formation of 
dynamic postsynaptic and presynaptic nanodomains and as a consequence 
could moderate distinct neurotransmitter system activity. Disruption to such 
biological condensates mechanisms could have important consequences both 
for early-stage synaptopathy as well as the accumulation of large pathological 
protein aggregates, e.g. amyloid plaques, tau aggregates, or Lewy bodies, 
which are the hallmark of several neurodegenerative diseases.

To date, few studies have examined directly the localization of m6A-modified 
RNAs within cells and cell subcompartments in brain tissue and changes in 
m6A RNA abundance in clinical populations with the disease. Recently, using 
an antibody specific for m6A, microscopy, and a machine learning approach, 
Martinez De La Cruz et al. (2023) performed cellular profiling of m6A-RNA 
abundance and YTHDF1, YTHDF3 reader expression within four regions 
of the human brain (the cerebellum, and frontal and cingulate cortices 
and the hippocampus) from aged non-affected individuals and individuals 
with mild cognitive impairment or Lewy body diseases such as Parkinson’s 
disease and dementia with Lewy bodies (Martinez De La Cruz et al., 2023). 
In disease tissue, m6A abundance was found to be significantly altered in 
all brain regions examined but showed consistent opposing patterns across 
neurodegenerative disorders. In Parkinson’s disease tissue, the abundance 
of m6A-modified RNAs was significantly decreased except in the cerebellum 
where modified RNAs were significantly more abundant than in healthy tissue. 
However, within the cerebellum, Purkinje cells showed no, or reduced, m6A-
RNAs and YTHDF3 abundance within the cytosol. In comparison, dementia 
with Lewy bodies tissue showed a significant increase in both modified 
RNAs and YTHDF3 expression across all regions although, in some areas 
such as the hippocampus, the pattern of m6A-RNA subcellular localization 
did not differ from unaffected tissue. Brain tissue from individuals with mild 
cognitive impairment also showed variability with both significant increases 

and decreases in m6A abundance across brain areas and similar to dementia 
with Lewy bodies, in brain areas where there was an overall increase in m6A-
RNAs, modified RNAs within dendritic processes were found to be reduced. 
In the same study, the analysis of mass spectrometry proteomic data from 
prefrontal tissue (Yu et al., 2020; Johnson et al., 2022), substantiated that the 
abundance of the reader YTHDF3 and additional m6A effector machinery such 
as m6A “anti-reader proteins” that preferentially interacting with unmodified 
m6A RNA binding sequences are significantly changed in individuals with 
AD, asymptomatic AD/mild cognitive impairment or individuals with have 
high cognitive resilience. Complementary to these findings, Jiang et al. 
(2021) reported that the m6A reader HNRNPA2B1 complexes with oligomeric 
aggregated tau, to regulate RNA translation. Furthermore, using an m6A 
antibody approach similar to the above study, in late-stage AD temporal 
cortical tissue, the group found that global HNRNPA2B1, tau, and m6A-
RNA modifications are increased in abundance. However, the cytoplasmic 
distribution of m6A immunoreactivity in severe AD cases was found much 
broader than Tau or HNRNPA2B1, suggesting that alterations in the m6A 
modification system begin earlier and hence may be independent of tau 
pathology. Together, these newly emerging findings suggested that there may 
be independent molecular switches that govern changes in m6A-modified RNA 
abundance within cell compartments and functional subcellular structures, 
and which differ between neurodegenerative diseases and potentially, stage 
of disease pathology. Moreover, the disrupted localization and abundance of 
m6A RNAs in such diseases are consistent with evidence for alterations in the 
control of RNA translation contributing to the formation of protein aggregate 
neurotoxic structures and suggest that manipulation of epitranscriptomic 
processes influencing translational control may lead to new therapeutic 
approaches for neurodegenerative diseases.

Advances in Technologies and Future Outlook 
Our ability to investigate RNA modification profiles has experienced significant 
growth with the advancement of experimental, computational, and high-
throughput technologies. Early work that aimed to detect and quantify RNA 
methylation types was based on the principle that modified nucleotides 
have distinct physicochemical properties. Several methods were established 
and routinely used including thin-layer chromatography, high-performance 
liquid chromatography, and mass spectrometry (Thuring et al., 2016). 
Even though high sensitivity and low starting material were an advantage 
to performing these methods on tissues from clinical samples, the lack of 
sequence information has been a limitation. The current technologies for 
the identification of transcriptome-wide m6A modifications rely on three 
main approaches: one, antibody-based techniques; two, chemical-based 
techniques; and three, enzyme/protein-based techniques. Antibody-based 
sequencing methods including m6A-Seq and MeRIP-Seq, use antibodies 
that specifically bind to modified ribonucleotides (Dominissini et al., 2012; 
Linder et al., 2015; Molinie et al., 2016; Koh et al., 2019). However, the 
lack of single base resolution and quantitative data indicating how many 
transcripts are modified at specific sites is a drawback of many such antibody-
based approaches. Chemical-based sequencing methods such as m6A-SEAL-
Seq and m6A-Label-Seq utilize chemical compounds that specifically react 
with modified bases (Shu et al., 2020; Wang et al., 2020b). These methods 
have the advantage of high accuracy and direct identification of modified 
bases but they have the limitation of lacking stoichiometric information, i.e., 
the ability to quantify the proportion of adenosine bases that are modified 
and occupancy at each site. Techniques such as DART-Seq, Mazter-Seq/
m6A-REF-Seq, and m6A-SAC-Seq, scDART-Seq utilize special enzymes or 
RNA modification-related proteins to selectively discriminate modified and 
unmodified bases (Garcia-Campos et al., 2019). These methods also have the 
advantage of high accuracy as they are at the single nucleotide resolution, but 
can have methodological drawbacks such as m6A binding motif preference, 
biased sequence context, and low sensitivity for low-abundance m6A sites.

Recently, two additional m6A mRNA mapping methods have been established 
by two independent research teams. Liu et al. (2022) reported GLORI, a 
transcriptome-wide identification technology based on glyoxal and nitrite-
assisted deamination of unmethylated adenosine that enables an unbiased 
absolute quantification method of m6A at a single-base resolution. Using 
GLORI, the authors reported more than 175,000 m6A sites in human 
HEK293T cells and that highly m6A-modified sites occur in clusters across the 
transcriptome, and such m6A clustered sites are associated with significantly 
lower expression (Liu et al., 2022). Similarly, in 2023, Xiao et al. developed 
TadA-assisted N6-methyladenosine sequencing that also employs an 
enzymatic global A deamination method by adenosine-to-inosine conversion 
using a hyperactive transfer RNA adenosine deaminase (TadA) variant. Using 
TadA-assisted N6-methyladenosine sequencing, site-specific transcriptome-
wide distribution of mRNA m6A in HeLa and mouse embryonic stem cells was 
performed using low input amounts (~50 ng) and circa 25,000 m6A sites were 
reported suggesting that TadA-assisted N6-methyladenosine sequencing is 
less sensitive to sites of low methylation levels. 

Advances in sequencing technologies have also led to a significant increase 
in the number of studies examining m5C RNA methylation profiles. Various 
methods have been developed to detect RNA m5C methylation, including 
m5C RNA immunoprecipitation sequencing, 5-azacytidine-mediated 
RNA immunoprecipitation, methylation-individual nucleotide resolution 
crosslinking immunoprecipitation (miCLIP), and RNA bisulfite sequencing 
(Edelheit et al., 2013; Hussain et al., 2013; Khoddami and Cairns, 2013). 
Among these approaches, m5C RNA immunoprecipitation sequencing, 
5-azacytidine-mediated RNA immunoprecipitation, and miCLIP are based 
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on immunoprecipitation technique, primarily using anti-m5C antibodies 
for detection followed by high throughput sequencing. 5-Azacytidine-
mediated RNA immunoprecipitation and miCLIP target the specific catalytic 
sites of RNA m5C methyltransferases by immunoprecipitation and provide 
a transcriptome-wide view of mRNA m5C at a single nucleotide resolution. 
However, 5-azacytidine is highly toxic for cells and since miCLIP utilizes 
mutated RNA m5C methyltransferases, it is time-consuming and expensive 
(Khoddami and Cairns, 2013; George et al., 2017). RNA bisulfite sequencing is 
the gold standard and the most used method for m5C modification detection 
and can provide a transcriptome-wide landscape of m5C profile with high 
specificity at a single nucleotide resolution. However, it still requires technical 
improvement as experimental temperature and pH can lead to RNA damage, 
and, owing to bisulfite-induced damage, this method needs higher amounts 
of input RNA. For such reasons, and to the authors’ knowledge, as yet no 
studies have assessed single base transcriptome-wide mRNA m5C methylation 
using RNA bisulfite sequencing in cohorts with neurocognitive diseases. 

The current technical limitations of both m6A and m5C mapping techniques 
may be overcome by third-generation sequencing such as direct long-read 
RNA Oxford Nanopore Sequencing Technologies and Pacific Biosciences of 
California (Garalde et al., 2018; Mahmoud et al., 2023). Nanopore sequencing, 
as opposed to next-generation RNA sequencing, can sequence RNA without 
the need for reverse transcription and PCR amplification. However, there 
are still challenges for Oxford Nanopore Sequencing Technologies such 
as significant constraints of the current software tools available to call 
modification sites accurately (Leger et al., 2021; Mateos et al., 2023). 

To conclude, deleterious mutations identified within m5C and m6A effector 
protein genes provided the first evidence that RNA modification systems 
contribute to brain function and cognitive dysfunction. Quantifying m6A 
modification abundance and alterations in RNA and protein expression 
of the m5C and m6A writer, reader, and erasers in brain tissue and across 
cognitive disease forms, indicate significant changes at the tissue, cell, 
and subcompartment level. However, the contrasting aberrant patterns 
identified across conditions suggest that there are differences in disrupted 
molecular mechanisms driving disease. With such accumulating evidence that 
alterations in RNA methylation systems are associated with the occurrence 
of disease, it has been anticipated that RNA modifications could also serve as 
promising biomarkers for early clinical diagnosis, targeted drug therapies, or 
prediction of treatment responses. The next-generation sequencing methods 
such as Oxford Nanopore Sequencing Technologies will play a central part 
in understanding changes in clinical populations including individuals with 
neurocognitive diseases.
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