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Abstract

N6 adenosine and C5 cytosine modification of mRNAs, tRNAs and rRNAs are regulated by the behaviour of distinct sets of
writer, reader and eraser effector proteins which are conventionally considered to function independently. Here, we provide
evidence of global cross-regulatory and functional interaction between the m®A and m>C RNA methylation systems. We
first show that m®A and m>C effector protein transcripts are subject to reciprocal base modification supporting the exist-
ence of co-regulatory post-transcriptional feedback loops. Using global mass spectrometry proteomic data generated after
biological perturbation to identify proteins which change in abundance with effector proteins, we found novel co-regulatory
cellular response relationships between m°®A and m>C proteins such as between the m®A eraser, ALKBHS, and the m>C
writer, NSUN4. Gene ontology analysis of co-regulated proteins indicated that m®A and m>C RNA cross-system control
varies across cellular processes, e.g. proteasome and mitochondrial mechanisms, and post-translational modification pro-
cesses such as SUMOylation and phosphorylation. We also uncovered novel relationships between effector protein networks
including contributing to intellectual disability pathways. Finally, we provided in vitro confirmation of colocalisation between
m®A-RNAs and the m°C reader protein, ALYREEF, after synaptic NMDA activation. These findings have important implica-
tions for understanding control of RNA metabolism, cellular proteomic responses, and brain disease mechanisms.
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Modifications

forms such as N6-methyladenosine modification (m®A),
5-methylcytosine (m°C), N®2'-O-dimethyladenosine

Introduction

Over a hundred and fifty different types of RNA modifica-
tions exist for rRNA, tRNA and mRNA species. With the
recent high throughput characterisation of RNA methylation
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(m®Am) and other mRNA capping modifications, N1-meth-
yladenosine (m'A), pseudouridine (¥) and dihydrouridine
[1-8], there has been unprecedented discoveries in RNA
biological regulatory systems. m®A modification is the
most prevalent internal modification in mRNA and long
non-coding RNAs (IncRNA) and has been shown to regu-
late mRNA nuclear splicing, translation efficiency and deg-
radation [9-12]. It has also been implicated in numerous
physiological processes such as stem cell differentiation,
embryonic development, neuronal and glial cell function as
well as synaptic plasticity [10, 13—17].

m®A modification is a reversible process moderated
by m®A methyltransferases (writers), demethylases (eras-
ers) and RNA-binding proteins (readers) which are com-
monly termed ‘effector’ proteins. In mammals, the m°A
writer proteins, METTL3 and METTL14, form a complex
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in which METTL14 provides stability for the enzymatic
reaction while the catalytic domain of the enzyme complex
resides in METTL3 [18]. A third writer protein complex
protein, the Wilms tumour-associated protein (WTAP),
recruits METTL3 to the site of methylation and reinforces
the binding of the enzyme to the substrate [19]. Other pro-
teins involved in m®A methyltransferase activity include
KIA 1429, ribosomal binding motif 15 (RBM15) and its par-
alogue RBM15B, which act in concert with WTAP to pro-
vide stability and mRNA positioning for the methyl transfer
and are, in addition, involved in nuclear RNA splicing and
nuclear export [20-23]. An additional, newly discovered,
mC®A writer protein, METTL16, has recently been shown to
be involved in the methylation of coding RNAs [24, 25] as
well as non-coding U6 spliceosomal small nuclear RNAs
[26]. Furthermore, ribosomal RNA can be m®A modified at
two sites namely, /8S rRNA at position A1832 and 28S at
position A4220a [27-29] which is catalysed by the writer
protein METTLS [30].

mSA readers comprise RNA-binding proteins which
bind to m®A-RNAs localised in the nucleus where they
play roles in RNA processing, mRNA decay, stability and
export, or bind to m®A-RNAs in the cytoplasm where they
are involved in mRNA transport, translation or degradation.
They include the YTH domain-containing family proteins,
YTHDF1, YTHDF2, YTHDF3, YTHDCI1 and YTHDC2.
The YTHDF1, YTHDF2, and YTHDF3 proteins have
similar sequence identity and binding affinities toward
preferred RNA motifs [31], and recent studies support
dosage-dependent redundancy in their function to regulate
mGA—dependent mRNA stability and translation [32-34].
The YTHDCI1 protein is thought to be primarily involved in
mRNA splicing and mRNA transport [35], while YTHDC2
has been associated with the efficiency of RNA processing
and stability [36, 37]. The m®A demethylase eraser proteins,
FTO and ALKBHS, belong to the AlkB subfamily of the
Fe(II)/2-oxoglutarate (20G) dioxygenase superfamily, and
both require ferrous iron and a-ketoglutarate as cofactors.
However, they differ in their mode of demethylation with
FTO demonstrating oxidative demethylase activity in the
long stem-loop domain of the C-terminus, while ALKBHS
directly removes methyl groups from single-stranded RNA
non-oxidatively [38, 39]. Furthermore, in addition to m°A
demethylation, FTO mediates tRNA m'A demethylation
[40], whereas ALKBHS is reported to be specific to m®A.

Methylation at the 5th cytosine carbon (m°C) is the sec-
ond most commonly abundant RNA modification present
in IRNA, tRNA and mRNA. Like m°A modification, m°C
methylation influences post-transcriptional processes, trans-
lational processing, RNA stability and nuclear-cytoplasmic
transport but in addition, owing to the diversity of RNAs
m°C modified, can influence numerous other molecular
functions [41, 42]. However, the ‘effector’ proteins, which
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influence m°C modifications and functional consequences,
differ from m®A effector proteins. m>C methyltransferases
include NOL1/NOP2/SUN (NSUN) domain family pro-
teins, homologues of the DNA methyltransferase, DNMT?2.
NSUNT1, NSUN2, NSUNS and NSUN7 target rRNA, mRNA
and tRNA [43-45]. NSUNI and NSUNS5 methylate cyto-
plasmic rRNAs, while NSUN2 and NSUNG6 are involved in
the methylation of mRNA type II cytoplasmic sites [46, 47].
NSUNG6 and DNMT?2 also target tRNAs for methylation at
cytosine-72 (C72) and C38, respectively, while NSUN2 is
also implicated in tRNA methylation at positions C34, C40,
C48, C49 and C50[48]. In contrast, NSUN3 and NSUN4 are
predominately located within mitochondria where they mod-
ify mitochondrial tRNA and rRNAs, respectively [49-51].

Removal of m>C modification is mediated by the
ALKBHI, a pleitropic dioxygenase which equally dem-
ethylates m'A and m>C [52-54]. ALKBHI has also been
shown to mediate modifications of cytosine-34 (m°C34) in
mitochondrial tRNAs (mt-tRNAmet) [49]. The TET1, TET2
and TET3 enzymes also demethylate m>C by oxygenation
[55] and are involved in demethylation of DNA as well as
RNA. Several RNA-binding proteins have been suggested to
be m>C reader proteins. Nonetheless, the most well-studied
m°C readers include the THO complex subunit 4 (ALYREF)
which complexes with the methyltransferase NSUN2 and
mediates mRNA transport in and out of the nucleus [56],
and YBX1 which is involved in mRNA stabilisation [57]
and mRNA splicing [58].

m°A and m°C RNA modification effector proteins are
generally thought to be specific to each m°A and m>C RNA
modification system. However, as m®A and m°C depend-
ent post-transcriptional modification of RNA molecules
continue to be characterised, their roles in the regulation
of molecular and physiological processes within the same
cellular subdomains have become evident. In addition, there
have been recent reports that modification of one system
facilitates or enhances methylation in the alternative meth-
ylation system along single transcripts. For example, Li et al.
(2017) reported that within the 3’UTR region of a specific
gene, cyclin-dependent kinase CDKNIA (p21), NSUN2
catalyses m°C modification, and METTL3/METTL14 catal-
yses m®A modification, and that both types of modification
facilitated the methylation of the alternative modification
form. Moreover, joint methylation at m>C and m°A syner-
gistically enhances CDKNIA (p21) expression in cells that
have been biologically perturbed, i.e. undergone induced
oxidative stress [59]. A second study also recently reported
that YTHDF2 can directly bind to synthetically modi-
fied m>C RNA probes although at a lower binding affinity
than m®A modified RNA [60]. Furthermore, knockout of
the YTHDF?2 gene revealed no changes to m°>C abundance
in mitochondrial RNAs (mtRNA), but rRNA m°C sites sub-
stantially increased globally. We hypothesised that m®A
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and m°C methylation may globally cross-regulate at the
post-transcriptional level through modification of the other
modification effector protein transcripts, i.e. transcripts that
encode for effector proteins, as well as show functional
interactions at the protein level by mutual co-regulation of
pathways. To gain a better understanding of the potential
for cross talk, we studied modification profiles of effector
proteins, mass spectrometry protein co-regulation patterns
of the RNA modifying effector proteins and enriched gene
ontology pathways after biological perturbations. To confirm
in vitro a functional relationship between a m°C effector
protein and mPA-modified RNA, we assessed changes in
colocalisation between m>C reader protein, ALYREF, and
m®A modified-RNAs after activation of synapses in differen-
tiated neuronal cells. Furthermore, we detail proteomic stud-
ies which indicate that ALYREF physically interacts with
m°®A protein machinery in the nucleus or in the cytoplasm.

Materials and Methods

m°A and m*C Modification Datasets and Protein
Interaction Analysis

To examine whether m®A and m>C modification effector
proteins are reciprocally regulated at the post-transcrip-
tional level, we analysed m®A-sequencing data which
mapped m°A sites at a 200-400 base pair resolution from
human hippocampal adult white matter and grey matter,
the brainstem (BS), cerebellum (CER), hypothalamus
(HYP) and cerebrum (CEREB), as well as late-stage
human foetal brain tissue [14, 61]. In addition, mSC-seq
datasets generated by bisulphite conversion methods to
identify m°C sites at a base resolution in human HeLa cells
[56] and human brain frontal tissue [62] were interrogated.
The locations of m®A modification across the entire tran-
scriptome and approximate position within each mRNA
were annotated to eight non-overlapping transcript seg-
ments using HOMER (Salk Institute, USA) and a com-
bination of bioinformatics tools including bedtools v2.30
to convert file formats, as well as UCSC software tools
[63, 64]. These segments were as follows: intron, exon,
transcription termination site (TTS), transcription start
site (TSS), 3°’UTR, 5’UTR, non-coding, and intergenic.
m3C writer, reader and eraser protein transcripts listed
in Supplementary Table 1 were examined to determine
if they were m®A-modified within particular regions of
the transcript, e.g. 5S’UTR, coding or 3’UTR, show multi-
modification or differences in modification abundance
across brain regions. Similarly, using the m>C sequencing
data, m®A effector proteins were examined to assess the
occurrence of m>C modification along each effector tran-
script and within specific regions of each transcript. We

used the BIOgrid4.4. [65] database to identify proteins
reported to physically interact with ALYREF. We included
in our list of mA effector proteins, proteins which have
been reported to either be repelled, or attracted, to méA
binding sites [66]. We identified 15 studies [67-81] which
employed co-fractionation, affinity capture-mass spec-
trometry (MS), affinity capture-western or proximity label-
MS to characterise interacting proteins.

Protein Co-regulation and Gene Ontology Analysis

To identify proteins co-regulated with both m®A and m>C
modification effector proteins, and to investigate if there are
interactions between the two sets of proteins, protein co-
regulation analyses were performed using the ProteomeHD
(https://www.proteomehd.net/proteomehd) software. Pro-
teomeHD was developed to use isotope-labelling mass spec-
trophotometry to measure changes in human protein abun-
dance following 294 biological perturbations [82]. Stable
Isotope Labelling by Amino Acids in Cell culture (SILAC)
experiments were used to generate data matrix report pro-
teome fold-changes rather than absolute concentrations,
mostly in whole-cell samples. The software employs com-
puter algorithms to map functionally co-expressed proteins
after biological perturbation based on a topological overlap
measure and treeClust similarities. In this manner, co-reg-
ulation maps of proteins and associated functions can be
characterised. Using a correlation cut-off > 0.8 percentile
score (PS), co-regulated proteins for each set of m°A and
m>C effector proteins were assessed. Data for ALKBHI,
DNMT2, NSUN3, RBM15B and METTLS proteins were
not available. We chose not to examine the m®A eraser FTO
as this demethylase is also involved in m'A demethylation
nor the TET demethylase proteins as they are involved in
DNA methylation processes. The lists of the top 1000 co-
regulated proteins per effector protein were subsequently
examined to assess if effector proteins were indicated to be
co-regulated with the alternative methylation system. We
subsequently assessed if there was commonality in the func-
tional processes associated with each effector protein co-
regulation protein profile across the m®A and m>C effector
protein systems. To study such functional characteristics,
gene ontology (GO) functional analyses of the top 1000 co-
regulated proteins per effector protein were performed using
DAVID [83, 84]. However, if fewer than 10 proteins were
enriched per GO term, these terms were discounted. Co-
regulated proteins associated with a significantly enriched
GO term identified as of interest between individual effec-
tor proteins and methylation systems were analysed using
in-house R scripts to determine the number of proteins and
percentage of overlap of proteins. Figures were created using
GraphPad Prism 8 or with BioRender.com.
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Table 1 Co-regulation of proteins associated with m°A and m°C
RNA modification effector proteins as measured by isotope-mass
labelling spectrophotometry changes in human protein abundance

after biological permutation and enriched gene ontology processes
associated with co-regulated protein pathways

m°C co-regulation partners (percentile score)

mPA effectors
m°A writers
METTL14
METTLI16

NSUN4 (0.97), NSUNS (0.92)

NSUN2 (0.89), NSUN4 (0.92), NSUNS (0.91),

Enriched terms for common
co-regulated protein pathways

Mitochondrion

Protein phosphorylation,
Mitochondrial processes,
Ribonuclear protein processes,
Transit peptide

WTAP ALYREF (0.99) Ubiquitination,
Viral transcription,
SRP-dependent co-translational protein targeting,
Cadherin binding
RBMI15 ALYREF (0.92) SUMOylation, Intracellular ribonucleoprotein complex,
Translation initiation
m°A readers
YTHDF1 NSUN2 (0.82), YBX1 (0.88) Protein phosphorylation,
Ubiquitination,
YTHDEF2 YBX1 (0.99), ALYREF (0.99) Ubiquitination, Acetylation,
YTHDF3 YBX1 (0.99), NSUN2 (0.90) Protein phosphorylation
YTHDC1 ALYREEF (0.96) mRNA splicing, Ubiquitination
m°A erasers
ALKBHS5 NSUN4 (0.92) Acetylation
mSA co-regulation partners (percentile score) Enriched terms for common
co-regulated protein pathways
m’C effectors
m>C writers
NSUNI WTAP (0.80), YTHDF1 (0.73) Protein phosphorylation
NSUN2 METTLI14 (0.79), WTAP (0.84), mRNA splicing, Ubiquitination
YTHDCI (0.81), YTHDF2 (0.82),
YTHDE3 (0.90), ALKBHS (0.82)
NSUN4 METTL14 (0.97), WTAP (0.84), Ribosome,
YTHDCI (0.83), YTHDF1 (0.82), Membrane
ALKBHS (0.92)
m>C readers
ALYREF WTAP (0.99), YTHDCI (0.96) rRNA processing,
YTHDEF2 (0.99), YTHDEF3 (0.98), RNA splicing
YBX1 YTHDF1 (0.88), YTHDF2 (0.99), YTHDF3 (0.99) Ribonucleoprotein complex, Ubiquitination

The strength of co-regulation is denoted by the percentile score. m°A writers METTL14, METTL16, WTAP and RBM15 are co-regulated with
m>C writers NSUN2, NSUN4, NSUN5 and the reader, ALYREF. The m°A readers YTHDF1-3 and YTHDCI are co-regulated with m>C writer
NSUN2, and readers ALYREF and YBX1. The m°A eraser, ALKBHS5, is co-regulated with the m°C writer, NSUN4. m°C effector proteins
NSUNI1, NSUN2, and NSUN4 are co-regulated with the mPA effector writer proteins WTAP, METTL14; the readers YTHDF1-3, YTHDC1 and
the eraser ALKBHS. The m°C reader proteins, ALYREF and YBX1 are co-regulated with the mCA writer WTAP, the readers YTHDF1-3 and

YTHDCl1

Immunofluorescence Microscopy of Differentiated
and Synapse-Activated Neuronal SH-SY5Y Cell
Cultures

The human neuroblastoma cell line, SH-SY5Y (ATCC

CRL-2266, Sigma-Aldrich 94,030,304), was cultured
under standard conditions using HAM’s DMEM/F12 (1:1)
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Nutrient Mixture supplemented with 10% FBS and 1% peni-
cillin/streptomycin (Sigma-Aldrich, UK). Cells were grown
up to a confluency of 90% and with a passage number of
approximately 10. Neuronal differentiation was performed in
serum-free Neurobasal medium supplemented with 0.5 mM
GlutaMAX (Thermo Fisher Scientific, UK), B-27 supple-
ment (1 ml/50 ml of media), and 1% penicillin/streptomycin
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(10,000 U/ml). Dibutyryl-cyclic-adenosine-monophosphate
(dbcAMP) (Sigma-Aldrich, UK) was used as a differentiator
compound and added at a final concentration of 400 uM to
the cell cultures.

Differentiated SH-SYSY cells were treated with 100 pM
N-methyl-D-aspartatic acid (NMDA) to activate NMDA
glutamate receptors at synaptic sites. Cells were cultured
for 24 h and then differentiated for 48 h. NMDA was added
and left to incubate at room temperature for either 5 min or
30 min after which the media and agonist were removed,
and cells washed. Differentiated activated and non-activated
cells were fixed in 4% paraformaldehyde for 15 min and
permeabilised in 0.2% Triton-x-100 for 10 min, before
blocking using 3% BSA. Cells were incubated with the
following diluted primary antibodies: rabbit monoclonal
anti-m°A (Abcam, ab190886; 1:250); mouse monoclonal
anti-ALYREF (Abcam, ab6141; 1:250) and goat polyclonal
anti-PSD-95 (Abcam, ab12093; 1:100) at 4 °C. Cells were
subsequently incubated with goat Alexa Fluor-conjugated
secondary antibodies (Anti-rabbit AF568 [Invitrogen,
A10042; 1:500], anti-mouse AF488 [Abcam, ab150105;
1:500] and anti-goat AF647 [Abcam; ab150135]; 1:500).
Nuclear staining was performed by adding 1 pg/ml DAPI for
10 min. Coverslips with immunostained cells were mounted
using Antifade Fluorescence mounting media.

Cells were visualised on a confocal LSM 710 micro-
scope (Carl Zeiss, Germany). A green channel was excited
at 488 nm and emission recorded at 520 nm, and a red chan-
nel was excited at 561 nm and emission recorded at 605 nm.
A far-red channel was excited at 633 nm and emission
recorded at 670 nm. All channels had an emission record-
ing bandwidth of 40 nm. Images were captured at a 16-bit
depth using a 63 X Plan-Apo oil objective (NA=1.4) and
with consistent settings: pin hole size=1 Airy unit; frame
size =1024 x 1024; averaging =2; and pixel dwell=3.15 s.
Approximately 20 2D single plane images were collected
corresponding to 10 images per duplicate coverslips. Nega-
tive and positive controls were performed. Quantitative colo-
calisation analyses were conducted using the Fiji software
[85]. ALYREF abundance was quantified in the nucleus
and in the cytoplasm before and after synaptic activation.
To execute this, the channel corresponding to ALYREF
immunofluorescence was background-subtracted and seg-
mented. Regions of interest in the area of the nucleus and
cytoplasm were delineated using the Fiji freehand line tools,
and the mean pixel gray levels were quantified. Ten image
fields were captured, and at least three cells were measured
per image. To determine total cytoplasmic colocalisation
between m°A-modified RNAs and ALYREF immunofluo-
rescence, a nuclear mask was first created using the DAPI
‘nuclear’ channel and smoothened using the Gaussian blur
filter before manual thresholding. The whole-cell region of
the remaining channels was merged, and the nuclear mask

region was subtracted to create a cytoplasmic region of inter-
est. Colocalisation of two channels of interest was subse-
quently measured within the cytoplasmic region. To measure
m®A and ALYREEF colocalisation specifically at post-synap-
tic sites, the method followed is described by [14]. Pearson
correlation coefficients (PCC) were calculated to measure
colocalisation between m°®A and ALYREF immunoreac-
tivity after two time points, 5 min and after 30 min, and
measured within the ‘whole cytoplasm’ and specifically at
post-synaptic sites.

Statistical Analyses

P-values of less than 0.05 were accepted as significant in
Gene Ontology (GO) analyses performed using DAVID.
Confocal immunofluorescence PCC data was subjected to
a one-way analysis of variance (ANOVA, two-tailed) with
post hoc multiple comparisons, and corrected p values < 0.05
were considered significant. Protein network images were
produced by using OmicsNet 2.0 [86] using the 2D and 3D
auto layout setting. Figures and graphs were generated using
GraphPad Prism 8.0.0 for windows (GraphPad Software,
California, USA).

Results

Reciprocal Modification of m®A and m>C Effector
Protein Transcripts

We previously reported that mA effector proteins were com-
monly m°A multi-modified in the human brain, and hence
the m®A modification system showed autoregulation [14].
Here, we first examined if m®A modifications occur along
m°C effector protein transcripts and whether this cross-
system ‘alloregulation” is mutual. Using m®A-sequencing
generated from human brainstem (BS), cerebellum (CER),
hypothalamus (HYP) cerebrum (CEREB), parahippocampal
grey and white matter as well as foetal brain, we found that
m°C writer proteins transcripts NSUN4, NSUN5, NSUN6,
NSUN? and the eraser ALKBH were mSA-modified in most
brain regions (Fig. 1A). Unlike autoregulation of m°A effec-
tor proteins which showed the most modified class of m°A
effector transcripts are the readers, m°C reader transcripts
were not found to be m®A-modified. The observation that
m°C writers and not readers are m®A-modified might suggest
some form of hierarchical regulatory relationship between
the two pathways. The total number of identified modifica-
tion sites per transcript across the brainstem, cerebellum,
hypothalamus and cerebrum for NSUN4-7 was 10, 1, 15 and
4, respectively. Of these, NSUN6, which methylates tRNA
and type IT m>C mRNAs [47], showed the highest number of
different individual m®A modification sites across the brain
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Fig.1 Reciprocal modification of m°A and m°C effector protein transcripts
and co-regulated Gene Ontology terms. A m°C writer protein transcripts,
NSUN4, NSUN5, NSUN6 and NSUN7 and eraser ALKBH]1, are m°A-modified
in the brain tissue from the brainstem, cerebellum, hypothalamus, cerebrum,
hippocampal grey matter or from foetal tissue. B m°A modification topology
on writer and eraser m°C transcripts across the brain regions. m>C writers are
coloured red and the eraser coloured grey. C m®A effector protein transcripts
METTL3, METTLI4, RBM15B, YTHDFI and YTHDC2 and ALKBH5 are
m°C-modified in HeLa cells, whereas only RBM15B is modified in the frontal
cortex. D m°C modification topology is variable along m®A-modified effec-
tor protein transcripts in HeLa cells. m®A writers are coloured blue, readers
green and the eraser coloured grey. E Visualisation of co-regulated cross-
modification system effector protein network. Edges represent co-regulation
between node effector proteins with a ProteomeHD percentile score of above
0.8. Multiple edges indicate co-regulation with multiple proteins and larger
nodes indicate multiple edges. Red and orange nodes denote m°C writer and
reader proteins respectively. Blue, green and grey nodes denote m°A writer and
reader proteins respectively. F Schematic of m°C and m®A co-regulated protein
network highlighting m>C and m°A effector proteins which are associated with
mitochondrial function, ubiquitination, or both processes. Red circular node
proteins represent m°C effector proteins and blue circular modes m°A effector
proteins. G Enriched GO terms for co-regulated proteins with NSUN2 indicat-
ing that acetylation, phosphorylation and ubiquitination post-translational mod-
ification are co-regulated processes. H Enriched GO terms for co-regulated
proteins with METTL16 highlighting mitochondria and neurodegenerative dis-
ease, amyotrophic lateral sclerosis-associated proteins are co-regulated. Abbre-
viations: GO, Gene Ontology; SC; stop codon TSS; transcription start site
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regions. Likewise, the RNA demethylase, ALKBH1, also
showed 10 single m®A modification sites across the brain-
stem, cerebellum, hypothalamus, cerebrum and hippocampal
grey matter.

We next examined the topology of m®A modification
sites along effector protein transcripts. m>C effector tran-
scripts showed variable m®A positioning along transcripts.
The NSUN4-7 writers were found to be m®A-modified in
exonic coding regions within the brainstem, cerebellum,
hypothalamus and cerebrum tissue (Fig. 1B). NSUN4
showed additional m®A modification sites located outside
exons, namely in the 3’UTR regions, as evident in 4 brain
regions (BS, CER, HYP, CEREB) and in foetal brain tis-
sue. Similarly, ALKBH1 was found to be mPA modified
within all transcript domains, i.e. exons, 3’UTR, stop
codon sites and 5’UTRs in BS, CER, HYP and CEREB
brain tissue as well as in the 3’UTR in parahippocampal
grey matter. These results suggest there may be tight regu-
lation of where the m®A modification occurs along m>C
writer effector transcripts. Whereas, topological flexibility
in m®A binding locations evident for ALKBH may reflect
the varied functional consequences of ALKBH1 demeth-
ylation activity on different RNA species modifications,
e.g. tRNAs, mt-tRNAs and mt-m°C [49, 87].

To assess if m®A effector proteins were subject to recip-
rocal m°’C modification, we first examined a mSC—seq
dataset generated from human HeLa cells. m°>C modifi-
cations were identified only within the m®A writer tran-
scripts, METTL3, METTLI6 and RBMI15B; two mlA
readers, YTHDF1 and YTHDC?2; and the eraser, ALKBHS5
(Fig. 1C). The mCA writer, RBM15B, which has only one
exon was highly m>C-modified with 12 m>C sites pre-
dominantly within a short 5’UTR and the single exon
but not the larger 3’UTR region (Fig. 1D). Such multi-
modification may contribute to the regulation of RBM15B
function, for example, involvement in RNA positioning
during methyl transfer, and nuclear splicing and nuclear
export of RNAs [78, 88]. However, of note, RBM15, a
paralogue of RBM15B which has similar proposed func-
tional activities [20], was not found to be m>C-modified.
METTLIG is also highly modified with 12 m>C sites all
within the 3°UTR, whereas METTL3 has one m°C modi-
fied site within an exon. The two m®A readers, YTHDF1
and YTHDC2, showed one or two modification sites per
transcript (Fig. 1C, D), and modified sites were within the
5’UTR, exons and 3’UTR regions. The ALKBHS5 eraser
transcript also had only one modified region located within
the 5°UTR. We next examined m>C modification sites in
human frontal cortex brain tissue [62]. Only one transcript,
RBM15B, was found to be m>C-modified and with the
modified base positioned within the single exon but not at
the same bases identified in HeLa cells (Fig. 1D). These
observations support that both m®A and m>C effector
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proteins are subject to reciprocal RNA modification in
brain tissue and human cell cultures but show specific pat-
terns relating to the different effector classes. The variabil-
ity in the number of modification sites across tissue brain
regions may also indicate context-specific tissue and cell
type regulation which relates to cellular function.

Protein Co-regulation of m°A and m°C Effector
Proteins

We hypothesised that changes in m®A and m>C modifications
may be co-regulated during physiological cellular responses
to stimuli. To assess whether effector proteins show co-regu-
lation, we used the ProteomeHD software developed to ana-
lyse isotope-mass labelling spectrophotometry data gener-
ated after biological perturbations to capture relationships
between proteins that do not physically interact or colocalise
[82]. Table 1 lists m°A effector proteins which were found
to be co-regulated with m>C effector proteins. We observed
that m®A writers and readers showed similar and consistent
co-regulation patterns with specific m°C effector proteins
(Fig. 1E). For example, the m®A writer protein, RBM15B,
and m°A writer methylase complex adapter, WTAP, are both
co-regulated with the m>C reader ALY/REF export factor
(ALYREF). As RBM15B, a second member of the RNA-
binding motif protein 15 family of proteins, is reported to
interact with METTL3 in a WTAP-dependent fashion [88],
as well as being involved in nuclear export of mRNAs to the
cytoplasm within the TREX complex in which ALYREF is a
component [78], their co-regulation is perhaps unsurprising.
However, of interest, METTL3 was not identified as being
co-regulated with RBM15, WTAP and ALYREEF or indeed
with METTL14. This observation provides some support for
METTL3 having an alternative ‘moonlighting’ role within
mammalian cells. In addition, the m®A writers METTL14
and METTL16 were highly co-regulated with the m*>C writer
proteins, NSUN4 and NSUNS, as well as METTL16 with
NSUN2. The m°A readers, YTHDF1-3, and YTHDC1, were
commonly found to be co-regulated with three m>C effector
proteins, the writer NSUN2, and the m°C readers YBX1 and
ALYREF. The co-regulation grouping for the m®A readers is
intriguing and suggests that cross talk between these effector
systems is part of an established cellular response process.
Four m°C effector proteins, NSUN1, NSUN2, NSUN4
and ALYREF, were observed to have m®A effectors proteins
as being co-regulated (Table 1, Fig. 1E). The m°C writer
NSUN?2 which methylates various RNA species, e.g. tRNAs
and mRNAs, was indicated to have the highest number of
m°A co-regulation partners and which included writer,
reader and the ALKBHS eraser proteins. ALYREF also
showed broad co-regulation with m°A writers and readers,
and commonly co-regulated to both NSUN2 and ALYREF
were the m°A effector proteins WTAP, YTHDC1, YTHDF2

and YTHDF3. Finally, the rRNA mitochondrial writer
NSUN4 showed co-regulation with the eraser ALKBHS.
As ALKBHS has not as yet been associated with mitochon-
drial methylation or rRNA modification, this suggests that
NSUN4 or ALKBHS5 may have more diverse functional
activity than is currently known. Together, these observa-
tions suggest that: the two RNA modification systems are
co-ordinately co-regulated after biological perturbation; the
m°A readers are associated with a specific subset of m°C
effector proteins; ALYREF has the most and diverse co-
regulation effector partners; and that ALKBHS and NSUN4
have molecular activities which are as yet unidentified.

Gene Ontology Analysis of the Protein Co-regulation
Partners of m®A and m°C Effector Proteins

By performing Gene Ontology analysis, we next examined
the biological functions of co-regulated m®A and m>C pro-
teins. As might be expected, enriched GO terms common to
all co-regulated m®A and m’C effector proteins were RNA
binding or poly(A) RNA binding, protein binding and splic-
ing whether specific to mRNA or other RNA species. How-
ever, some common cellular processes found significantly
and highly enriched appeared specific to subsets of effec-
tor proteins which belonged to both m®A and m°C modi-
fication systems. For instance, the terms phosphorylation,
SUMOylation and ubiquitination all relate to post-trans-
lational modification of proteins and showed high levels
of enrichment and moderate size of effects, e.g. phospho-
rylation (p <3.7x 107132 to p <5.2x 1077, fold enrichment
1.4-2.0); SUMOylation (p<7.2x 107 to p<1.5x107%,
fold enrichment 2.8—-6.8); ubiquitination (p < 1.1 X 10762
to p<6.5X%X 10_3, fold enrichment 2.2-5.7). Nevertheless,
enrichment for the terms phosphorylation or phosphopro-
tein was only evident in a subset of m°A effector proteins
which included the m°A effector proteins WTAP, RBM15,
METTLI16, YTHDCI1, YTHDF1, YTHDF3, ALKBHS5 and
m°C effector proteins NSUN1, NSUN2, NSUNS5 and YBX1
(Table S2). Of note, YTHDF?2 is not included along with
YTHDF1 and YTHDF3. The highest percentage overlap of
phosphorylation-associated co-regulated proteins across the
two methylation systems was for ALKBHS with NSUN2
(79.5%; ALKBHS5 233/293, NSUN2 total 767) and NSUN1
and WTAP (73.9%; NSUN1 435/589, WTAP total 784).

In a similar fashion, enrichment for SUMOylation pro-
cesses was evident for only METTL14, WTAP, RBM15,
YTHDCI1, YTHDF1, YTHDF2, ALKBHS, NSUN1-5 and
ALYREF (Table S3). As YTHDF3 was not enriched for
SUMOylation processes, again a difference between the
YTHDF]1-3 readers was apparent. In general, although much
lower in the total number of SUMOylation-associated pro-
teins than for the term phosphorylation, the highest overlap
of common co-regulated proteins was observed between
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NSUNI1 and WTAP (NSUN1/WTAP 93.8%, NSUNI1 15/16,
WTAP total 31); NSUNI1 and RBM15 (NSUN1/RBM15
81.3% NSUNI1 13/16, RBM15 total 44); and NSUNI1
and YTHDC1 (NSUN1/YTHDCI1 87.5%, NSUNI1 14/16,
YTHDCI total 44). Shared co-regulated SUMOylation-
related proteins was also evident between ALKBHS5 with
NSUN?2 (86.7%; ALKBHS 13/15, NSUN?2 total 34) and
NSUN2 and YTHDC1 (NSUN2/YTHDC1 88.2%; NSUN2
30/34, YTHDCI1 total 44).

Likewise, co-regulated proteins associated with the
term ubiquitination were found enriched for the effector
proteins METTL16, WTAP, RBM15, YTHDC1, YTHDF1,
YTHDEF2 and YBX1, and to a lesser extent, METTL14,
YTHDF3, ALKBHS5, NSUN2 and ALYREF. The number
of ubiquitination-associated co-regulated proteins for the
m>C system effector proteins was much lower than the
majority of ubiquitination-enriched m°A effector proteins
suggesting that the m>C modification system machinery
may be less involved in ubiquitination pathways. However,
a relatively high number of shared co-regulated proteins
across the methylation systems were observed between
YBX1 (315 total ubiquitination-associated proteins) and
the m®A effector proteins, METTL16 (150), WTAP (143),
RBM15 (115), YTHDCI1 (113), YTHDF2 (161), as well
as between NSUN2 (84 total ubiquitination-associated
proteins) and METTL16 (56%, N=47), YTHDF3 (40),
and ALYREF (38) (Table S4 and Fig. 1F, G). Of inter-
est, the majority of proteasome subunit proteins belong-
ing to the 19S proteasome activator regulatory particle
(e.g. 19S PSMC and PSMD subunit proteins) and protea-
some S20 core particle (e.g. PSMA and PSMB subunit
proteins) were co-regulated with METTL14, METTLI16,
NSUN2, ALYREF and YBXI1 proteins (Table S5). How-
ever, although PSMA and PSMB particle subunits were
co-regulated with WTAP, RBM15, YTHDC1, YTHDF]1,
YTHDF2 and YTHDF3, the 19S proteasome regulatory
particle lid PSMD subunit proteins were not. This obser-
vation might suggest that distinct proteasome subunit
components and hence protein degradation processes are
differentially co-regulated with RNA methylation effector
proteins.

Terms relating to mitochondria-specific processes also
showed distinct enrichment patterns across the effector
protein systems. For example, mitochondrial GO terms
were found to be significantly enriched for co-regulated
proteins associated with METTL14, METTL16, NSUN2,
NSUN4 and NSUNS (Fig. 1F and H and Table S6). Of
these effector proteins, only the m>C system writers,
NSUN?2, NSUN3 and NSUN4, are recognised to be mito-
chondria methyltransferases with NSUN2 involved in the
generation of m>C at positions 48, 49 and 50 of mam-
malian mt-tRNAs [89], while NSUN3 methylates posi-
tion 34 of mt-tRNAs [49, 51], and NSUN4 is reported
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to be involved in both methylation of mitochondrial 125
rRNA and mitoribosomal assembly [50, 60, 90]. How-
ever, IME4, an m°A writer in yeast, when deleted in Sac-
charomyces cerevisiae, causes mitochondrial dysfunc-
tion indicating that proteins within the m®A modification
system may also have a key role in mitochondrial RNA
processes [91]. Indeed, across the modification systems,
METTL14 and METTL16 have the highest overlap in co-
regulated mitochondrial-associated proteins with NSUN4
(METTL14/NSUN4 81.3%, METTL14 169/208, NSUN4
total 372; METTL16/NSUN4 77.3%, METTL16 136/176,
NSUN4 total 372) and showed enrichment for the mito-
chondrial terms specific for mitochondrial compartments,
e.g. mitochondrial matrix or inner membrane, as well as
mitochondrial translation and mitochondrial small riboso-
mal subunit function.

NSUN?2 is known to cause forms of autosomal reces-
sive intellectual disability (AR ID) [92-95] as are methyl-
transferases from other modification systems, e.g. FTSJI,
a human tRNA 2'-O-methyltransferase [96], and METTLS,
an N° adenine DNA and rRNA writer [30, 97]. We observed
that intellectual disability (ID), also known as mental retar-
dation, was an enriched term for co-regulated proteins for
several of the m®A and m>C methylation effector proteins,
namely, METTL16, WTAP, RBM15, YTHDC1, YTHDF]1,
YTHDF2, ALKBHS5, NSUN1, NSUN2, NSUN4, NSUN5
and YBX1. METTL16 had the highest overall number of
intellectual disability co-regulated proteins with 55 and was
the only effector protein which had NSUN?2 listed as an ID
co-regulated protein. Nevertheless, the highest overlap both
in terms of percentage and actual number of shared co-regu-
lated proteins between methylation systems was for WTAP,
RBM15, YTHDCI and YTHDF1 with NSUN1 and NSUN2
(Table S7). Common to these sets of m®A and m>C effector
proteins were the proteins MED23 and MED25 (Tables S8,
S9) which cause AR ID, syndromic ID and eye—intellectual
disability syndrome [98—100] and which are components of
the mediator complex which repress transcription by RNA
polymerase II. However, NSUN1 and WTAP, RBM15,
YTHDCI1 and YTHDF]1 are also commonly co-regulated
with MED12, THOC2 and or THOCG6 (Table S8). Again,
MED12 is involved in transcription activation and muta-
tions within the gene cause a variety of X-linked intellectual
disorders with dysmorphic features [101], whereas THOC2
and THOCG6 encode subunits of the TREX mRNA-export
complex which couples mRNA transcription, processing
and nuclear export and are reported to cause X-Linked ID
and rare AR syndromic ID [102, 103]. These findings sug-
gest that NSUN1 and NSUN2 and the specific writer and
reader proteins detailed above may share involvement in
co-regulated ID-associated mechanisms, but NSUN1 and
the m®A effector proteins may also co-function in NSUN2-
independent ID pathways.
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In Vivo Colocalisation of m®A modified RNAs
with the m°C Reader Protein ALYREF

To explore how, and if, m®A and m°>C methylation pro-
cesses could be co-regulated in a spatial and temporal man-
ner and after biological stimulation in vitro, we examined
the relationships between m®A-modified RNA and the
m°C reader protein, ALYREF, in differentiated neuronal
SHSYSY (dSHSYS5Y) cells. We quantified colocalisation
between m°A-RNAs and ALYREF within the cytoplasm
when cells were quiescent and after treatment with NMDA
to activate NMDA receptors at synapses. As we have previ-
ously reported changes in m®A-RNA abundance colocalis-
ing with YTHDF1, YTHDF3 and ALKBHS after synaptic
activation at synaptic sites, we also examined m®A-RNAs
and ALYREF colocalisation in post-synaptic regions.
dSHSYSY cells were assessed at three time points: no acti-
vation (quiescent); 5 min after activation (reflecting early
synaptic plasticity); 30 min after activation (later-stage early
plasticity). m®A-modified RNAs and ALYREF were both
found abundant in the cytoplasm with ALYREF showing
more expression in, and surrounding, the nucleus (Fig. 2A).
In differentiated quiescent dsSHSYSY cells, ALYREF and
mSA-modified RNAs were found to be highly colocalised
in the cytoplasm, PCC 0.57 +0.04. However, colocalisation
within the cytoplasm significantly decreased after synaptic
activation both at the very early stage of plasticity (5 min,
PCC 0.29+0.02, p <0.0001) and later-stage plasticity
(30 min, PCC 0.39+0.05, (p <0.005) (Fig. 2B).

ALYREF is known to be part of the TREX complex
that shuttles mRNA out of the nucleus [104]. To assess
if this decrease in colocalisation between ALYREF and
m°A-modified RNAs may relate to changes in ALYREF
localisation within cell sub-compartments after synap-
tic activation, we quantified ALYREF abundance in the
nucleus and cytoplasm in quiescent and NMDA-activated
cells. ALYREF abundance in the cytoplasm was found to be
significantly increased (p < 0.0001) after 5-min NMDA acti-
vation (mean grey values 6214 +336) and (p <0.0001) after
30-min NMDA activation (mean grey values 5806 +313),
compared to levels in non-activated dsSH-SYS5Y cells (mean
grey values 3913 +233) (Fig. S1). There were no significant
differences in ALYREF cytoplasmic abundance between the
5- and 30-min activation states (p > 0.05). These observa-
tions are consistent with ALYREEF translocating to the cyto-
plasm after synaptic activation. The findings also indicate
that although ALYREF abundance increases in the cyto-
plasm with NMDA activation, colocalisation with modified
RNAs decreases, suggesting a negative relationship between
ALYREF and m®A-modified RNAs within the cytoplasm
after synaptic activation. We also observed that ALYREF
is present at post-synaptic sites. However, in non-activated
dsSHSYSY cells, ALYREF and m(’A-methylated RNA

ALYREF + m°A
(cytoplasm)

p<0.0001

p <0005

5 min NMDA Quiescent

30 min NMDA

(2]

D

ALYREF + m°A
(postsynaptic sites)

5 min NMDA Quiescent

30 min NMDA

Fig.2 Colocalisation between the m’°C reader ALYREF and
mSA-methylated RNAs within the cytoplasm and post-synaptic sites
in differentiated neuronal cells before and after NMDA synaptic acti-
vation. A Single plane images of dSHSYSY cells showing colocali-
sation of ALYREF and m°A-RNAs in the cytoplasm when cells are
quiescent, and after NMDA synaptic activation at time 5 min and
time 30 min. B Mean Pearson’s correlation coefficients for ALYREF
and mSA-RNAs in the cytoplasm when cells are quiescent, and after
NMDA synaptic activation at times 5 min and 30 minu. A significant
increase in ALYREF and m®A-RNA colocalisation after NMDA acti-
vation is evident after 5 min (p <0.005) and 30 min (p <0.0001). C
Single plane images of dSHSYS5Y cells showing colocalisation of
ALYREF and m°A-RNAs at post-synaptic sites when cells are qui-
escent, and after NMDA synaptic activation at time 5 min and time
30 min. D Mean Pearson’s correlation coefficients for ALYREF and
m°A-RNAs at post-synaptic regions when cells are quiescent, and
after NMDA synaptic activation at times 5 min and 30 min. Yel-
low arrows point to regions of colocalisation within the cytoplasm.
Cells were prepared in duplicates and ten images per cell were col-
lected giving a total of 20 images per labelled combinations. Scale
bar=50 pm

showed low colocalisation, PCC 0.076 +0.02, and after syn-
aptic activation, no difference in colocalisation was observed
(5 min, p=0.99, PCC 0.076 +0.005; 30 min, p =0.70, PCC
0.089 +0.007) (Fig. 2D). This finding suggests that there is
a lack of a functional relationship between the m°C reader
ALYREF and m®A methylated RNAs after synaptic activa-
tion at post-synaptic sites.

Finally, ALYREF has been recently suggested to inter-
act with the m®A demethyltransferase, ALKBHS, in pri-
mary human hepatocytes [105]. To substantiate our findings
that ALYREF has a putative functional relationship with
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a broader range of m®A modification proteins in both the
nucleus and the cytoplasm, we used the BioGRID database
to identify proteins interacting with ALYREF. We noted
that in a total of 15 studies which used co-fractionation,
affinity capture-MS, affinity capture-western or proximity
label-MS [67-81], and which identified ALYREF binding
partners, ALYREF was reported to interact with three m°A
nuclear writer proteins (METTL14, RBM15, RBM15b),
and fifteen nuclear and/or cytoplasmic proteins identified as
preferentially interacting with modified (CPSF6, IGF2BP3,
SF3B4, XRN1) or unmodified (BRD7, CHD3, HDLBP,
INO80b, PCF11, RBM42, REST, SRSF1, TRIM25, UBE2I,
ZC3HAV1) m®A-RNA binding sequences. These observa-
tions add further evidence of a direct protein—protein physical
interaction between the RNA modification systems although
whether the outcome of such interaction is synergistic or
antagonistic remains to be determined on an individual basis.

Discussion

The m°A and m°C modification systems have conventionally
been thought to be independent from one another although
the same single RNA transcript might be modified with
both forms of modification. Recent studies have, however,
provided evidence of m®A and m>C methylation systems
acting synergistically to enhance methylation along specific
single transcripts [59, 60]. Similarly, two studies, which both
focused on changes in gene expression as a means of pre-
dicting cancer prognosis [106, 107], found a clustering of
mRNA expression changes of effector transcripts involved
in m6A, m°C, m'A and m’G modification as well as proteins
involved in other post-transcriptional processing, e.g. A to
I editing RNA proteins, with different colorectal or soft-
tissue sarcoma tumour types. As these clusters of expres-
sion changes associated with prognosis involved effector
transcripts across the modification types, the authors pro-
posed that there exists cross talk between RNA modifica-
tion regulators. Furthermore, it has been recently reported
that the interaction of two effector proteins, YTHDF2 and
HSRP12, for m°A and m'A methylation systems, respec-
tively, enhance mRNA degradation, and that transcripts
which are both m®A and m'A modified are downregulated
in an HRSP12-dependent manner compared with mRNAs
modified with m®A only [108]. In addition, a study, which
utilised machine learning techniques of Oxford Nanopore
RNA direct sequencing to predict m®A and pseudouridine
modification sites, revealed an opposing transcriptomic co-
occurrence of m°A and pseudouridine modification, and
synergistic, hierarchical effects of m®A and pseudouridine
on the polysome [109]. Such recent studies provide sig-
nificant support for the potential for widespread interaction
between RNA modification systems.
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Here, we provide evidence at a global scale that the m®A
and m°C RNA methylation systems regulate each other’s
activity through cross modification of effector protein tran-
scripts. We revealed that the functional consequence of
cross-system control on co-regulated proteins shows vari-
ation across processes occurring in sub-compartments and
acting upon different species of RNA. Our findings also cor-
roborate the results of functional studies that have previously
interrogated the involvement of individual effector proteins
in cellular mechanisms. For example, we provide substanti-
ating evidence that the m®A YTHDF1-3 reader proteins may
have distinct roles in RNA processing and cellular pathways
and that such processes are contingent on protein subcellular
expression. We also provide clear evidence for new putative
molecular roles for well-studied RNA-binding proteins and
interaction between methylation systems involving specific
subsets of proteins, for example the m°A writer METTL16
and a potential role in mitochondrial processes and the
YBXI1 reader and association with ubiquitination and pro-
teasome degradation proteins. Furthermore, we revealed a
co-regulatory relationship between m°’A ALKBH5 mRNA
eraser and rRNA mitochondrial m°C writer, NSUN4, which
share common enriched processes such as rRNA process-
ing, RNA splicing and acetylation. Such novel observations
highlight that we are still at a discovery stage of understand-
ing RNA effector protein function and consequences upon
biological activity.

Co-regulation between methylation systems after bio-
logical perturbation could manifest as either a positive or
a negative relationship. In our in vitro findings, we demon-
strated a significant decrease in ALYREF colocalisation with
abundance of m®A-modified RNAs in the cytoplasm after
synaptic activation compared to the cell quiescent state even
though ALYREF abundance significantly increased in cyto-
plasmic regions after synaptic stimulation. This observation
is consistent with a negative relationship between ALYREF
and modified RNAs in the cytoplasmic region following syn-
aptic activation. As ALYREF is part of the TREX complex
which is reported to transport m®A-modified RNA [104],
the relationship of this m>C reader may not involve direct
binding to mPA-RNAs. Indeed, the resolution of confocal
immunofluorescence colocalisation is spatially low and
should not be taken as direct evidence of physical interac-
tion. However, a clear relationship, whether a positive or
negative correlation, between post-translational modification
(PTM) mechanisms and specific subsets of m°A and m>C
effector proteins was evident and provides complementary
evidence implicating that proteins which are involved in
protein phosphorylation are highly m®A modified in white
and grey matter brain tissue [14]. Furthermore, the newly
apparent relationship between co-regulated proteins involved
in ubiquitination and the observed differences between
proteasome subunit components suggest that degradation
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processes that are important, for example, in eliminating
toxic misfolded proteins [110] may differentially involve
subsets of cross-system methylation effector proteins. Future
mass spectrometry studies of knockdown or knockout m°A
and m>C effector proteins examining changes at the cellular,
sub-compartment and nano-domain level will be important
for elucidating the relationship, and direction of relationship,
of RNA modification mechanisms in proteasome processes.

Our findings also highlight known and novel relation-
ships between effector proteins and disease. To date, only
NSUN2, NSUN3 and NSUN4 are known to be involved
in methylation of rRNA and tRNAs in mitochondria, and
mutations in mt-tRNA m°’C RNA writer, NSUN3, are
already recognised to cause mitochondrial disease [89,
111]. Here, we provide new evidence that in addition to m>C
writer proteins, the mCA writers METTL14 and METTL16
may act as mitochondria RNA methyltransferases. The
high co-regulation of proteins with NSUN4 would sug-
gest a putative role in the transfer of methyl groups onto
rRNAs. However, for both METTL14 and METTL16, mito-
chondrial terms relating to mitochondrial compartments,
e.g. mitochondrial matrix or inner membrane, as well as
mitochondrial translation and mitochondrial small riboso-
mal subunit function, were enriched suggesting a possible
broader function within mitochondria. Whether they cause
or contribute to the development of mitochondrial disease
or complex diseases where mitochondria dysfunction is part
of the disease process such as in neurodegenerative disor-
ders [112] is yet to be examined. Similarly, mutations within
the mRNA and tRNA m>C writer NSUN2 cause neurodevel-
opmental disorders such as autosomal recessive intellectual
disability (AR ID), and loss-of-function mutations within
methyltransferases involved in tRNA and rRNA modifica-
tion at alternative bases cause various forms of intellectual
disability [30, 96, 113]. Our findings suggest that several
of the writer and reader m®A and m>C methylation effector
proteins including NSUN?2 are part of a co-regulated pro-
tein cellular response which shows changes with known ID
disease-causing proteins such as MED and THOC proteins.
However, the underlying cellular mechanisms reported in
previous studies which may be contributing to neuronal
dysfunction in ID appear diverse and could involve tran-
scription repression or activation, mRNA processing and
nuclear export [114-116]. How changes in modification of
rRNA, tRNAs and mRNAs regulated by both m°>C and m®A
systems contribute to such disrupted cellular processes dur-
ing distinct developmental stages have still to be determined
but may lead to new therapeutic molecular targets for ID
neurodevelopmental disorders.

This study has provided a valuable new understanding
of processes governing RNA metabolism and coordinated
cellular responses. Nonetheless, many questions remain in
this fast-emerging, stimulating field. We still have limited

knowledge of what the consequences are for m>C and m°A
modifications existing at close proximity along transcripts
or different RNA molecules. Do effector proteins bind to
their respective modification base site and thereby block
or repel other modification RNA-binding proteins or form
complexes which interact with the alternative modifica-
tion system effector proteins? Proteins have already been
identified as preferentially interacting with unmodified
mP®A-RNA binding sequences, i.e. they are repelled by
‘m®A’ RNA modifications [66, 117], and very recently, it
has been shown that m°®A specificity is globally regulated
by ‘suppressors’ that prevent m®A deposition in unmeth-
ylated mRNA transcriptome regions [118]. Such sup-
pression of sites appears to involve suppression of m°A
deposition rather than active demethylation and, as of yet,
is associated with changes in splicing. It remains unex-
plored whether m®A suppressed regions have a conse-
quence on translation or degradation processes and hence
have a broader impact on cellular behaviour and whether
such sites have a high abundance of modified m>C bases
or are commonly bound by m°C machinery. Indeed, we
are still at a stage of characterising and defining effec-
tor modification proteins, and we continue to evolve new
terminology to reflect advances in understanding of RNA
methylation mechanisms. The continuing development of
nanopore DRS technology and software, with the poten-
tial ability to call different forms of RNA modifications
at a single base resolution and simultaneously quantify
transcript expression, will be important for determining
functional consequences specific to cellular environments
and changes in m>C and m®A modification profiles in
disease.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12035-024-04555-0.

Acknowledgements The authors thank the Nigerian TETfund awarders
for the stipend awarded to Oliver Chukwuma Orji and to TUBITAK for
the postdoctoral fellowship award for Merve Demirbugen 6z. We also
thank Tim Self for advice and support on microscopy matters.

Author Contribution All authors contributed to the study. Helen
Miranda Knight and Oliver Chukwuma Orji designed the study. Oli-
ver Chukwuma Orji, Joseph Stones, Merve Demirbugen 6z and Helen
Miranda Knight performed the data analysis. Oliver Chukwuma Orji
conducted the in vitro assays, and Seema Rajani and Robert Markus
supported microscopy and image analysis. The first draft of the manu-
script was written by Helen Miranda Knight and Oliver Chukwuma
Orji, and all authors commented on previous versions of the manu-
script. All authors read and approved the final manuscript.

Funding This study was supported by the University of Nottingham,
UK. Oliver Chukwuma Orji is supported by a University of Nottingham
Vice Chancellor’s Research Excellence Scholarship and a Nigeria TET-
Fund award. Joseph Stones is supported by a BBSRC DTP scholarship
awarded to UoN. Merve Demirbugen 6z was supported by the Postdoc-
toral Research Fellowship Program from the Scientific and Technology
Research Council of Tiirkiye (TijITAK).

@ Springer


https://doi.org/10.1007/s12035-024-04555-0

Molecular Neurobiology

Data Availability The analysed datasets used during the current study
are available from the corresponding author on reasonable request.

Declarations

Ethics Approval The study did not involve human or animal subjects
and no ethical approval was required.

Consent to Participate Not applicable.

Consent for Publication Not applicable.

Conflict of Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Amos H, Korn M (1958) 5-Methyl cytosine in the RNA of
escherichia coli. Biochem Biophys Acta 29(2):444—-445. https://
doi.org/10.1016/0006-3002(58)90214-2

2. Dominissini D, Moshitch-Moshkovitz S, Schwartz S, Salmon-
Divon M, Ungar L, Osenberg S, Cesarkas K, Jacob-Hirsch J et al
(2012) Topology of the human and mouse m6A RNA methyl-
omes revealed by m6A-seq. Nature 485(7397):201-206. https://
doi.org/10.1038/nature11112

3. Dunn DB (1961) The occurrence of 1-methyladenine in ribonu-
cleic acid. Biochem Biophys Acta 46:198-200. https://doi.org/
10.1016/0006-3002(61)90668-0

4. Eyler DE, Franco MK, Batool Z, Wu MZ, Dubuke ML, Dobosz-
Bartoszek M, Jones JD, Polikanov YS et al (2019) Pseudouridi-
nylation of mRNA coding sequences alters translation. Proc Natl
Acad Sci USA 116(46):23068-23074. https://doi.org/10.1073/
pnas.1821754116

5. Finet O, Yague-Sanz C, Kriiger LK, Tran P, Migeot V, Louski
M, Nevers A, Rougemaille M et al (2022) Transcription-wide
mapping of dihydrouridine reveals that mRNA dihydrouridyla-
tion is required for meiotic chromosome segregation. Mol Cell
82(2):404-419.e409. https://doi.org/10.1016/j.molcel.2021.11.003

6. Keith JM, Ensinger MJ, Moss B (1978) HeLa cell RNA
(2'-O-methyladenosine-N6-)-methyltransferase specific
for the capped 5’-end of messenger RNA. J Biol Chem
253(14):5033-5039

7. Meyer KD, Patil DP, Zhou J, Zinoviev A, Skabkin MA, Elemento
O, Pestova TV, Qian SB et al (2015) 5> UTR m(6)A promotes
cap-independent translation. Cell 163(4):999-1010. https://doi.
org/10.1016/j.cell.2015.10.012

8. Tserovski L, Marchand V, Hauenschild R, Blanloeil-Oillo F,
Helm M, Motorin Y (2016) High-throughput sequencing for
1-methyladenosine (m(1)A) mapping in RNA. Methods (San

@ Springer

Diego, Calif) 107:110-121. https://doi.org/10.1016/j.ymeth.
2016.02.012

. Wang X, Zhao BS, Roundtree IA, Lu Z, Han D, Ma H, Weng X,

Chen K et al (2015) N(6)-methyladenosine modulates messenger
RNA translation efficiency. Cell 161(6):1388—1399. https://doi.
org/10.1016/j.cell.2015.05.014

10. Wang Y, Li Y, Toth JI, Petroski MD, Zhang Z, Zhao JC (2014)

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

N6-methyladenosine modification destabilizes developmental
regulators in embryonic stem cells. Nat Cell Biol 16(2):191-198.
https://doi.org/10.1038/ncb2902

Xiao W, Adhikari S, Dahal U, Chen YS, Hao YJ, Sun BF, Sun
HY, Li A et al (2016) Nuclear m(6)A reader YTHDC1 regulates
mRNA splicing. Mol Cell 61(4):507-519. https://doi.org/10.
1016/j.molcel.2016.01.012

Zhou J, Wan J, Gao X, Zhang X, Jaffrey SR, Qian SB (2015)
Dynamic m(6)A mRNA methylation directs translational control
of heat shock response. Nature 526(7574):591-594. https://doi.
org/10.1038/nature15377

Batista PJ, Molinie B, Wang J, Qu K, Zhang J, Li L, Bouley DM,
Lujan E et al (2014) m(6)A RNA modification controls cell fate
transition in mammalian embryonic stem cells. Cell Stem Cell
15(6):707-719. https://doi.org/10.1016/j.stem.2014.09.019
Martinez De La Cruz B, Markus R, Malla S, Haig MI, Gell C,
Sang F, Bellows E, Sherif MA et al (2021) Modifying the m(6)
A brain methylome by ALKBH5-mediated demethylation: a new
contender for synaptic tagging. Mol Psychiatry 26(12):7141—
7153. https://doi.org/10.1038/s41380-021-01282-z

Merkurjev D, Hong WT, lida K, Oomoto I, Goldie BJ, Yamaguti
H, Ohara T, Kawaguchi SY et al (2018) Synaptic N(6)-methy-
ladenosine (m(6)A) epitranscriptome reveals functional parti-
tioning of localized transcripts. Nat Neurosci 21(7):1004-1014.
https://doi.org/10.1038/s41593-018-0173-6

Xu H, Dzhashiashvili Y, Shah A, Kunjamma RB, Weng YL,
Elbaz B, Fei Q, Jones JS et al (2020) m(6)A mRNA methylation
is essential for oligodendrocyte maturation and CNS myelination.
Neuron 105(2):293-309.e295. https://doi.org/10.1016/j.neuron.
2019.12.013

Yoon KIJ, Ringeling FR, Vissers C, Jacob F, Pokrass M, Jime-
nez-Cyrus D, Su Y, Kim NS et al (2017) Temporal control of
mammalian cortical neurogenesis by m(6)A methylation. Cell
171(4):877-889.e817. https://doi.org/10.1016/j.cell.2017.09.
003

Wang P, Doxtader KA, Nam Y (2016) Structural basis for coop-
erative function of Mettl3 and Mettl14 methyltransferases. Mol
Cell 63(2):306-317. https://doi.org/10.1016/j.molcel.2016.05.
041

Ping XL, Sun BF, Wang L, Xiao W, Yang X, Wang WJ, Adhikari
S, Shi Y et al (2014) Mammalian WTAP is a regulatory subunit
of the RNA N6-methyladenosine methyltransferase. Cell Res
24(2):177-189. https://doi.org/10.1038/cr.2014.3

Hiriart E, Gruffat H, Buisson M, Mikaelian I, Keppler S, Meresse
P, Mercher T, Bernard OA et al (2005) Interaction of the epstein-
barr virus mRNA export factor EB2 with human spen proteins
sharp, OTT1, and a novel member of the family, OTT3, links
spen proteins with splicing regulation and mRNA export. J Biol
Chem 280(44):36935-36945. https://doi.org/10.1074/jbc.M5017
25200

Loyer P, Busson A, Trembley JH, Hyle J, Grenet J, Zhao W,
Ribault C, Montier T et al (2011) The RNA binding motif pro-
tein 15B (RBM15B/OTT?3) is a functional competitor of serine-
arginine (SR) proteins and antagonizes the positive effect of
the CDK11p110-cyclin L2 complex on splicing. J Biol Chem
286(1):147-159. https://doi.org/10.1074/jbc.M110.192518
Schwartz S, Mumbach MR, Jovanovic M, Wang T, Maciag K,
Bushkin GG, Mertins P, Ter-Ovanesyan D et al (2014) Pertur-
bation of m6A writers reveals two distinct classes of mRNA


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0006-3002(58)90214-2
https://doi.org/10.1016/0006-3002(58)90214-2
https://doi.org/10.1038/nature11112
https://doi.org/10.1038/nature11112
https://doi.org/10.1016/0006-3002(61)90668-0
https://doi.org/10.1016/0006-3002(61)90668-0
https://doi.org/10.1073/pnas.1821754116
https://doi.org/10.1073/pnas.1821754116
https://doi.org/10.1016/j.molcel.2021.11.003
https://doi.org/10.1016/j.cell.2015.10.012
https://doi.org/10.1016/j.cell.2015.10.012
https://doi.org/10.1016/j.ymeth.2016.02.012
https://doi.org/10.1016/j.ymeth.2016.02.012
https://doi.org/10.1016/j.cell.2015.05.014
https://doi.org/10.1016/j.cell.2015.05.014
https://doi.org/10.1038/ncb2902
https://doi.org/10.1016/j.molcel.2016.01.012
https://doi.org/10.1016/j.molcel.2016.01.012
https://doi.org/10.1038/nature15377
https://doi.org/10.1038/nature15377
https://doi.org/10.1016/j.stem.2014.09.019
https://doi.org/10.1038/s41380-021-01282-z
https://doi.org/10.1038/s41593-018-0173-6
https://doi.org/10.1016/j.neuron.2019.12.013
https://doi.org/10.1016/j.neuron.2019.12.013
https://doi.org/10.1016/j.cell.2017.09.003
https://doi.org/10.1016/j.cell.2017.09.003
https://doi.org/10.1016/j.molcel.2016.05.041
https://doi.org/10.1016/j.molcel.2016.05.041
https://doi.org/10.1038/cr.2014.3
https://doi.org/10.1074/jbc.M501725200
https://doi.org/10.1074/jbc.M501725200
https://doi.org/10.1074/jbc.M110.192518

Molecular Neurobiology

23.

24.

25.

26

27.

28

29.

30.

31.

32.

33.

34.

35.

36.

37.

methylation at internal and 5 sites. Cell Rep 8(1):284-296.
https://doi.org/10.1016/j.celrep.2014.05.048

Zhang L, Tran NT, Su H, Wang R, Lu Y, Tang H, Aoyagi S,
Guo A (2015) Cross -talk between PRMT1- mediated methyla-
tion and ubiquitylation on RBM15 controls RNA splicing. eLife
4:e07938. https://doi.org/10.7554/eLife.07938

Brown JA, Kinzig CG, DeGregorio SJ, Steitz JA (2016) Meth-
yltransferase-like protein 16 binds the 3’-terminal triple helix
of MALAT1 long noncoding RNA. Proc Natl Acad Sci USA
113(49):14013-14018. https://doi.org/10.1073/pnas.1614759113
Pendleton KE, Chen B, Liu K, Hunter OV, Xie Y, Tu BP, Conrad
NK (2017) The U6 snRNA m(6)A methyltransferase METTL16
regulates SAM synthetase intron retention. Cell 169(5):824-835.
e814. https://doi.org/10.1016/j.cell.2017.05.003

Warda AS, Kretschmer J, Hackert P, Lenz C, Urlaub H, Hobar-
tner C, Sloan KE, Bohnsack MT (2017) Human METTL16 is
a N(6)-methyladenosine (m(6)A) methyltransferase that tar-
gets pre-mRNAs and various non-coding RNAs. EMBO Rep
18(11):2004-2014. https://doi.org/10.15252/embr.201744940
Maden BE (1986) Identification of the locations of the methyl
groups in 18 S ribosomal RNA from xenopus laevis and man.
J Mol Biol 189(4):681-699. https://doi.org/10.1016/0022-
2836(86)90498-5

Maden BE (1988) Locations of methyl groups in of 28 S rRNA
xenopus laevis and man. Clustering in the conserved core of
molecule. ] Mol Biol 201(2):289-314. https://doi.org/10.1016/
0022-2836(88)90139-8

Sepich-Poore C, Zheng Z, Schmitt E, Wen K, Zhang ZS, Cui
XL, Dai Q, Zhu AC et al (2022) The METTLS5-TRMT112
N(6)-methyladenosine methyltransferase complex regulates
mRNA translation via 18S rRNA methylation. J Biol Chem
298(3):101590. https://doi.org/10.1016/j.jbc.2022.101590
van Tran N, Ernst FGM, Hawley BR, Zorbas C, Ulryck N,
Hackert P, Bohnsack KE, Bohnsack MT et al (2019) The
human 18S rRNA m6A methyltransferase METTLS is stabi-
lized by TRMT112. Nucleic Acids Res 47(15):7719-7733.
https://doi.org/10.1093/nar/gkz619

Li Y, Bedi RK, Moroz-Omori EV, Caflisch A (2020) Structural
and dynamic insights into redundant function of YTHDF pro-
teins. J Chem Inf Model 60(12):5932-5935. https://doi.org/10.
1021/acs.jcim.0c01029

Kontur C, Jeong M, Cifuentes D, Giraldez AJ (2020) Ythdf
m(6)A readers function redundantly during zebrafish devel-
opment. Cell Rep 33(13):108598. https://doi.org/10.1016/j.
celrep.2020.108598

Lasman L, Krupalnik V, Viukov S, Mor N, Aguilera-Castrejon
A, Schneir D, Bayerl J, Mizrahi O et al (2020) Context-depend-
ent functional compensation between Ythdf m(6)A reader pro-
teins. Genes Dev 34(19-20):1373-1391. https://doi.org/10.
1101/gad.340695.120

Ries RJ, Zaccara S, Klein P, Olarerin-George A, Nam-
koong S, Pickering BF, Patil DP, Kwak H et al (2019)
m(6)A enhances the phase separation potential of mRNA.
Nature 571(7765):424-428. https://doi.org/10.1038/
s41586-019-1374-1

Roundtree IA, Luo GZ, Zhang Z, Wang X, Zhou T, Cui Y, ShaJ,
Huang X et al (2017) YTHDC1 mediates nuclear export of N(6)-
methyladenosine methylated mRNAs. eLife 6:e31311. https://
doi.org/10.7554/eLife.31311

Wojtas MN, Pandey RR, Mendel M, Homolka D, Sachidanan-
dam R, Pillai RS (2017) Regulation of m(6)A transcripts by the
3’—5’ RNA helicase YTHDC?2 is essential for a successful mei-
otic program in the mammalian germline. Mol Cell 68(2):374-
387.e312. https://doi.org/10.1016/j.molcel.2017.09.021

Xu C, Liu K, Ahmed H, Loppnau P, Schapira M, Min J
(2015) Structural basis for the discriminative recognition of

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

N6-methyladenosine RNA by the human YT521-B homology
domain family of proteins. J Biol Chem 290(41):24902-24913.
https://doi.org/10.1074/jbc.M115.680389

Feng C, Liu Y, Wang G, Deng Z, Zhang Q, Wu W, Tong Y,
Cheng C et al (2014) Crystal structures of the human RNA dem-
ethylase AlkbhS5 reveal basis for substrate recognition. J Biol
Chem 289(17):11571-11583. https://doi.org/10.1074/jbc.M113.
546168

Han Z, Niu T, Chang J, Lei X, Zhao M, Wang Q, Cheng W, Wang
J et al (2010) Crystal structure of the FTO protein reveals basis
for its substrate specificity. Nature 464(7292):1205-1209. https://
doi.org/10.1038/nature08921

Wei J, Liu F, Lu Z, Fei Q, Ai Y, He PC, Shi H, Cui X et al
(2018) Differential m(6)A, m(6)A(m), and m(1)A demethylation
mediated by FTO in the cell nucleus and cytoplasm. Mol Cell
71(6):973-985.e975. https://doi.org/10.1016/j.molcel.2018.08.
011

Alexandrov A, Chernyakov I, Gu W, Hiley SL, Hughes TR, Gray-
hack EJ, Phizicky EM (2006) Rapid tRNA decay can result from
lack of nonessential modifications. Mol Cell 21(1):87-96. https://
doi.org/10.1016/j.molcel.2005.10.036

Sloan KE, Warda AS, Sharma S, Entian KD, Lafontaine DLJ,
Bohnsack MT (2017) Tuning the ribosome: the influence of
rRNA modification on eukaryotic ribosome biogenesis and func-
tion. RNA Biol 14(9):1138-1152. https://doi.org/10.1080/15476
286.2016.1259781

Aguilo F, Li S, Balasubramaniyan N, Sancho A, Benko S,
Zhang F, Vashisht A, Rengasamy M et al (2016) Deposition of
5-methylcytosine on enhancer RNAs enables the coactivator
function of PGC-1a. Cell Rep 14(3):479-492. https://doi.org/
10.1016/j.celrep.2015.12.043

Bourgeois G, Ney M, Gaspar I, Aigueperse C, Schaefer M, Kell-
ner S, Helm M, Motorin Y (2015) Eukaryotic rRNA modification
by yeast 5-methylcytosine-methyltransferases and human pro-
liferation-associated antigen p120. PLoS ONE 10(7):e0133321.
https://doi.org/10.1371/journal.pone.0133321

Brzezicha B, Schmidt M, Makalowska I, Jarmolowski A, Pien-
kowska J, Szweykowska-Kulinska Z (2006) Identification of
human tRNA:m5C methyltransferase catalysing intron-depend-
ent m5C formation in the first position of the anticodon of the
pre-tRNA Leu (CAA). Nucleic Acids Res 34(20):6034-6043.
https://doi.org/10.1093/nar/gkl765

Fang L, Wang W, Li G, Zhang L, Li J, Gan D, Yang J, Tang Y
et al (2020) CIGAR-seq, a CRISPR/Cas-based method for unbi-
ased screening of novel mRNA modification regulators. Mol Syst
Biol 16(11):e10025. https://doi.org/10.15252/msb.202010025
Liu J, Huang T, Zhang Y, Zhao T, Zhao X, Chen W, Zhang R
(2021) Sequence- and structure-selective mRNA m(5)C methyla-
tion by NSUNG6 in animals. Natl Sci Rev 8(6):nwaa273. https://
doi.org/10.1093/nsr/nwaa273

Tuorto F, Liebers R, Musch T, Schaefer M, Hofmann S, Kellner
S, Frye M, Helm M et al (2012) RNA cytosine methylation by
Dnmt2 and NSun2 promotes tRNA stability and protein synthe-
sis. Nat Struct Mol Biol 19(9):900-905. https://doi.org/10.1038/
nsmb.2357

Haag S, Sloan KE, Ranjan N, Warda AS, Kretschmer J, Blessing
C, Hiibner B, Seikowski J et al (2016) NSUN3 and ABH1 modify
the wobble position of mt-tRNAMet to expand codon recognition
in mitochondrial translation. EMBO J 35(19):2104-2119. https://
doi.org/10.15252/embj.201694885

Metodiev MD, Spéhr H, Loguercio Polosa P, Meharg C, Becker
C, Altmueller J, Habermann B, Larsson NG et al (2014) NSUN4
is a dual function mitochondrial protein required for both meth-
ylation of 12S rRNA and coordination of mitoribosomal assem-
bly. PLoS Genet 10(2):e1004110. https://doi.org/10.1371/journ
al.pgen.1004110

@ Springer


https://doi.org/10.1016/j.celrep.2014.05.048
https://doi.org/10.7554/eLife.07938
https://doi.org/10.1073/pnas.1614759113
https://doi.org/10.1016/j.cell.2017.05.003
https://doi.org/10.15252/embr.201744940
https://doi.org/10.1016/0022-2836(86)90498-5
https://doi.org/10.1016/0022-2836(86)90498-5
https://doi.org/10.1016/0022-2836(88)90139-8
https://doi.org/10.1016/0022-2836(88)90139-8
https://doi.org/10.1016/j.jbc.2022.101590
https://doi.org/10.1093/nar/gkz619
https://doi.org/10.1021/acs.jcim.0c01029
https://doi.org/10.1021/acs.jcim.0c01029
https://doi.org/10.1016/j.celrep.2020.108598
https://doi.org/10.1016/j.celrep.2020.108598
https://doi.org/10.1101/gad.340695.120
https://doi.org/10.1101/gad.340695.120
https://doi.org/10.1038/s41586-019-1374-1
https://doi.org/10.1038/s41586-019-1374-1
https://doi.org/10.7554/eLife.31311
https://doi.org/10.7554/eLife.31311
https://doi.org/10.1016/j.molcel.2017.09.021
https://doi.org/10.1074/jbc.M115.680389
https://doi.org/10.1074/jbc.M113.546168
https://doi.org/10.1074/jbc.M113.546168
https://doi.org/10.1038/nature08921
https://doi.org/10.1038/nature08921
https://doi.org/10.1016/j.molcel.2018.08.011
https://doi.org/10.1016/j.molcel.2018.08.011
https://doi.org/10.1016/j.molcel.2005.10.036
https://doi.org/10.1016/j.molcel.2005.10.036
https://doi.org/10.1080/15476286.2016.1259781
https://doi.org/10.1080/15476286.2016.1259781
https://doi.org/10.1016/j.celrep.2015.12.043
https://doi.org/10.1016/j.celrep.2015.12.043
https://doi.org/10.1371/journal.pone.0133321
https://doi.org/10.1093/nar/gkl765
https://doi.org/10.15252/msb.202010025
https://doi.org/10.1093/nsr/nwaa273
https://doi.org/10.1093/nsr/nwaa273
https://doi.org/10.1038/nsmb.2357
https://doi.org/10.1038/nsmb.2357
https://doi.org/10.15252/embj.201694885
https://doi.org/10.15252/embj.201694885
https://doi.org/10.1371/journal.pgen.1004110
https://doi.org/10.1371/journal.pgen.1004110

Molecular Neurobiology

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Nakano S, Suzuki T, Kawarada L, Iwata H, Asano K, Suzuki T
(2016) NSUN3 methylase initiates 5-formylcytidine biogenesis
in human mitochondrial tRNA(Met). Nat Chem Biol 12(7):546—
551. https://doi.org/10.1038/nchembio.2099

Falnes P, Bjgras M, Aas PA, Sundheim O, Seeberg E (2004)
Substrate specificities of bacterial and human AIkB proteins.
Nucleic Acids Res 32(11):3456-3461. https://doi.org/10.1093/
nar/gkh655

Kawarada L, Suzuki T, Ohira T, Hirata S, Miyauchi K, Suzuki T
(2017) ALKBHI1 is an RNA dioxygenase responsible for cyto-
plasmic and mitochondrial tRNA modifications. Nucleic Acids
Res 45(12):7401-7415. https://doi.org/10.1093/nar/gkx354
Ougland R, Zhang CM, Liiv A, Johansen RF, Seeberg E, Hou
YM, Remme J, Falnes P (2004) AlkB restores the biological
function of mRNA and tRNA inactivated by chemical methyla-
tion. Mol Cell 16(1):107-116. https://doi.org/10.1016/j.molcel.
2004.09.002

Ito S, Shen L, Dai Q, Wu SC, Collins LB, Swenberg JA, He
C, Zhang Y (2011) Tet proteins can convert 5-methylcyto-
sine to 5-formylcytosine and 5-carboxylcytosine. Science
333(6047):1300-1303. https://doi.org/10.1126/science.12105
97

Yang X, Yang Y, Sun BF, Chen YS, Xu JW, Lai WY, Li A,
Wang X et al (2017) 5-methylcytosine promotes mRNA export
- NSUN2 as the methyltransferase and ALYREF as an m(5)C
reader. Cell Res 27(5):606—625. https://doi.org/10.1038/cr.2017.
55

Chen CY, Gherzi R, Andersen JS, Gaietta G, Jiirchott K, Royer
HD, Mann M, Karin M (2000) Nucleolin and YB-1 are required
for JNK-mediated interleukin-2 mRNA stabilization during
T-cell activation. Genes Dev 14(10):1236-1248

Raffetseder U, Frye B, Rauen T, Jiirchott K, Royer HD, Jansen
PL, Mertens PR (2003) Splicing factor SRp30c interaction with
Y-box protein-1 confers nuclear YB-1 shuttling and alternative
splice site selection. J Biol Chem 278(20):18241-18248. https://
doi.org/10.1074/jbc.M212518200

Li Q, Li X, Tang H, Jiang B, Dou Y, Gorospe M, Wang W (2017)
NSUN2-Mediated m5C Methylation and METTL3/METTL14-
mediated m6A methylation cooperatively enhance p21 transla-
tion. J Cell Biochem 118(9):2587-2598. https://doi.org/10.1002/
jcb.25957

Dai X, Gonzalez G, Li L, LiJ, You C, Miao W, Hu J, Fu L et al
(2020) YTHDEF?2 binds to 5-methylcytosine in RNA and modu-
lates the maturation of ribosomal RNA. Anal Chem 92(1):1346—
1354. https://doi.org/10.1021/acs.analchem.9b04505

Liu J, Li K, Cai J, Zhang M, Zhang X, Xiong X, Meng H, Xu
X et al (2020) Landscape and regulation of m(6)A and m(6)Am
methylome across human and mouse tissues. Mol Cell 77(2):426-
440.e426. https://doi.org/10.1016/j.molcel.2019.09.032

Huang T, Chen W, Liu J, Gu N, Zhang R (2019) Genome-
wide identification of mRNA 5-methylcytosine in mammals.
Nat Struct Mol Biol 26(5):380-388. https://doi.org/10.1038/
$41594-019-0218-x

Nassar LR, Barber GP, Benet-Pages A, Casper J, Clawson H,
Diekhans M, Fischer C, Gonzalez JN et al (2022) The UCSC
genome browser database: 2023 update. Nucleic Acids Res
51(D1):D1188-D1195. https://doi.org/10.1093/nar/gkac1072
Quinlan AR, Hall IM (2010) BEDTools: a flexible suite of utili-
ties for comparing genomic features. Bioinformatics 26(6):841—
842. https://doi.org/10.1093/bioinformatics/btq033

Oughtred R, Rust J, Chang C, Breitkreutz BJ, Stark C, Willems
A, Boucher L, Leung G et al (2021) The BioGRID database: a
comprehensive biomedical resource of curated protein, genetic,
and chemical interactions. Protein Sci A Publ Protein Soc
30(1):187-200. https://doi.org/10.1002/pro.3978

@ Springer

66.

67

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

Edupuganti RR, Geiger S, Lindeboom RGH, Shi H, Hsu PJ, Lu
Z, Wang SY, Baltissen MPA et al (2017) N(6)-methyladenosine
(m(6)A) recruits and repels proteins to regulate mRNA homeo-
stasis. Nat Struct Mol Biol 24(10):870-878. https://doi.org/10.
1038/nsmb.3462

Cho NH, Cheveralls KC, Brunner AD, Kim K, Michaelis AC,
Raghavan P, Kobayashi H, Savy L et al (2022) OpenCell: endog-
enous tagging for the cartography of human cellular organiza-
tion. Science 375(6585):eabi6983. https://doi.org/10.1126/scien
ce.abi6983

Choudhury NR, Heikel G, Trubitsyna M, Kubik P, Nowak JS,
Webb S, Granneman S, Spanos C et al (2017) RNA-binding
activity of TRIM2S5 is mediated by its PRY/SPRY domain and
is required for ubiquitination. BMC Biol 15(1):105. https://doi.
org/10.1186/s12915-017-0444-9

Cloutier P, Poitras C, Durand M, Hekmat O, Fiola-Masson E,
Bouchard A, Faubert D, Chabot B et al (2017) R2TP/Prefol-
din-like component RUVBL1/RUVBL2 directly interacts with
ZNHIT?2 to regulate assembly of U5 small nuclear ribonucleo-
protein. Nat Commun 8:15615. https://doi.org/10.1038/ncomm
s15615

Havugimana PC, Hart GT, Nepusz T, Yang H, Turinsky AL, Li
Z, Wang PI, Boutz DR et al (2012) A census of human soluble
protein complexes. Cell 150(5):1068—1081. https://doi.org/10.
1016/j.cell.2012.08.011

Hoffmeister H, Fuchs A, Erdel F, Pinz S, Grobner-Ferreira R,
Bruckmann A, Deutzmann R, Schwartz U et al (2017) CHD3 and
CHD4 form distinct NuRD complexes with different yet over-
lapping functionality. Nucleic Acids Res 45(18):10534-10554.
https://doi.org/10.1093/nar/gkx711

Hu K, Wu W, Li Y, Lin L, Chen D, Yan H, Xiao X, Chen H
et al (2019) Poly(ADP-ribosyl)ation of BRD7 by PARP1 confers
resistance to DNA-damaging chemotherapeutic agents. EMBO
Rep 20(5):e46166. https://doi.org/10.15252/embr.201846166
Hubel P, Urban C, Bergant V, Schneider WM, Knauer B, Stuka-
lov A, Scaturro P, Mann A et al (2019) A protein-interaction net-
work of interferon-stimulated genes extends the innate immune
system landscape. Nat Immunol 20(4):493-502. https://doi.org/
10.1038/s41590-019-0323-3

Johnson SA, Cubberley G, Bentley DL (2009) Cotranscriptional
recruitment of the mRNA export factor Yral by direct interaction
with the 3 end processing factor Pcf11. Mol Cell 33(2):215-226.
https://doi.org/10.1016/j.molcel.2008.12.007

Lee N, Park SJ, Haddad G, Kim DK, Park SM, Park SK, Choi KY
(2016) Interactomic analysis of REST/NRSF and implications of
its functional links with the transcription suppressor TRIM28
during neuronal differentiation. Sci Rep 6:39049. https://doi.org/
10.1038/srep39049

Masuda S, Das R, Cheng H, Hurt E, Dorman N, Reed R (2005)
Recruitment of the human TREX complex to mRNA during
splicing. Genes Dev 19(13):1512-1517. https://doi.org/10.1101/
gad.1302205

PanZ,Zhao R, Li B, Qi Y, Qiu W, Guo Q, Zhang S, Zhao S et al
(2022) EWSR1-induced circNEIL3 promotes glioma progression
and exosome-mediated macrophage immunosuppressive polari-
zation via stabilizing IGF2BP3. Mol Cancer 21(1):16. https://
doi.org/10.1186/s12943-021-01485-6

Uranishi H, Zolotukhin AS, Lindtner S, Warming S, Zhang
GM, Bear J, Copeland NG, Jenkins NA et al (2009) The RNA-
binding motif protein 15B (RBM15B/OTT?3) acts as cofactor of
the nuclear export receptor NXF1. J Biol Chem 284(38):26106—
26116. https://doi.org/10.1074/jbc.M109.040113

Wan C, Borgeson B, Phanse S, Tu F, Drew K, Clark G, Xiong X,
Kagan O et al (2015) Panorama of ancient metazoan macromo-
lecular complexes. Nature 525(7569):339-344. https://doi.org/
10.1038/nature 14877


https://doi.org/10.1038/nchembio.2099
https://doi.org/10.1093/nar/gkh655
https://doi.org/10.1093/nar/gkh655
https://doi.org/10.1093/nar/gkx354
https://doi.org/10.1016/j.molcel.2004.09.002
https://doi.org/10.1016/j.molcel.2004.09.002
https://doi.org/10.1126/science.1210597
https://doi.org/10.1126/science.1210597
https://doi.org/10.1038/cr.2017.55
https://doi.org/10.1038/cr.2017.55
https://doi.org/10.1074/jbc.M212518200
https://doi.org/10.1074/jbc.M212518200
https://doi.org/10.1002/jcb.25957
https://doi.org/10.1002/jcb.25957
https://doi.org/10.1021/acs.analchem.9b04505
https://doi.org/10.1016/j.molcel.2019.09.032
https://doi.org/10.1038/s41594-019-0218-x
https://doi.org/10.1038/s41594-019-0218-x
https://doi.org/10.1093/nar/gkac1072
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1002/pro.3978
https://doi.org/10.1038/nsmb.3462
https://doi.org/10.1038/nsmb.3462
https://doi.org/10.1126/science.abi6983
https://doi.org/10.1126/science.abi6983
https://doi.org/10.1186/s12915-017-0444-9
https://doi.org/10.1186/s12915-017-0444-9
https://doi.org/10.1038/ncomms15615
https://doi.org/10.1038/ncomms15615
https://doi.org/10.1016/j.cell.2012.08.011
https://doi.org/10.1016/j.cell.2012.08.011
https://doi.org/10.1093/nar/gkx711
https://doi.org/10.15252/embr.201846166
https://doi.org/10.1038/s41590-019-0323-3
https://doi.org/10.1038/s41590-019-0323-3
https://doi.org/10.1016/j.molcel.2008.12.007
https://doi.org/10.1038/srep39049
https://doi.org/10.1038/srep39049
https://doi.org/10.1101/gad.1302205
https://doi.org/10.1101/gad.1302205
https://doi.org/10.1186/s12943-021-01485-6
https://doi.org/10.1186/s12943-021-01485-6
https://doi.org/10.1074/jbc.M109.040113
https://doi.org/10.1038/nature14877
https://doi.org/10.1038/nature14877

Molecular Neurobiology

80.

81.

82.

83.

84.

85.

86

87.

88.

89.

90.

91.

92.

93.

94.

Youn JY, Dunham WH, Hong SJ, Knight JDR, Bashkurov M,
Chen GI, Bagci H, Rathod B et al (2018) High-density prox-
imity mapping reveals the subcellular organization of mRNA-
associated granules and bodies. Mol Cell 69(3):517-532.e511.
https://doi.org/10.1016/j.molcel.2017.12.020

Yuan J, Lv T, Yang J, Wu Z, Yan L, Yang J, Shi Y, Jiang L
(2023) HDLBP promotes hepatocellular carcinoma proliferation
and sorafenib resistance by suppressing Trim71-dependent RAF1
degradation. Cell Mol Gastroenterol Hepatol 15(2):307-325.
https://doi.org/10.1016/j.jcmgh.2022.10.005

Kustatscher G, Grabowski P, Schrader TA, Passmore JB,
Schrader M, Rappsilber J (2019) Co-regulation map of the
human proteome enables identification of protein functions.
Nat Biotechnol 37(11):1361-1371. https://doi.org/10.1038/
s41587-019-0298-5

da Huang W, Sherman BT, Lempicki RA (2009) Systematic and
integrative analysis of large gene lists using DAVID bioinfor-
matics resources. Nat Protoc 4(1):44-57. https://doi.org/10.1038/
nprot.2008.211

Sherman BT, Hao M, Qiu J, Jiao X, Baseler MW, Lane HC,
Imamichi T, Chang W (2022) DAVID: a web server for func-
tional enrichment analysis and functional annotation of gene lists
(2021 update). Nucleic Acids Res 5S0(W1):W216-w221. https://
doi.org/10.1093/nar/gkac194

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair
M, Pietzsch T, Preibisch S, Rueden C et al (2012) Fiji: an open-
source platform for biological-image analysis. Nat Methods
9(7):676-682. https://doi.org/10.1038/nmeth.2019

Zhou G, Pang Z, Lu Y, Ewald J, Xia J (2022) OmicsNet 2.0:
a web-based platform for multi-omics integration and network
visual analytics. Nucleic Acids Res 50(W1):W527-w533. https://
doi.org/10.1093/nar/gkac376

Liu F, Clark W, Luo G, Wang X, Fu Y, Wei J, Wang X, Hao Z
et al (2016) ALKBH1-Mediated tRNA demethylation regulates
translation. Cell 167(7):1897. https://doi.org/10.1016/j.cell.2016.
11.045

Patil DP, Chen CK, Pickering BF, Chow A, Jackson C, Guttman
M, Jaffrey SR (2016) m(6)A RNA methylation promotes XIST-
mediated transcriptional repression. Nature 537(7620):369-373.
https://doi.org/10.1038/nature 19342

Van Haute L, Lee SY, McCann BJ, Powell CA, Bansal D,
Vasiliauskaité L, Garone C, Shin S et al (2019) NSUN?2 intro-
duces 5-methylcytosines in mammalian mitochondrial tRNAs.
Nucleic Acids Res 47(16):8720-8733. https://doi.org/10.1093/
nar/gkz559

Spahr H, Habermann B, Gustafsson CM, Larsson NG, Hallberg
BM (2012) Structure of the human MTERF4-NSUN4 protein
complex that regulates mitochondrial ribosome biogenesis. Proc
Natl Acad Sci USA 109(38):15253-15258. https://doi.org/10.
1073/pnas.1210688109

Yadav PK, Rajasekharan R (2018) The m(6)A methyltrans-
ferase ime4 and mitochondrial functions in yeast. Curr Genet
64(2):353-357. https://doi.org/10.1007/s00294-017-0758-8
Abbasi-Moheb L, Mertel S, Gonsior M, Nouri-Vahid L, Kahrizi
K, Cirak S, Wieczorek D, Motazacker MM et al (2012) Muta-
tions in NSUNZ2 cause autosomal-recessive intellectual disability.
Am J Hum Genet 90(5):847-855. https://doi.org/10.1016/j.ajhg.
2012.03.021

Khan MA, Rafiq MA, Noor A, Hussain S, Flores JV, Rupp V,
Vincent AK, Malli R et al (2012) Mutation in NSUN2, which
encodes an RNA methyltransferase, causes autosomal-recessive
intellectual disability. Am J Hum Genet 90(5):856-863. https://
doi.org/10.1016/j.ajhg.2012.03.023

Martinez FJ, Lee JH, Lee JE, Blanco S, Nickerson E, Gabriel S,
Frye M, Al-Gazali L et al (2012) Whole exome sequencing iden-
tifies a splicing mutation in NSUN?2 as a cause of a dubowitz-like

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

syndrome. J] Med Genet 49(6):380-385. https://doi.org/10.1136/
jmedgenet-2011-100686

Sun S, Chen L, Wang Y, Wang J, Li N, Wang X (2020) Further
delineation of autosomal recessive intellectual disability syn-
drome caused by homozygous variant of the NSUN2 gene in a
chinese pedigree. Mol Genet Genomic Med 8(12):e1518. https://
doi.org/10.1002/mgg3.1518

Ramser J, Winnepenninckx B, Lenski C, Errijgers V, Platzer M,
Schwartz CE, Meindl A, Kooy RF (2004) A splice site mutation
in the methyltransferase gene FTSJ1 in Xp11.23 is associated
with non-syndromic mental retardation in a large belgian family
(MRX9). ] Med Genet 41(9):679—683. https://doi.org/10.1136/
jmg.2004.019000

Richard EM, Polla DL, Assir MZ, Contreras M, Shahzad M,
Khan AA, Razzaq A, Akram J et al (2019) Bi-allelic variants in
METTLS cause autosomal-recessive intellectual disability and
microcephaly. Am J Hum Genet 105(4):869-878. https://doi.org/
10.1016/j.ajhg.2019.09.007

Basel-Vanagaite L, Smirin-Yosef P, Essakow JL, Tzur S,
Lagovsky I, Maya I, Pasmanik-Chor M, Yeheskel A et al (2015)
Homozygous MED25 mutation implicated in eye-intellectual dis-
ability syndrome. Hum Genet 134(6):577-587. https://doi.org/
10.1007/s00439-015-1541-x

Figueiredo T, Melo US, Pessoa AL, Nobrega PR, Kitajima JP,
Correa I, Zatz M, Kok F et al (2015) Homozygous missense
mutation in MED25 segregates with syndromic intellectual dis-
ability in a large consanguineous family. ] Med Genet 52(2):123—
127. https://doi.org/10.1136/jmedgenet-2014-102793

Trehan A, Brady JM, Maduro V, Bone WP, Huang Y, Golas GA,
Kane MS, Lee PR et al (2015) MED23-associated intellectual
disability in a non-consanguineous family. Am J Med Genet A
167(6):1374-1380. https://doi.org/10.1002/ajmg.a.37047
Srivastava S, Niranjan T, May MM, Tarpey P, Allen W, Hackett
A, Jouk PS, Raymond L et al (2019) Dysregulations of sonic
hedgehog signaling in MED12-related X-linked intellectual dis-
ability disorders. Mol Genet Genomic Med 7(4):00569. https://
doi.org/10.1002/mgg3.569

Kumar R, Corbett MA, van Bon BW, Woenig JA, Weir L, Doug-
las E, Friend KL, Gardner A et al (2015) THOC2 mutations
implicate mRNA-export pathway in X-linked intellectual disabil-
ity. Am J Hum Genet 97(2):302-310. https://doi.org/10.1016/j.
ajhg.2015.05.021

Najmabadi H, Hu H, Garshasbi M, Zemojtel T, Abedini SS,
Chen W, Hosseini M, Behjati F et al (2011) Deep sequencing
reveals 50 novel genes for recessive cognitive disorders. Nature
478(7367):57-63. https://doi.org/10.1038/nature 10423

Dufu K, Livingstone MJ, Seebacher J, Gygi SP, Wilson SA, Reed
R (2010) ATP is required for interactions between UAP56 and
two conserved mRNA export proteins, Aly and CIP29, to assem-
ble the TREX complex. Genes Dev 24(18):2043-2053. https://
doi.org/10.1101/gad. 1898610

Covelo-Molares H, Obrdlik A, Postulkova I, Dohnalkova M,
Gregorova P, Ganji R, Potésil D, Gawriyski L et al (2021) The
comprehensive interactomes of human adenosine RNA meth-
yltransferases and demethylases reveal distinct functional and
regulatory features. Nucleic Acids Res 49(19):10895-10910.
https://doi.org/10.1093/nar/gkab900

Chen H, Yao J, Bao R, Dong Y, Zhang T, Du Y, Wang G, Ni
D et al (2021) Cross-talk of four types of RNA modification
writers defines tumor microenvironment and pharmacogenomic
landscape in colorectal cancer. Mol Cancer 20(1):29. https://doi.
org/10.1186/s12943-021-01322-w

Qi L, Zhang W, Ren X, Xu R, Yang Z, Chen R, Tu C, Li Z (2022)
Cross-talk of multiple types of RNA modification regulators
uncovers the tumor microenvironment and immune infiltrates in

@ Springer


https://doi.org/10.1016/j.molcel.2017.12.020
https://doi.org/10.1016/j.jcmgh.2022.10.005
https://doi.org/10.1038/s41587-019-0298-5
https://doi.org/10.1038/s41587-019-0298-5
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1093/nar/gkac194
https://doi.org/10.1093/nar/gkac194
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1093/nar/gkac376
https://doi.org/10.1093/nar/gkac376
https://doi.org/10.1016/j.cell.2016.11.045
https://doi.org/10.1016/j.cell.2016.11.045
https://doi.org/10.1038/nature19342
https://doi.org/10.1093/nar/gkz559
https://doi.org/10.1093/nar/gkz559
https://doi.org/10.1073/pnas.1210688109
https://doi.org/10.1073/pnas.1210688109
https://doi.org/10.1007/s00294-017-0758-8
https://doi.org/10.1016/j.ajhg.2012.03.021
https://doi.org/10.1016/j.ajhg.2012.03.021
https://doi.org/10.1016/j.ajhg.2012.03.023
https://doi.org/10.1016/j.ajhg.2012.03.023
https://doi.org/10.1136/jmedgenet-2011-100686
https://doi.org/10.1136/jmedgenet-2011-100686
https://doi.org/10.1002/mgg3.1518
https://doi.org/10.1002/mgg3.1518
https://doi.org/10.1136/jmg.2004.019000
https://doi.org/10.1136/jmg.2004.019000
https://doi.org/10.1016/j.ajhg.2019.09.007
https://doi.org/10.1016/j.ajhg.2019.09.007
https://doi.org/10.1007/s00439-015-1541-x
https://doi.org/10.1007/s00439-015-1541-x
https://doi.org/10.1136/jmedgenet-2014-102793
https://doi.org/10.1002/ajmg.a.37047
https://doi.org/10.1002/mgg3.569
https://doi.org/10.1002/mgg3.569
https://doi.org/10.1016/j.ajhg.2015.05.021
https://doi.org/10.1016/j.ajhg.2015.05.021
https://doi.org/10.1038/nature10423
https://doi.org/10.1101/gad.1898610
https://doi.org/10.1101/gad.1898610
https://doi.org/10.1093/nar/gkab900
https://doi.org/10.1186/s12943-021-01322-w
https://doi.org/10.1186/s12943-021-01322-w

Molecular Neurobiology

108.

109.

110.

111.

112.

113.

soft tissue sarcoma. Front Immunol 13:921223. https://doi.org/
10.3389/fimmu.2022.921223

Boo SH, Ha H, Kim YK (2022) m1A and m6A modifications
function cooperatively to facilitate rapid mRNA degradation.
Cell Rep 40(10):111317. https://doi.org/10.1016/j.celrep.2022.
111317

Huang S, Wylder AC, Pan T (2024) Simultaneous nanopore
profiling of mRNA m(6)A and pseudouridine reveals transla-
tion coordination. Nat Biotechnol. https://doi.org/10.1038/
s41587-024-02135-0

Hanna J, Guerra-Moreno A, Ang J, Micoogullari Y (2019) Pro-
tein degradation and the pathologic basis of disease. Am J Pathol
189(1):94-103. https://doi.org/10.1016/j.ajpath.2018.09.004
Paramasivam A, Meena AK, Venkatapathi C, Pitceathly RDS,
Thangaraj K (2020) Novel biallelic NSUN3 variants cause
early-onset mitochondrial encephalomyopathy and seizures. J
Mol Neurosci MN 70(12):1962-1965. https://doi.org/10.1007/
$12031-020-01595-8

Burté F, Carelli V, Chinnery PF, Yu-Wai-Man P (2015) Disturbed
mitochondrial dynamics and neurodegenerative disorders. Nat
Rev Neurol 11(1):11-24. https://doi.org/10.1038/nrneurol.2014.
228

Freude K, Hoffmann K, Jensen LR, Delatycki MB, des Portes V,
Moser B, Hamel B, van Bokhoven H et al (2004) Mutations in
the FTSJ1 gene coding for a novel S-adenosylmethionine-binding
protein cause nonsyndromic X-linked mental retardation. Am J
Hum Genet 75(2):305-309. https://doi.org/10.1086/422507

@ Springer

114.

115.

116.

117.

118.

Allen BL, Taatjes DJ (2015) The mediator complex: a central
integrator of transcription. Nat Rev Mol Cell Biol 16(3):155—
166. https://doi.org/10.1038/nrm3951

Hur JK, Luo Y, Moon S, Ninova M, Marinov GK, Chung YD,
Aravin AA (2016) Splicing-independent loading of TREX on
nascent RNA is required for efficient expression of dual-strand
piRNA clusters in Drosophila. Genes Dev 30(7):840-855.
https://doi.org/10.1101/gad.276030.115

Maeder CI, Kim JI, Liang X, Kaganovsky K, Shen A, Li Q, Li Z,
Wang S et al (2018) The THO complex coordinates transcripts
for synapse development and dopamine neuron survival. Cell
174(6):1436-1449.e1420. https://doi.org/10.1016/j.cell.2018.07.
046

Arguello AE, DeLiberto AN, Kleiner RE (2017) RNA chemical
proteomics reveals the N(6)-methyladenosine (m(6)A)-regulated
protein-RNA interactome. J Am Chem Soc 139(48):17249—
17252. https://doi.org/10.1021/jacs.7b09213

He PC, Wei J, Dou X, Harada BT, Zhang Z, Ge R, Liu C, Zhang
LS et al (2023) Exon architecture controls mRNA m(6)A sup-
pression and gene expression. Science 379(6633):677-682.
https://doi.org/10.1126/science.abj9090

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3389/fimmu.2022.921223
https://doi.org/10.3389/fimmu.2022.921223
https://doi.org/10.1016/j.celrep.2022.111317
https://doi.org/10.1016/j.celrep.2022.111317
https://doi.org/10.1038/s41587-024-02135-0
https://doi.org/10.1038/s41587-024-02135-0
https://doi.org/10.1016/j.ajpath.2018.09.004
https://doi.org/10.1007/s12031-020-01595-8
https://doi.org/10.1007/s12031-020-01595-8
https://doi.org/10.1038/nrneurol.2014.228
https://doi.org/10.1038/nrneurol.2014.228
https://doi.org/10.1086/422507
https://doi.org/10.1038/nrm3951
https://doi.org/10.1101/gad.276030.115
https://doi.org/10.1016/j.cell.2018.07.046
https://doi.org/10.1016/j.cell.2018.07.046
https://doi.org/10.1021/jacs.7b09213
https://doi.org/10.1126/science.abj9090

	Global Co-regulatory Cross Talk Between m6A and m5C RNA Methylation Systems Coordinate Cellular Responses and Brain Disease Pathways
	Abstract
	Introduction
	Materials and Methods
	m6A and m5C Modification Datasets and Protein Interaction Analysis
	Protein Co-regulation and Gene Ontology Analysis
	Immunofluorescence Microscopy of Differentiated and Synapse-Activated Neuronal SH-SY5Y Cell Cultures
	Statistical Analyses

	Results
	Reciprocal Modification of m6A and m5C Effector Protein Transcripts
	Protein Co-regulation of m6A and m5C Effector Proteins
	Gene Ontology Analysis of the Protein Co-regulation Partners of m6A and m5C Effector Proteins
	In Vivo Colocalisation of m6A modified RNAs with the m5C Reader Protein ALYREF

	Discussion
	Acknowledgements 
	References


