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Abstract

Post-transcriptional RNA modifications have been recognized as key regulators of neuronal
differentiation and synapse development in the mammalian brain. While distinct sets of
5-methylcytosine (m>C) modified MRNAs have been detected in neuronal cells and brain
tissues, no study has been performed to characterize methylated mRNA profiles in the
developing brain. Here, together with regular RNA-seq, we performed transcriptome-wide
bisulfite sequencing to compare RNA cytosine methylation patterns in neural stem cells (NSCs),
cortical neuronal cultures, and brain tissues at three postnatal stages. Among 501 m°C sites
identified, approximately 6% are consistently methylated across all five conditions. Compared
to m°C sites identified in NSCs, 96% of them were hypermethylated in neurons and enriched
for genes involved in positive transcriptional regulation and axon extension. In addition, brains
at the early postnatal stage demonstrated substantial changes in both RNA cytosine methylation
and gene expression of RNA cytosine methylation readers, writers, and erasers. Furthermore,
differentially methylated transcripts were significantly enriched for genes regulating synaptic
plasticity. Altogether, this study provides a brain epitranscriptomic dataset as a new resource and
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lays the foundation for further investigations into the role of RNA cytosine methylation during
brain development.
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1. Introduction

Over the past decade, epitranscriptomics has emerged as a new field to study the post-
transcriptional modifications of RNA bases on a transcriptome-wide scale [1]. Among the
over 170 kinds of RNA modifications, RNA cytosine methylation (m°>C) has gradually

been recognized as an important form regulating RNA metabolism. The m®C modification
on tRNAs regulates tRNA stability and protein translation [2], while cytosine methylation
on rRNAs coordinates mitochondrial assembly and translation activity [3,4]. Despite their
lower abundance, maternally derived m®C-mRNAs are essential for embryonic development
during the maternal-to-zygotic transition [5] and ablation of maternal m>C-mRNAs results
in developmental delay and embryonic defects [6]. Cytosine methylation on mammalian
MRNAs is primarily catalyzed by NOP2/Sun RNA Methyltransferase 2 (NSUN2) [7,8]

and is removed v7iam°C oxidation by the Ten Eleven Translocation enzymes [9,10]. At
DNA damage sites, the RNA methyltransferase, TRNA Aspartic Acid Methyltransferase 1
(TRDMT1), is recruited to introduce m°C to mRNA in the form of DNA:RNA hybrids

[11]. The methylated RNA in such hybrids was recognized by the m°C readers RAD51/52
[11]. Another m°C binding protein, Aly/REF Export Factor (ALYREF), mediates the export
of methylated mRNAs from the nucleus to the cytoplasm [7]. mMRNAs carrying m°C sites
can also be recognized by the Y-box binding protein 1 (YBX1), which recruits the poly(A)
binding protein cytoplasmic 1a (PABPC1A) to achieve stabilization of methylated mRNAS
[12].

Accumulating literature emphasizes the important roles of RNA post-transcriptional
modifications in brain development and function. In neuronal stems cells, the loss of RNA
methyltransferase NSUN2 results in decreased m°C-tRNA levels, leading to aggregation

of tRNA fragments, activation of a cellular stress response, and impairment of neuronal
stem cell differentiation [13,14]. In mouse models, NSUN2 loss inhibits the neurogenesis
of upper-layer cortical neurons inducing microcephaly and motor defects [13,15]. Later,
targeted knockout of NSUNZ2 in the mouse prefrontal cortex was shown to have reduced
levels of m°C-tRNA and resulted in the disruption of neuronal synaptic signaling patterns
and behavior [16]. Although the influence of NSUN2 loss on mRNA methylation remains
unclear, methylated mRNASs in brain tissue were found to be enriched for genes involved in
ion transport and synapse function [17]. In neuronal oxidative stress models, an elevation in
mMRNA methylation level was associated with the stress response and regulation of apoptosis
[18]. In glioblastoma cells, methylated transcripts mediated by the m°C writer NSUN6
were linked to the regulation of transcriptional and translational processes after alkylation
treatment [19]. These findings indicate that m>C-modified RNAs may influence brain cell
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differentiation and function. However, no previous study has attempted to characterize m°C
dynamics during mammalian brain development.

Brain development is driven by drastic transcriptome changes accompanied by an increase in
cellular diversity and neuronal connectivity [20]. The expansion and migration of neuronal
lineages occur at the pre-natal stage while post-natal brain development is characterized
by active gliogenesis and rapid neuronal diversification [21,22]. Around postnatal day 17
(P17), the mouse brain enters a critical period of cortical plasticity that shapes neuronal
circuits in response to early life experiences [23]. In this study, we performed RNA BS-seq
to survey the landscape of mMRNAs with methylated cytosines in the mouse brain at critical
developmental time points, as well as neural stem cells and E16.5 cortical neuron cultures
(Fig. 1A). In combination with bulk RNA-seq and single-cell RNA-seq data, we aimed to
explore the links between the patterns of mRNA cytosine methylation and gene expression
during brain development.

2. Materials and methods

2.1. Mice

C57BL/6 mice were maintained and bred in a 12-h light/dark cycle under standard
pathogen-free conditions. Mouse brains were harvested at postnatal day 0, 17, and 6wk
for total RNA extraction. Adult female mice were used for setting up timed pregnancy.
Embryos were timed by checking virginal plugs daily in the morning. Positive plugs were
designated as E0.5. The experiments were approved by the Institutional Animal Care and
Use Committee (IACUC) of Virginia Tech.

2.2. Mouse neural stem cell (NSC) culture

Mouse NSCs were isolated from the subventricular zone (SVZ) of the lateral ventricles
as described previously [24]. NSCs were seeded on poly-ornithine and laminin-coated
plates. The culture media was prepared by mixing Dulbecco’s Modified Eagle Medium
(DMEM) and Ham’s F12 media at 1:1 volume ratio, supplemented with 2% B27, 2
mmol/L L-glutamine, 1x penicillin-streptomycin, 20 ng/ml epidermal growth factor (EGF,
PeproTech), and 20 ng/ml basic fibroblast growth factor (0FGF, PeproTech).

2.3. Primary mouse cortical neuronal culture

Primary mouse cortical neurons were prepared as previously described [25] with some
modifications. Briefly, C57BL/6 E16.5 mouse embryos were micro-dissected for cortex
tissues and the cortex tissues were dissociated into single-cell suspensions using the neural
tissue dissociation kit (Cat# 130-092-628) according to manufacturer’s instructions. After
dissociation, neuronal cells were filtered through a 70-um strainer (Falcon) and spun at 300
g for 10 min. The cell pellet was resuspended in neuronal culture medium (Neurobasal
medium containing 2% B27 supplement (Invitrogen), 1% Glutamax (ThermoFisher), and
1% penicillin-streptomycin (ThermoFisher) and seeded on laminin and poly-ornithine
coated 10-cm dishes. Neurons were grown in vitro for 7 days with fresh medium changed on
Day 3 and Day 6.
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2.4. Immunostaining

Immunostaining was performed as previously described [26]. Briefly, NSCs or E16.5 mouse
cortical neurons were seeded onto an 8-well chamber. The neurons were fixed with 4%
paraformaldehyde in phosphate buffered saline (PBS) for 15min and permeabilized with
0.2% TritonX-100 in PBS for 10min. After being blocked with 5% Normal Goat Serum
(Thermo Fisher) at room temperature (RT) for 1h, the cells were incubated with mouse
anti-Nestin antibody (Millipore, MAB353) and rabbit anti-Sox2 antibody (Abcam, ab97959)
for NSCs, or with mouse anti-Tuj1 antibody (Biolegend, 801,201) and rabbit anti-GFAP
antibody (Sigma, HPA056030) for E16.5 cortical neurons at 4°C overnight. Then, the

cells were incubated with Cy3 conjugated anti-rabbit 1gG (A10520, Invitrogen) and Alexa
Fluor 488 conjugated anti-mouse 1gG (A10680, Invitrogen) secondary antibodies at RT

in darkness for 1h. After washing 3 x 5min with 1 x PBS, cells were mounted with
DAPI-Fluoromount-G™ Clear Mounting Media (Southern Biotech, 010020). Fluorescent
images were acquired using a confocal microscope.

2.5. RNA BS-seq library construction

RNA bisulfite conversion was performed as previously described [27] with minor
modifications. Poly(A) RNA was first mixed with spiked-in Xefl unmethylated RNA

at a ratio of 0.5%. The spiked-in unmethylated mRNA was transcribed from the pTRI-

Xef plasmid supplied by the MEGAscript™ T7 Transcription Kit (Invitorgen) according

to manufacturer’s instructions. RNA bisulfite conversion was performed with an initial
denaturation at 95 °C for 1 min, followed by three cycles of 70 °C for 10 min and 64 °C for
45 min using the EZ RNA methylation Kit (Zymo Research). The bisulfite converted RNA
was subjected to the stranded RNA-seq library construction procedure using the TruSeq
Stranded mRNA Library Preparation Kit (Illumina). We modified the procedure to skip the
RNA fragmentation step and supply both random and ACT random hexamers during the first
strand cDNA synthesis.

2.6. RNA BS-seq data analysis

RNA BS-seq data analysis was performed as previously described [27]. Raw sequencing
reads were trimmed at the 5" and 3 ends by 6 bp to account for methylation bias and

then filtered for low quality bases and adaptor sequences. After the removal of reads

with short lengths, clean reads were mapped to the mm10 genome (Ensembl v.79) using
meRanGh [28]. To exclude partially unconverted reads, mapped reads were further filtered
by removing reads with >3 “C”s (“G”s on the cDNA strand). Methylation calling was
performed using meRanCall and subjected to a series of filters to reduce false positive
signals [27]. In addition to the thresholds applied on the methylation level (= 0.1) and

read coverage (= 20) of m°C sites, additional filters were adopted including signal-to-noise
ratio and the maximum number of m°C sites detected in a read to reduce false positive
methylation calling [27]. The C-coverage threshold ranging from 6 to 10 was determined
using Gini Index [8]. High-confidence sites were defined as the m®C sites passed all filters
in both biological replicates.
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2.7. Differential methylation analysis

Differential methylation analysis was performed using Fisher’s exact test on high-confidence
sites present in at least one sample. Benjamini-Hochberg p-value correction was used to
correct for multiple comparisons, and sites with p-adjusted <0.05 were reported.

2.8. RNA-seq library construction

Stranded RNA-seq libraries were constructed using the TruSeq Stranded mRNA Library
Preparation Kit (Illumina) following manufacturer’s instructions. Briefly, after two rounds
of poly(A) selection, the mRNA samples were fragmented and primed to synthesize first
strand cDNA, followed by synthesis of the second strand cDNA. After Ampure XP bead
purification, dA tailing was performed, and indexed adapters were ligated to both ends

of the double-stranded cDNA. Adapter-ligated DNA fragments were enriched by PCR
amplification for 12 cycles. After Ampure XP bead purification, the PCR products were
size-selected with a range from 350 bp to 550 bp on 2% dye-free agarose gel using the
pippin recovery system (Sage Science). The recovered libraries were sequenced on a Hiseq
4000 platform in the 150 bp paired end mode (Illumina).

2.9. RNA-seq data analysis

Trim Galore (version 0.6.5) was used to filter short reads, low quality reads, and trim
adapter sequences from raw reads (https://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/). Clean reads were mapped to the mm10 genome and expression quantified
using STAR (version 2.7.3a) [29]. Differentially expressed genes were identified using
DESeqz2 [30] using a fold change >1.5 and an adjusted p-value of 0.01 as cutoffs.

2.10. Gene ontology (GO) analysis

GO analysis was performed using DAVID (Database for Annotation, Visualization, and
Integrated Discovery) [31]. The GO Direct terms, Biological Process (BP), cellular
component (CC), and molecular function (MF) were identified. Significantly enriched terms
were identified using Benjamini-Hochberg p-adjusted <0.05.

2.11. Clustering analysis

The z-score of bulk RNA-seq expression of transcript per million (TPM) and differentially
methylated site methylation levels were used as input for clustering analysis. Clustering
analysis was performed with the Python package sklearn’s Agglometric Clustering. The
‘complete’ method was used with the number of clusters set to 5 for RNA-seq and RNA
BS-seq datasets. Error bars represent the standard deviation of the z-score.

2.12. Availability of data and software

Data generated in this study were submitted to the NCBI Gene Expression Omnibus under
accession number GSE207092. Analyses in this study was performed using the R v4.1.1,
and Python 3.9.4 packages Biopython v1.78, matplotlib v3.3.4, Seaborn v0.11, and Pysam
v0.16. The software package developed in this study is available in the GitHub repository
(https://github.com/zaustinj33/BrainDev).
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3. Results

3.1. Identification of high-confidence m®C sites in mouse NSCs, neurons, and brain

tissues

To obtain RNA expression and m°C epitranscriptome profiles during brain development,

we performed RNA-seq and RNA BS-seq for NSCs (Fig. 1B), neurons in culture (Fig.

1C), and brain tissues isolated from postnatal day 0 (P0), postnatal day 17 (P17), and
6-week-old (6 W) mice. Two biological replicates were generated for each condition with

a total of 10 libraries obtained for RNA-seq and RNA BS-seq (Table S1). Approximately

20 million paired-end reads were generated for each RNA-seq library and aligned to the
mouse reference genome (mm10). For these libraries, the average percentage of sequences
uniquely mapped to the reference was around 92%. The normalized gene expression level of
the samples was provided (Table S2). Since methylation calling requires a much higher read
depth compared with those of RNA-seq libraries, five times more sequences were generated
for RNA BS-seq libraries (~100 million pair-end reads for each library). Sequencing reads
derived from RNA BS-seq libraries were processed following the procedure described in our
recent study [27]. In brief, bisulfite sequencing reads were first trimmed to remove adaptors
and bases with low quality scores. After quality control, reads were mapped to the C2T
converted mm10 genome. Around 85% of bisulfite sequencing reads were uniquely aligned
(Table S1). Methylation calling was performed using meRanCall [28] and putative m°C sites
were subjected to a series of filters to reduce false positive signals [27].

A total of 2259 m°C sites were identified from the ten RNA BS-seq libraries. Among these
m?>C sites, 1758 sites passed all filters in one biological replicate but failed in the other; thus,
these were denoted as “low-confidence” m°C sites. The remaining 501 m°C sites shared by
both biological replicates were considered to be “high-confidence” in this study (Fig. 2A).
The methylation levels of the high-confidence m°C sites were highly correlated between the
biological replicates and had Spearman R values between 0.82 and 0.92 (Fig. 2B). Notably,
76.4% of these sites had a methylation level lower than 0.3 (Fig. S1). This result was
consistent with previous reports that only a small percentage of RNA copies are methylated
for a given gene [8,27,32].

To explore the factors contributing to the level of confidence in methylation calling, we first
compared methylation levels and read coverages of the high-confidence and low-confidence
sites. Across five conditions, the high-confidence sites showed average methylation levels

in the range of 0.18-0.21, while the low-confidence sites had average methylation levels in
the range of 0.06-0.12 (Fig. 2C). The average read coverages for the high-confidence sites
were between 109 and 227 reads per site, while the average for the low-confidence sites was
only 24-48 reads per site (Fig. S2A&B). We next examined the relationship between read
coverage and methylation level (Fig. S2C). A very weak positive correlation was observed
between the methylation level and the read coverage for both high-confidence (Spearman R
<0.19) and low-confidence sites (Spearman £ <0.08). Altogether, the high-confidence m°C
sites tended to be found with a higher methylation level and more read coverage to enable
them to survive all the stringent filters in both biological replicates.
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Previous studies suggested that the process of library construction, the bisulfite conversion
step in particular, could have a significant impact on methylation calling [8,27,32]. In

this study, we generated both RNA-seq and RNA BS-seq data for the same pool of RNA
samples.

This enabled us to perform correlation analyses for the read coverage of each methylated
transcript in the paired libraries for RNA-seq and RNA BS-seq. Interestingly, compared

with the low-confidence sites, the high-confidence sites showed higher correlations in read
coverage with or without bisulfite conversion, except for P17 brain samples in which the two
correlations are similar (Fig. S3A). We further examined the average length of methylated
transcripts and the distribution of m>C sites in transcripts. No significant difference in
transcript length was detected for transcripts containing either high or low-confidence sites
(Fig. S3B). The distribution of high-confidence sites was generally biased towards the
3’UTR of transcripts, in particular for the P17 brain samples (Fig. S3C). This result indicates
that low-confidence sites tend to reside in a transcript sensitive to bisulfite treatment, but
such sensitivity may not have a link with transcript length.

3.2. High-confidence m°C sites differentially methylated in mouse NSCs, neurons, and
brain tissues

We next focused on the 501 high-confidence sites to examine their sequence features and
distribution across five conditions. Two common features of m>C sites on mRNAs have
been reported: 1) they often localize upstream of the translation initiation sites (T1Ss), and
2) a “GGG” motif is frequently observed downstream from the m°C sites [8,27,32,33]. To
determine the distribution of high-confidence m>C sites along the transcripts, we binned the
lengths of methylated transcripts into the 5~ untranslated region (5’UTR: bins 1-5), coding
sequence (CDS: bins 6-28), and 3'- untranslated region (3’UTR: bins 19-46). Two density
peaks surrounding TISs and an additional strong peak right before the termination of the
coding region were observed for m>C sites in all five conditions (Fig. S4A). A downstream
“GGG” motif was determined for the high-confidence m®C sites in all five conditions (Fig.
S4B), which may serve as potential targets of the NSUN2 enzyme [8].

Out of 501 high-confidence m°C sites, a total of 31 sites were identified as methylated

in all conditions and 253 sites (50.8%) were shared by at least two conditions (Fig. 3A).
Such a distribution indicates that at least some mRNAS are consistently methylated across
multiple time points throughout brain development. Only 82 m°C sites were identified in
NSCs while the libraries derived from the three-stage brain tissues reported a similar number
of high-confidence sites ranging from 222 to 269. In addition, m°C sites in undifferentiated
NSCs were largely over-lapped with those in neurons and brain tissues. To determine the
effect of sequencing depth on methylation calling, we calculated the yield of m>C sites
after normalizing to the number of total mapped reads for each library (Table S1). Despite
more reads generated for NSC libraries, both NSC replicates yielded the fewest m°C sites
regardless of high-confidence or low-confidence. The methylation level of high-confidence
sites reported in the P17 brain were significantly lower than sites reported in the PO brain
(Fig. 3B). These results suggested that the diversity of mMRNA cytosine methylation may
increase during brain cell specification.
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Since brain development is accompanied with substantial changes in gene expression,

we selected a set of 50 high-confidence m®C sites that possessed at least 20x read

coverage in all conditions. According to their average methylation levels, five clusters were
identified with unique methylation patterns (Fig. 3C). The m°C sites in three clusters had
relatively consistent methylation levels throughout all conditions (at high, low, and medium
methylation levels, respectively). Such stable methylation patterns suggest that cells from
neural lineage may share a regulatory mechanism to control the methylation of a small set
of transcripts. Cluster CO and C4 showed high methylation levels in neurons and PO brain
samples, respectively (Fig. 3D). We further determined their associated transcripts for GO
enrichment analysis. Interestingly, transcripts highly methylated in neuronal culture (cluster
CO0) were associated with transcription, chromatin organization, and stem cell maintenance
(Fig. 3E). For instance, genes including Foxo3, RelA, and Rptorare important mediators
of neuronal cell functions including reprogramming and differentiation [34] and synaptic
formation [35].

3.3. Gene expression dynamics of methylated mRNAs, m°C readers, writers, and erasers
during brain development

We extended the analysis to identify differential methylation sites (DMSs) across five
conditions. DMSs were defined as m°C sites with a methylation difference > 0.05 between
two conditions and a p-adjusted value <0.05. Pairwise comparisons determined 83, 176,
62, and 172 DMS sites for NSCs vsneurons, PO vsP17, P17 vs6 W, and PO vs6 W,
respectively (Fig. 4A). Interestingly, of the 83 DMSs identified between NSCs vs neurons,
96% showed increased methylation in neurons. Gene Ontology analyses indicated that
differentially methylated sites in neurons compared to NSCs are significantly enriched

for positive regulation of DNA-templated transcription, including RNA polymerase 1l
transcription (Fig. 4B). The differentially methylated sites identified in postnatal brain
tissues were significantly enriched for the regulation of GTPase activity and synaptic
plasticity associated with brain development. For instance, the transcripts Atxnl, Fofrl,
and /tsn1, which are known to be critical for brain development, were found to be
hypomethylated in the PO brain.

To examine the relationship between RNA cytosine methylation and gene expression, we
performed differential expression analysis of sample-matched RNA-seq libraries. These
differentially expressed genes (DEGSs) were defined as transcripts with an expression
difference = 1.5-fold between two conditions and a p-adjusted value <0.01. The majority

of transcripts carrying DMSs were not differentially expressed between P17 and 6 W (Fig.
4C), while a number of genes showed significant changes in both gene expression and
RNA methylation during early brain development. A moderate positive correlation (R =
0.337 in NSCs vs neurons) was observed between the changes in gene expression and RNA
methylation (Fig. 4D). As aforementioned, transcripts carrying m°C sites tend to have a
higher methylation level in neurons compared to those in NSCs. Of those differentially
methylated transcripts, 52.3% exhibited an increased expression level in neurons. Notably
in neuronal samples, the transcript Psd, which codes for a Plekstrin homology and SEC7
domain-containing protein, was over-expressed and hyper-methylated. SEC7 domains were
conserved throughout many proteins and served to catalyze the guanine nucleotide exchange
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factor initiating the formation of vesicle coating [36]. However, both positive and negative
correlations between gene expression and RNA cytosine methylation were observed for
pairwise comparisons of NSCs vsneurons, PO vsP17, and PO vs6 W. For instance,

the differentially methylated transcripts Csflrand Endodl, which were hyper-methylated
and under-expressed in the PO brain, are markers for microglia and endothelial cell

types, suggesting cell-type specific methylation of transcripts. Conversely, two transcripts,
Map6 and Sdc3, were consistently hyper-methylated and over-expressed in PO samples
compared to P17 and 6 W samples. Mapé6 infers structural stability in developing neuronal
microtubules, promoting interconnectivity and signaling [37,38], while Sdc3is a well-
known mediator of neuronal lineage, promoting neuronal migration and synapse formation
[39,40]. This result indicated that the regulation of RNA cytosine methylation and gene
expression may be cell-type specific and is positively correlated for some transcripts.

Recently, significantly increased understanding has been gained about the writers, readers,
and erasers of m®C in mMRNAs [41-44]. To examine the expression patterns of these
factors, we first identified the top 1000 variably expressed genes in our RNA-seq dataset
and performed clustering analysis (Fig. 5A). Not surprisingly, NSCs showed distinct gene
expression profiles from other samples. We further checked the expression profiles of

the factors regulating RNA cytosine methylation. It showed highly dynamic expression
patterns during neural cell specification and postnatal brain development (Fig. 5B). In the
comparison between NSCs and neurons, it showed that NSUN2 and YBX1 are highly
expressed in both, while NSUN4, ALYREF, and FMR1 are highly expressed in NSCs, TET1
and TET3 are highly expressed in neurons (Fig. 5B). In the comparison among the three
postnatal stages (PO, P17 and 6 W), it underwent clear downregulation trend, with the PO
brain displayed the highest expression for most m>C readers/writers/erasers. Except that
NSUN4 and RAD52 showed increasing upregulation during postnatal brain development
(Fig. 5B). We further performed pairwise comparisons to determine the transitions in gene
expression (Fig. 5C). With the cutoff of fold change >1.5 and an adjusted p-value <0.01,
9501 DEGs were identified in between NSCs and neurons, 6672 DEGs and 6997 DEGs
were identified in the comparison P17 vsPO0, and 6 W vs PO, respectively, while only 430
DEGs were identified in the comparison between 6 W and P17 (Fig. 5C). Consistent with
the transcriptome-wide differences among the four comparisons, the 6 W vs P17 comparison
yielded the fewest differentially expressed factors related to RNA m>C regulation (Fig.
5D). This suggests that m>C regulation is highly dynamic during early postnatal brain
development and may reach homeostasis throughout the maturation process.

3.4. Differentially methylated transcripts have cell type-specific expression patterns and
are temporally regulated in developing brains

During brain cell specification, more m°C sites (Fig. 3A) and increased methylation (Fig.
3B) were observed in differentiated neurons and maturing brains. This inspired us to

further examine the temporal expression patterns of differentially methylated transcripts
using bulk RNA-seq data publicly available for mouse embryonic/postnatal brain tissues
including different neuronal subsets. We focused on 42 differentially methylated transcripts
identified in the RNA BS-seq datasets, which also showed expression fold-change >2 across
the five RNA-seq conditions (Fig. 6A). According to their expression profiles in bulk
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RNA-seq, four distinct clusters were identified (Fig. 6B). Cluster 1 and cluster 3 were
characterized with high expression levels in the adult brain and newborn brain, respectively.
Of the Cluster 1 transcripts, Endod1, Wbp2, and Rapgef4 were highly expressed in the
mature 22-month-old brain samples and were found to be both over-expressed and hyper-
methylated in our 6 W brain samples compared to the PO brain. ENDOD1, an endothelial
marker, was found in a previous study to have high expression in the cerebral cortex and
hippocampus, while WW domain binding protein 2 (WBP2) and Rap guanine nucleotide
exchange factor 4 (RAPGEF4) were mainly localized to the cerebral cortex [45,46]. WBP2
is a transcriptional co-activator of estrogen receptor a (ESR1), of which mutations induce
abnormal glutamatergic synapse development [47].

Methylated transcripts in cluster 2 showed highest expression level in neurons. To

further examine the expression patterns of these methylated transcripts, we integrated

the epitranscriptome profiles generated in this study with an sScRNA-seq dataset recently
published for the PO cortex [22] (Fig. 6C). Previous studies reported that the methylation

of tRNAs is essential for proper development of cortical layers [13,15]. Intriguingly, SSRNA-
seq data also suggested that some genes with abundant neuronal expression were associated
with a relatively high level of MRNA methylation (Fig. 6D). In neurons, the Psd, Rundc3a,
and Smarcd3transcripts were hyper-methylated, and their expressions were also broadly
enriched for many neuronal subpopulations in cortical layers I-VI, interneurons 1-3, and
striatal inhibitor neurons 1 and 2. For these genes, such a cell-type predominant expression
was also reported in previous studies. For example, localized expression of Rundc3awas
previously found to be concentrated within noradrenergic populations of multiple brain
regions [45,46]. Taken together, these results indicate that highly methylated transcripts in
mature neuron populations have temporal and cell-type predominant expression patterns.

4. Discussion

Cytosine methylation of mMRNA has emerged as a critical regulator of mMRNA transportation,
stability and translation [5,7,33,48,49]. Despite distinct mRNA methylation profiles reported
in brain and NSCs [17], no attempt has been made to characterize mMRNA m>C methylation
patterns in the developing mammalian brain. In this study, we provide both gene expression
and mRNA cytosine methylation profiles for NSCs, mature neurons, and postnatal brain
tissues.

RNA cytosine methylation profiling can be achieved with m>C-specific antibodies to
enrich methylated transcripts followed by deep-sequencing [50,51]. Such an approach has
resolution limitations and is highly dependent on the quality of antibody used. Despite

the fact that bisulfite sequencing remains the gold standard for RNA cytosine methylation
detection, our recent experiments [27], together with reports from other labs [8,52],
indicated that both experimental procedure and methylation calling have a significant
impact on the detection of RNA methylation. Thus, inconsistent methylation sites may be
observed between biological replicates. In this study, we found that high-confidence m®C
sites shared by two biological replicates tend to have a higher methylation level and more
read coverage than those of low-confidence m°C sites identified in one biological replicate
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only. In addition, low-confidence sites frequently reside in a transcript sensitive to bisulfite
treatment.

Notwithstanding current technical challenges in the determination of RNA cytosine
methylation, our analyses on high-confidence m°C sites led to a few interesting findings.
Consistent with previous studies [7,8,17], methylated cytosines are preferentially enriched
around the translation initiation sites of MRNAs and usually have a methylation level
between 20 and 30% with a downstream “GGG” motif. Approximately 6% of high-
confidence m®C sites identified in this study were methylated across all samples. However,
the diversity of MRNA methylation increases in differentiated neurons. In addition,
increased methylation in neurons were observed in 96% of the DMSs identified between
NSCs vsneurons. Previous studies linked the methylation of both tRNA and mRNA to
synapse formation [13,15]. Intriguingly, the DMSs identified in P17 vsP0 and 6 W brain
tissues were significantly enriched for synaptic plasticity. This suggests that mRNA cytosine
methylation may also play important roles during brain development.

In this study, we examined the expression profiles of RNA cytosine methylation readers,
writers, and erasers. As a result of tRNA degradation, neuronal synapse function was
impaired in the NSUN2 knockout mouse model [16]. Interestingly, most of the factors
regulating m>C methylation were downregulated during development in the comparison
between P17 and PO but showed no significant change in the comparison between 6 W

and P17. This result suggests the highly dynamic regulation of mMRNA m>C methylation
during early postnatal brain development, and it may reach homeostasis in the maturing
brain. The integration of RNA-seq data with RNA BS-seq data allowed us to explore

the correlation between the levels of gene expression and RNA methylation. A weak to
moderate positive correlation was observed in general, but such a trend may not be true

for all transcripts. This suggests that the regulation of RNA expression and methylation
might be positively correlated and the methylated transcripts could be cell-type predominant,
spatially, and/or temporally regulated. Future studies are needed to explore how cell-type
predominant mMRNA methylation may contribute to neuronal differentiation. Collectively,
our study provided insight into the RNA m>C methylation dynamics of the developing brain
and is a rich resource to facilitate further investigation on the role of brain mRNA cytosine
methylation.
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Fig. 1.

Experimental Design. (A) Overall experimental design of this study. (B) Mouse neural stem
cells (NSCs) were double stained with the neural progenitor markers Nestin (cytoplasmic,
green) and Sox2 (nuclear, red); nuclei were counterstained with DAPI (blue). Scale bar: 50
um. (C) E16.5 mouse cortical neuronal culture was double stained with the neuronal marker
Tuj1 (green) and glial marker GFAP (red); nuclei were counterstained with DAPI (blue).

Scale bar: 50 ym.

Genomics. Author manuscript; available in PMC 2023 May 31.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Johnson et al.

A

Methylation level repl

Methylation level

NSC

Neuron

PO

Page 16

D @

NSC Neuron PO P17 6W
1.0 R=092, p<22e-16 ./: 1.0 R=089 p<226-16 /\ 1.0 R=088,p<22e-16 . . ./. 1.0 R=092,p<226-16 ./ 1.0 R=084,p<22e-16 @ . /
Ve / v 7 o
7 . o/ Vil 7/ s D e
s et / y/' e’
] ] ] ® ] . ® i o
os{ ol 0.5 05 ..‘:‘y. . 0.5 . w° 0.5 ..:.-.-:: .
. :.;A& . e ..o. o e \.)*'.
Fa pact e s il
k. ® o 2 .
: £ ¢
0.0 - 0.0 - 0.0 T 0.0 - 0.0 -
0.0 05 1.0 0.0 0.5 1.0 00 0.5 1.0 0.0 0.5 1.0 00 0.5 1.0
Methylation level rep2
NSC Neuron PO P17 6W
104 3 1.0 . . 10 . 104 N 104 . .
] ® .
O BT H N T . . . .
. . ~ . . . e 3 . l
" . . ] H s . . ]
. . i : S B . : :
s . ¢ ' : l l * e . . .
55 J 1 05 . 05 05 M 0.5 s
é N ] | é‘ é é |
T T T T T T T T T T T T T T T T T T T T
Rep  Rep Aoy Ao Rep  Rep Aoy R op . By Aoy Ae Rey Ro, Ro, A Rep  Rep Ao
% ;.% 5 % ;% 0 ;% 5% ;% ;% 5 % % , % 5% e, % ;7% 5%
L2ty llog 2oy, ORORTATS Uiyt log oy g2t U2l iy oy 2o
‘Co,,,, ‘Co,,f Ops Opp Oy Opp s Oppp Opp Opp Opy Ope o, e “‘o,,, RPN 0y 0 s Oppp
Fig. 2.

Reproducibility of replicates among RNA BS-seq samples. (A) Overlap of m°C sites
identified between biological replicates. The red circle indicates replicate 1 and the blue
circle indicates replicate 2. (B) Methylation correlation (Spearman’s R) of the overlapping
m5C sites between biological replicates. Color code indicates the density of sites, ranging
from red (high density) to blue (low density). (C) Distribution of methylation levels for the
overlapping and non-overlapping m>C sites identified between biological replicates.
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Fig. 3.

Characteristics of high-confidence m°C sites identified in NSCs, neuron, and brain samples.
(A) High-confidence m°C sites shared among conditions. (B) Methylation distribution of the
high-confidence m°C sites. Wilcoxon rank-sum test was performed to assess significance
(*p <0.05). (C) Clustering of m>C sites according to methylation changes. (D) Average
methylation levels of clusters identified in Fig. 3C. Bars indicate standard deviation. (C) and
(D) share the same color code. (E) Gene ontology analysis of methylated transcripts.
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Fig. 4.

Methylation dynamics throughout brain development. (A) Differential methylation analysis
of neuron and brain samples. Blue and red points represent significantly hyper and hypo
methylated transcripts, respectively. Significance was determined using Fisher exact test
followed by Benjamini-Hochberg correction for multiple comparison (p <0.05), requiring a
minimum difference of 0.05 in methylation. (B) Gene Ontology analysis of differentially
methylated transcripts identified in (A). (C) Correlation analysis of changes in RNA
expression and methylation for transcripts carrying differentially methylated sites. Blue and
red bars represent positive and negative correlation between methylation level difference and
expression fold-change, respectively. Green bars represent transcripts without expression
fold-changes above 2 and p-adjusted <0.01. (D) Dot plot representation of transcripts to
indicate the changes in methylation and expression. Overall correlation was determined
using Spearman’s R. Transcripts with methylation difference over 0.3 are notated.
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Fig. 5.
Differentially expressed transcripts among NSCs, neurons, and brain tissues. (A) TPM

expression values of the top 200 differentially expressed genes identified in each comparison
(NSC vsNeuron, PO vsP17, PO vs6 W, and P17 vs6 W). TPM values and density are
displayed in the figure legend. (B) TPM expression values of m°C reader, writer, and eraser
enzymes. (C) Volcano plots showing differentially expressed transcripts identified in each
comparison (NSC vs Neuron, PO vsP17, PO vs6 W, and P17 vs6 W). Overexpressed genes
are highlighted in green while under expressed genes are highlighted in red (fold-change =2,
p-adjusted <0.01). (D) Dynamic expression of m°C-RNA readers, writers, and erasers. In
pair-wise comparisons, differentially expressed transcripts are denoted with an “X”.
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Fig. 6.
Temporal and spatial expression of differentially methylated transcripts. (A) Clustering

analysis of expression profiles for differentially methylated transcripts. Z-score of TPM was
used to perform clustering. (B) Linear representation of clusters identified in (A). Error bars
represent standard deviation. (A) and (B) share the same color code. (C) tSNE clustering of
scRNAseq PO brain tissue from Loo et al., 2019 [22]. p is denoted as postnatal. (D) TPM
z-score of differentially methylated transcripts using SCRNA-seq data generated for PO brain.
Color of bubble plot indicates methylation level differences between NSC and neuron RNA
BS-seq samples.
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