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Genome-wide characterization of RNA editing highlights roles of high
editing events of glutamatergic synapse during mouse retinal
development
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Adenosine-to-inosine (A-to-I) RNA editing leads to functional change of neurotransmitter receptor which
is essential for neurotransmission and normal neuronal development. As a highly accessible part of cen-
tral nervous system, retina has been extensively studied, however, it remains largely unknown how RNA
editing regulates its development. Here, a genome-wide screening of high-confidence RNA editing events
were performed to decipher the dynamic transcriptome regulation by RNA editing during mouse retinal
development. 2000 high-confidence editing sites across eight developmental stages of retina were called.
Three unique patterns (RNA-editinghigh pattern, RNA-editingmedium pattern and RNA-editinglow pattern)
were identified by clustering these editing sites based on their editing level during retinal development.
Editing events from RNA-editinghigh pattern were significantly associated with glutamate receptors and
regulated synaptic transmission. Interestingly, most non-synonymous high-editing sites were mapped
to ion channel genes of glutamatergic synapse which were associated with neurotransmission by control-
ling ion channel permeability and affecting exocytosis. Meanwhile, these non-synonymous editing sites
were evolutionarily conserved and exhibited a consistently increasing editing levels between mouse and
human retinal development. Single-cell RNA-seq data analysis revealed that RNA editing events prefer to
occur in two main cell types including bipolar and amacrine cells. Genes with non-synonymous high-
editing sites were enriched in both bipolar cells and retina ganglion cells, which may mediate retina gan-
glion cell differentiation by altering channel ion permeability. Together, our results provide novel insights
into mechanism of post-transcriptional regulation during retinal development and help to develop novel
RNA editing-guided therapeutic strategies for retinal disorders.

� 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
1. Introduction

Adenosines(A) to inosines (I) RNA editing is the most abundant
form of RNA post-transcriptional modification catalyzed by ADAR
(adenosine deaminase acting on RNA) enzymes which convert A
to I in double-stranded RNA (dsRNA). Due to structural similarities,
inosines (I) are read by the cellular machinery as guanosine (G) [1].
Editing of the RNA sequence provides an additional layer of regu-
lation to the transcriptome, diversifying genetic information with-
out altering genomic information. RNA editing is implicated in
many aspects of RNA biology, such as splicing, stability and trans-
lational regulation [2–4].

Transcriptional profiling of genome-wide RNA sequencing con-
firmed a large number of RNA editing sites in many important neu-
ronally expressed genes [5]. RNA editing sites causing non-
synonymous change are frequently located in genes involved in
encoding ion channels and neurotransmitter receptors, which-
abundantly expressed in the brain [6]. For instance, subunits of
ionotropic glutamate receptors (GluRs) where A-to-I editing creat-
ing multiple isoforms of proteins are essential for neuronal
excitability [7]. Furthermore, RNA editing influences the splice pro-
cess and miRNA targeting efficiency, consequently regulating neu-
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ronal gene expression [8]. In addition, editing levels increase at
most editing sites during neuronal differentiation and brain matu-
ration in a spatiotemporal manner [9]. These editing-induced reg-
ulation in the transcriptome implies that A-to-I editing is critical
for neurotransmission and normal neuronal development.

As the most accessible part of the central nerve system(CNS),
neural retina is an excellent model system to analyze key aspects
of neurogenesis [10]. Drosophila with dADAR deletion exhibited
retinal structural abnormalities with vacuolated regions. More-
over, the vacuoles become increasing in size and number during
development [11]. In chick retina, the transcript for GABA type A
receptor subunit a3 was found to be subjected to RNA editing,
and the editing level increased from 15% at Hamburger–Hamilton
stages 6.5 (st6.5) to 90% at Hamburger–Hamilton stages 6.5 (st45)
and finally 95% in the adult retina, suggesting that RNA editing may
play important roles in regulation of retina development [12]. Sev-
eral studies reported that altered RNA editing levels may cause
retina-related disorders. Glaucoma is a visual disorder character-
ized by progressive loss of retinal ganglion cells (RGCs), which
often associated with characteristic axon degeneration in the optic
nerve [13]. In adult mice, chronically elevated intraocular pressure
(IOP) inhibits ADAR2 expression, leading to loss of GluA2 RNA edit-
ing that might potentially promote RGCs neuronal death in glau-
coma [14].

As the most accessible part of CNS, the mechanisms underlying
retinal development are highly conserved across vertebrates, mak-
ing it an excellent model system for studying nerves. Although
RNA editing is essential for the functions of nervous system, their
dynamic changes and specific roles in retinal development and
mechanisms are unclear.

In this study, we developed a framework to comprehensively
characterize dynamic RNA editing events during mouse retinal
development. Three distinct patterns including RNA-editinghigh

pattern, RNA-editingmedium pattern and RNA-editinglow pattern
were identified. Among them, we found that RNA-editinghigh pat-
tern showed a clearly increasing trend during retinal development.
The associated genes are significantly enriched in glutamatergic
genes, which play a crucial role in neurotransmission by control-
ling ion channel permeability and affecting exocytosis. Moreover,
non-synonymous RNA editing sites in glutamate ion receptors
are associated with bipolar cells and retinal ganglion cells. All in
all, our study provided a genome-wide map of RNA editing events
and characterized different RNA-editing-mediated post-
transcriptional modification patterns during retinal development.
The novel high-confidence retina-specific editing sites expanded
the known RNA editing resource.
2. Materials & methods

2.1. Data acquisition

The bulk RNA-seq data for mouse retina development were
downloaded from the NCBI Sequence Read Archive (https://www.
ncbi.nlm.nih.gov/sra, accession number SRP090043) [15], where
high-throughput sequencing on the transcriptome of eight key
developmental stages of mouse retina (E14.5, E17.5, P0, P3, P7,
P10, P14 and P21) were performed.
2.2. Genome-wide screening of A to I RNA editing sites

We used a pipeline adapted from a previously reported method
[16] to identify A to I RNA editing events. For each sample, we used
BWA to map the pre-processed RNA-seq reads to the reference
mouse genome (mm10) and the exonic sequences surrounding
known splicing junctions from UCSC, RefSeq, Ensembl and GEN-
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CODE gene models. To remove duplicates of polymerase chain
reaction (PCR), we used SAMtools to remove clonal mapped reads
[17]. A to I RNA editing sites were determined as A-to-G mis-
matches between the RNA-seq reads and the mouse reference gen-
ome (mm10). We used SAMtools to process and pile up the
mapped reads to quantify the number of editing reads. In order
to obtain the high-confidence editing sites, we filtered the editing
sites by the following thresholds: (1) the reads that support the A-
to-G mismatches should satisfy a base quality score � 25 and the
mapping quality score � 20; (2) the minimum read coverage
should be 15; (3) mismatch rate(A-to-G mismatched reads/
mapped reads) � 0.02; (4) remove the intersection of mismatches
and the known SNPs from dbSNP database and 1000 Genomes Pro-
ject; (5) the high-confidence sites should occur at more than 50%
samples.

2.3. The annotation of A to I editing sites

To further analyze the function of RNA editing sites, we used
ANNOVAR [18] to annotate every high-confidence editing sites.
These editing sites in exonic regions were also annotated by ANN-
OVER to obtain information on synonymous and non-synonymous
editing sites. The annotation of RNA editing sites that in the repeat
regions were based on the RepeatMasker table (GRCm38/mm10)
[19], available at the UCSC Genome Browser (https://genome.
ucsc.edu/).

2.4. Function enrichment analysis

We performed KEGG pathway and Gene ontology (GO) enrich-
ment analyses by the enrichGO and enrichKEGG function in the R
package clusterProfiler [20] (v3.10.1; https://github.com/YuLab-
SMU/clusterProfiler). We used all mouse genes as a reference gene
set to compare with edited genes for functional enrichment analy-
sis. Only the terms of "biological process" were selected for GO
enrichment analysis. Enrichment with FDR was adjusted by
Benjamini-Hochberg multiple comparisons. The selected KEGG
pathways related to RNA editing were visualized using the Path-
view package [21].

2.5. Motif enrichment analysis

Motif prediction was performed using MEME-ChIP in the MEME
suit (Version 5.4.1, https://meme-suite.org/tools/meme) [22], by
inputting the RNA sequences from 5 bp upstream to 5 bp down-
stream of A to I RNA editing sites. The MEME tool was used to mea-
sure the significance of the motif by the E value [23].

2.6. Relation between overall editing levels and ADAR family
expression

To assess the association between editing writer and editing
levels, the correlations between ADAR family expression and over-
all RNA editing level were calculated using Linear regression mod-
els. According to previous studies [24–26], the overall editing level
was defined as the ratio of total reads with G to total mapped reads
in samples from different retinal developmental stages. Benjamini-
Hochberg correction was applied to adjust for multiple testing to
calculate significance levels.

2.7. Identification of RNA editing patterns during retina development

Unsupervised learning with k-means analysis was performed to
cluster A to I RNA editing sites using the k-means function from
package "stats". We used package "fpc" to test different numbers
of clusters and measuring the resulting sum of squared errors,
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and then we chose ‘‘elbow point number” 3 as the optimal number
of clusters.
2.8. Single-cell RNA-seq analysis

The expression matrix was read and transformed into Seurat
object, and we filtered out cells by the following criteria: greater
than 101–6000 expressed genes, <200 UMIs, more than 10% of
UMIs corresponded to mitochondrial genomes. After normalization
by sctransform, we performed dimensionality reduction using the
PCA method. Based on the elbow plot, we chose the top 11 PC for
downstream clustering and UMAP embedding. To assign cell iden-
tity labels to clusters, we used the cell clustering information from
the source article of the data [27].

We downloaded fastq files and corresponding barcode lists for
six stages of mouse retinal development [27] from the NCBI SRA
(accession number SRP158081). Then we separated the reads for
each cell type to constitute new fastq file of each cell types by
the cell-specific barcode. Then we treat reads of the same cell type
at one stage as reads of a sample and perform the same preprocess-
ing as for bulk-seq analysis. To increase confidence, we used the
high-confidence sites that we obtained from next-generation
sequencing as the background to extract reads from each cell type.
For each high-confidence editing site, the RNA editing level was
defined as the number of reads with mismatches divided by the
number reads that mapped to the site.

We calculated the enrichment scores of the gene sets that have
RNA editing sites for each individual cell within these clusters to
get the cell types that enriched the gene with RNA editing by the
Addmodulesocre function from package "Seurat" [28].
3. Result

3.1. Genome-wide
screening of A to I RNA editing events during mouse retinal
development

To identify RNA editing events during retinal development, we
applied our previously pipeline to de novo call A-to-I RNA editing
sites across eight different developmental stages in mouse (Supple-
mentary Fig. 1) [27]. After a series of rigorous screening (Supple-
mentary Fig. 2), 2000 high-confidence editing sites across 8
developmental stages were detected for further analysis. Among
them, 33.6% could not be found in RDAR2 database (Supplemen-
tary Fig. 3B) [28], suggesting that they were retinal specific. The
most common RNA post-transcriptional modification, A-to-I RNA
editing, is known to be mediated by two enzymes, ADAR1 and
ADAR2, which convert adenosines to inosines. Here, we checked
expression levels of the encoded genes Adar1 and Adar2 in 8 stages
of retinal development (Supplementary Fig. 3C). First, consistent
with brain tissues, Adar2 was highly expressed in retina (Supple-
mentary Fig. 3C). Second, lower expression levels were observed
in pre-developmental stage, while gradually increased as retina
develops. Meanwhile, as expected, the overall RNA editing levels
were strongly correlated with the expression of both Adar1 and
Adar2 during retinal development (Fig. 1B and C).

To further verify the identified editing sites were bona fide, we
examined the sequence context around the editing sites and found
that they exhibited known ADAR deamination sequences with a
large guanosine (G) deletion upstream of the editing site and some
G enrichment downstream (Fig. 1A). Moreover, the appearance of
particular nucleotides in the nearest neighbor positions of the
newly discovered retinal specific RNA editing sites had same pref-
erence with the shared RNA editing site in database (Supplemen-
tary Fig. 3D). These analyses support that the editing events we
2650
called were authentic. In addition, the newly high-confidence
retina-specific editing sites helped to expand the known RNA edit-
ing resource.

To examine the genome distribution of the RNA editing sites,
we annotated the sites by ANOVAR tool [18] using mouse mm10
reference genome. The majority of the editing sites (57.1%) during
retinal development was located in the 30UTR (untranslated
region) of the transcript (Fig. 1D). Besides, 34.3% editing sites were
located in repeat region (Fig. 1E), which was coincident with prior
knowledge i.e. in most species, a large proportion of editing events
occur in repeating elements may form long double-stranded RNA
structures that are more favorable for enzyme binding [29].

To explore possible functional significance of these RNA editing
events across retinal development, we performed GO functional
enrichment analysis. The edited genes (934 in total) containing
at least one high-confidence RNA editing site were found to be sig-
nificantly enriched in retinal development in the camera-type eye,
dendrite development and glutamate receptor signaling pathways
(p.adjust < 0.05) (Fig. 1F). Functional enrichment analysis showed
that RNA editing was associated with retinal development and
neural signaling. Compared with the original list of the database,
the genes, including newly retina-specific editing events, were
more enriched in retina development in the camera-type eye, high-
lighting the retina-specific properties of RNA editing which were
distinguishable from brain tissues (Supplementary Fig. 3E).

To sum up, we identified 2000 high-confidence RNA editing sites
across eight retinal development stages. More than third of them
were retina-specific, whichmay have some characteristics different
from that of brain although they were all enriched in neurons.

3.2. RNA editing sites enriched in B1 SINE family

To further characterize these editing sites, we examined the
number of high-confidence editing sites located in major repeat
families in mouse. On the one hand, consistent with human beings,
high-confidence RNA editing sites were primarily located in short
interspersed element (SINE) (75.9%) (Fig. 2A) that were highly con-
served in eukaryotic genomes [30]. Extensive evidence showed
that SINE elements were transcriptionally repressed in healthy
somatic cells while they were transcriptionally active during early
embryonic development[31,32]. On the other hand, long inter-
spersed element (LINE) which is the most abundant category of
repeat elements contained only few editing sites (Fig. 2A). Further
analysis of SINE subfamilies (B1, B2 and B4) RNA editing sites in
mouse indicated that most of them occurred at the B1 element
(Fig. 2A) that originated from the 7SLRNA element in the common
ancestor of primates and rodents [33].

To further dissect RNA editing events in the B1 element, editing
levels between repeat family regions and non-repeat regions were
compared. Result demonstrated that RNA editing level of B1 ele-
ments was significantly higher (P-value < 0.05; Wilcoxon Rank
Sum Test) than other repeat elements and non-repeat regions dur-
ing retinal development, while there was no editing level differ-
ence between other repeat elements and non-repeat regions
(Fig. 2B).

Altogether, during mouse retinal development, high RNA edit-
ing events prefer to occur at B1 repeat elements, which may form
dsRNA structure that allows ADAR enzymes to bind easily to mRNA
sequences [34].

3.3. Identification of distinct post-transcriptional regulation patterns
by RNA editing during retinal development

To explore changes of RNA editing during retinal development,
we quantified genome-wide editing degree by calculating A-to-I
RNA editing level across all stages. For high-confidence RNA edit-



Fig. 1. Global analysis of A to I RNA editing sites during mouse retinal development. A) The sequences neighboring the RNA editing sites, exhibit the pattern consistent
with known Adar motif; B.C) Correlations between expression levels of Adar1 and Adar2(quantified as the number of fragments per kilobase per million mapped fragments
(FPKM)) and overall editing levels; D) Distribution of A to I RNA editing sites to different genomic locations (UTR, untranslated region); E) Distribution of A to I RNA editing
sites in repeat elements versus non-repeat elements; F) GO enrichment analysis of genes that have RNA editing sites.
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ing sites, editing rate was defined as the ratio of reads number that
supported adenosine (A) to guanosine (G) to all reads number cov-
ered the sites(G/(G + A)). We observed that the RNA editing level
gradually increased during retinal development (Supplementary
Fig. 4A), which was consistent with the Adar1 and Adar2
expression.

To further explore dynamic pattern of RNA editing during reti-
nal development, K-means method was applied to cluster all high-
confidence RNA editing sites based on editing level and grouped
them into three co-editing clusters (red, RNA-editinghigh; green,
RNA-editingmedium; blue, RNA-editinglow pattern) (Fig. 3A). We
chose "elbow point number" 3 (Supplementary Fig. S4 B) as the
optimal number of clusters to classify editing sites with similar
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editing levels into one cluster. RNA-editinghigh and RNA-
editingmedium patterns showed a similar increasing trend during
retinal development, implying their potential functional roles in
neural development. Previous studies have shown that most A-
to-I editing sites tend to have relatively low editing levels in the
range [0, 1] [35]. Our data also indicated that most sites belonged
to RNA-editinglow pattern and showed stable low editing levels
during the whole retinal development, suggesting that these RNA
editing events may play roles in basic cellular processes rather
than neurodevelopmentally relevant processes.

To test our hypothesis and draw the characteristics of each RNA
editing pattern, functional enrichment analysis was performed. GO
enrichment analysis revealed that the RNA-editinghigh pattern sites



Fig. 2. RNA editing sites enriched in B1 SINE family. A) Number of editing sites for each repeat family, and the green histogram shows the number of editing sites for the
subfamily of SINE repeats. B) Boxplot of RNA editing level distribution among the editing sites in the B1 elements, other repeat elements and non-repeat regions. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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were highly enriched in glutamate receptor and regulated synaptic
transmission. In contrast, RNA-editinglow pattern editing sites were
significantly enriched in essential functions, such as mRNA splicing
and binding-related genes (Fig. 3B). Results of KEGG pathway
annotation of different editing pattern gene clusters were consis-
tent with GO enrichment analysis.

Moreover, we found that the RNA-editinghigh pattern are
enriched in gene bodies (intronic and exonic regions) and with
highest proportion of non-synonymous editing sites among all pat-
terns during retinal development (Fig. 3C and D). And the editing-
increasing patterns (RNA-editinghigh pattern and RNA-
editingmedium pattern) had a higher proportion of editing sites in
the repeat region than the RNA-editinglow pattern (Fig. 3E). All in
all, RNA-editinghigh pattern, which showed rising tend during reti-
nal development, was enriched with non-synonymous editing sites
and associated with neurotransmission.

3.4. Non-synonymous editing events exhibit the RNA-editinghigh

pattern

To characterize non-synonymous high editing genes, we
focused on glutamatergic synapse pathway, the most significantly
enriched pathway of RNA-editinghigh pattern, which was associ-
ated with excitatory synaptic transmission in central nervous sys-
tem and the proliferation and differentiation of neural progenitor
cells.

Notably, 71.4% genes with non-synonymous RNA editing sites
were from the RNA-editinghigh pattern and most of them (83.3%)
were mapped to ion channel proteins (Cacna1d) and glutamate
ionotropic receptors (Grik2, Gria2, Gria3, Gri4) (Fig. 4A). Among
these genes, glutamate receptor AMPA type subunit 2 (Gria2) Q/R
non-synonymous site has been reported to be involved in many
neurobiological processes, in which RNA editing reduction could
lead to weight loss and premature death in mouse[36,37]. Both
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Grik2 Ile/Val and Tyr/Cys editing sites are located in the transmem-
brane domain of GluK2 (Kainate receptor subunits GluK2 encoded
by GRIK2) and related to regulation of ionic permeability [38,39].
Cacna1d mediates the entry of calcium into excite cells and partic-
ipates in various calcium-dependent processes [40]. Editing at
Cacna1d Ile/Met site mediated by ADAR2 enzymes resulted in a
substantial reduction of Ca2+-feedback [41].

Interestingly, six of the eight non-synonymous editing sites
were evolutionarily conserved between mouse and humans
(Fig. 4B). During human retinal development, these homologous
non-synonymous editing sites from RNA-editinghigh pattern also
showed increasing trend with higher editing levels compared with
common sites (Fig. 4C). Moreover, we examined all 58 genes with
85 non-synonymous editing sites and found that the ion channel
genes (Cadps) and glutamate receptor genes (Grik1, Grm4) were
also included (Supplementary Fig. 5). These results suggested that
occurrence of non-synonymous editing events on ion channel
genes and glutamate ionotropic receptor genes was highly con-
served across species, and exhibited RNA-editinghigh pattern during
retinal development.

3.5. Non-synonymous editing events were enriched in bipolar cells and
retinal ganglion cells

The major cell types of retina has been well-characterized and
showed a stereotyped birth order during development [27]. To
explore cell specificity of RNA editing in retina, single-cell RNA
sequencing data was used for cell clustering and annotated major
retinal cell types (Fig. 5A). Higher expression levels of RNA editing
enzymes (Adar1 and Adar2) were observed in amacrine cells and
bipolar cells compared to other cell types (Fig. 5B), demonstrating
their cell-specific expression in retina.

To further explore the contribution of each retinal cell type to
RNA editing events during retinal development, gene expression



Fig. 3. Characteristics of different post-transcriptional regulation patterns by RNA editing in retinal development. A) Heatmap for k-means clustering (k = 3) of 2000
high confidence editing sites.The LOESS smoothing curve represents the three editing patterns during retina development. The gray shaded areas indicate the 95% confidence
interval of the smoothing curve. Red, green and blue represents RNA-editinghigh pattern, RNA-editingmedium pattern and RNA-editinglow pattern, respectively. B) Heatmap of
the GO and KEGG enrichment analysis and within the genes harboring RNA editing sites from different clusters. Color intensity indicates the adjusted P-values of enrichment
tests. C) The fraction of different genomic locations in the three clusters of RNA editing sites. D) The fraction of synonymous and non-synonymous mutations in the three
clusters of RNA editing sites. E) The fraction of repeat elements versus non-repeat elements in the three clusters of RNA editing sites. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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and RNA editing profiles of different retinal major cell types were
analyzed. The enrichment scores of edited genes were calculated
to in bulk-seq for each individual cell using the Addmodulesocre
function of Seurat package. As indicated by the boxplot, amacrine
cells possessed highest proportion of edited genes (Supplementary
Fig. 6A and B). Each cell type was considered as one sample for RNA
editing site identification (see Materials and Method for details),
and ratio of RNA editing was calculated for each retinal cell types.
Consistent with edited gene enrichment analysis and the ratios of
editing sites, highest proportion of RNA editing sites was detected
in amacrine cells and bipolar cells (Fig. 5C). This study demon-
strated that editing enzymes are highly correlated with overall
editing (Fig. 1B and C), and the higher expression of editing
enzymes indicated that RNA editing events are actively occurring
in amacrine and bipolar cells. Therefore, amacrine and bipolar cells
were with most RNA editing events during retinal development
and contributed most to overall RNA editing.

To investigate the specificity of these non-synonymous high-
editing sites in various cell types, enrichment scores of these
non-synonymous edited genes for each cell were calculated. We
found that these non-synonymous edited genes were enriched in
amacrine bipolar cells, retinal ganglion cells, HC cells and amacrine
cells (Fig. 5D), in which bipolar cells and retinal ganglion cells were
with highest scores (Supplementary Fig. 6C). Previous studies
showed that during excitatory synaptic transmission, the bipolar
cells expressed ionotropic glutamate receptors to deliver gluta-
mate to retinal ganglion cells [42–44]. In addition, glutamatergic
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transmission between bipolar cells and retinal ganglion cells
(RGCs) could regulate the development of RGCs dendrites to the
ON and OFF sublayers of the IPL [45]. Non-synonymous RNA edit-
ing events of glutamate ionotropic receptor result in alteration of
ion permeability of glutamate ion receptors [39]. These results sug-
gested that the RNA editing in retinal ganglion cells may play
important roles in developmental stratification. For example, the
Gria2 Q/R non-synonymous editing site that identified here
(Fig. 4B) has been reported to regulate the differentiation of human
neural progenitor cells (NPCs) by affecting the calcium-
permeability of glutamate ion receptors [46]. Together, our results
indicated that non-synonymous RNA editing sites in glutamate ion
receptors were associated with bipolar cells and retinal ganglion
cells. And these non-synonymous RNA editing events may regulate
signaling and cell differentiation by altering channel ion
permeability.
4. Discussion

To our best knowledge, this is the first study with comprehen-
sive characterization of A-to-I RNA editing events in mouse retina.
In addition to identification of novel high confidence retina-
specific editing sites, we featured distinct dynamic post-
transcriptional regulation patterns during retinal development.
Edited genes from RNA-editinghigh pattern were significantly
enriched in glutamatergic genes and ion channel genes, which is
consistent with previous findings that high editing sites were



Fig. 4. Non-synonymous editing events exhibit RNA-editinghigh pattern. A) Integrated view of edited genes from glutamatergic synapse KEGG pathways (mmu04724). B)
Collection of non-synonymous (Nonsyn) editing sites within ionotropic glutamate receptors and ion channel protein. Nonsyn: amino acid change; Human(hg38): non-
synonymous editing sites conserved between mouse and human. C) Pattern of non-synonymous high-editing sites in human retinal development.
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mainly detected in neurons [47–49]. RNA editing sites from RNA-
editinglow patterns were observed in genes involved in RNA bind-
ing and splicing. As reported, RNA binding proteins such as FMRP
and ILF3 could directly regulate RNA editing by affecting the inter-
action between ADAR enzyme and RNA sequence [49]. What’s
more, RNA editing events could both stimulate or inhibit splicing
efficiency by altering cis-acting signals that regulate splicing activ-
ity and destabilize double-stranded structures [50].

In humans, most RNA editing events were found in transcribed
repeat elements [51]. Among all the repeat types, Alu repeat ele-
ment can form stable dsRNA structures, making it the major sub-
strates for editing enzymes. Our results confirm mouse B1 repeat
element that the sequence homology element with human Alu
repeats contribute significantly to RNA editing events with clus-
tered distribution and higher editing levels [52]. Although Alu
and B1 derived from same origin, they differ in length and number,
making it more difficult for mice to form long dsRNA to affect
ADAR enzyme binding and resulting in differences in the number
of editing sites between mouse and human [53]. Previous studies
have shown that expression of SINE repeat element increased dur-
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ing neural activity and embryonic development [31,54], but the
effect of RNA editing on SINE in these two processes needs further
investigation.

Non-synonymous mutations were largely considered deleteri-
ous because they resulted in the change of amino acid sequence.
However, these non-synonymous editing sites, from RNA-
editinghigh patterns in retinal development, play a crucial role in
neurotransmission by controlling ion channel permeability and
affecting exocytosis[55–58]. These non-synonymous editing sites
showed high editing levels relative to other editing sites during
retinal development, and some of them even reached to 100% edit-
ing in adults (such as Gria2 Q/R site) [57]. Notably, these editing
sites were conserved across species, suggesting a selective advan-
tage because newly acquired deleterious sites would be actively
eliminated while beneficial sites would be retained in evolution.

Comparative analysis of vertebrate and invertebrate genomes
suggests that a substantial proportion of vertebrate genes had no
homologous genes in the invertebrate genome [59]. The homolo-
gous non-synonymous editing sites shared between mouse and
drosophila may play a fundamental role. Differences in the homol-



Fig. 5. Non-synonymous events were enriched in bipolar cells and retinal ganglion cells. A) UMAP plot representing clusters of major retinal cell types. B) Dotplot
showing the editing enzyme (Adar1 and Adar2) expression of major retinal cell types. C) The ratio of editing sites identified in various cell types. D) UMAP plot shows the non-
synonymous edited genes enrichment sore in retinal cells. BCs, Bipolar cells; RGCs, Retinal ganglion cells; HCs, Horizontal cells; ACs, Amacrine cells; PPCs, Photoreceptor
precursors cells; E-RPCs, Early retinal precursor cells; L-RPCs, Late retinal precursor cells; NCs, Neurogenic cells; MGs, Müller glia cells.
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ogous non-synonymous editing sites among mouse, human and
drosophila also indicated sites gain and loss during evolution. Pre-
vious studies showed that octopuses adapted to different temper-
ature extremes by affecting the gating kinetics of potassium ion
channel through different editing levels of non-synonymous edit-
ing sites in potassium channels [60]. These results suggested that
non-synonymous editing is associated with environmental adapta-
tion and evolutionary benefits, and the specific mechanisms
require further study. To adapt to light and dark environments,
eyes have to work over a wide range of light levels. It was reported
that A-to-I RNA editing events in the Suprachiasmatic nucleus
(SCN) regulated the phase response of mouse circadian system
upon light induction [61]. Therefore, it is worth to explore the reg-
ulation of RNA editing in retinal adaptation to different light envi-
ronments in the future studies.

During our investigation, we suffered from short reads, low cov-
erage and easy mismatches when using single-cell data for RNA
editing analysis. To address these issues, we merged reads from
the same cell types to increase coverage and used RNA editing pro-
files from bulk-seq as background to avoid false sites generated by
mismatches. With the development of single-cell sequencing tech-
nology, we may solve these problems possibly at the sequencing
level and identify more cell-specific editing sites. Single-cell anal-
ysis of RNA editing found that non-synonymous editing was asso-
ciated with bipolar cells and retinal ganglion cells. Consistent with
previous reports, our results revealed that non-synonymous RNA
2655
editing could modulate the electrical signaling pathway between
bipolar cells and retinal ganglion cells by affecting glutamate ion
receptor permeability during stimulus transmission.
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Acknowledgements

This study was funded by the National Natural Science Founda-
tion of China (61903277), Zhejiang Provincial Natural Science
Foundation of China (LR19C060001). We gratefully acknowledge
Xinyu Wang for useful discussions and sharing his expertise, as
well as Zhenhui Chen for useful discussions and for critically read-
ing the manuscript.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.csbj.2022.05.029.

https://doi.org/10.1016/j.csbj.2022.05.029


C. Li, X. Shi, J. Yang et al. Computational and Structural Biotechnology Journal 20 (2022) 2648–2656
References

[1] Nishikura K. A-to-I editing of coding and non-coding RNAs by ADARs. Nat Rev
Mol Cell Biol 2016;17(2):83–96.

[2] Hsiao YE et al. RNA editing in nascent RNA affects pre-mRNA splicing. Genome
Res 2018;28(6):812–23.

[3] Solomon O et al. RNA editing by ADAR1 leads to context-dependent
transcriptome-wide changes in RNA secondary structure. Nat Commun
2017;8(1):1440.

[4] Chung H et al. Human ADAR1 Prevents Endogenous RNA from Triggering
Translational Shutdown. Cell 2018;172(4):811–824 e14.

[5] Costa Cruz PH, Kawahara Y. RNA Editing in Neurological and
Neurodegenerative Disorders. Methods Mol Biol 2021;2181:309–30.

[6] Hwang T et al. Dynamic regulation of RNA editing in human brain
development and disease. Nat Neurosci 2016;19(8):1093–9.

[7] Yang JH et al. Purification and characterization of a human RNA adenosine
deaminase for glutamate receptor B pre-mRNA editing. Proc Natl Acad Sci U S
A 1997;94(9):4354–9.

[8] YangW et al. Modulation of microRNA processing and expression through RNA
editing by ADAR deaminases. Nat Struct Mol Biol 2006;13(1):13–21.

[9] Rajendren S et al. Profiling neural editomes reveals a molecular mechanism to
regulate RNA editing during development. Genome Res 2021;31(1):27–39.

[10] Centanin L, Wittbrodt J. Retinal neurogenesis. Development 2014;141
(2):241–4.

[11] Palladino MJ et al. A-to-I pre-mRNA editing in Drosophila is primarily involved
in adult nervous system function and integrity. Cell 2000;102(4):437–49.

[12] Ring H et al. Increased A-to-I RNA editing of the transcript for GABAA receptor
subunit alpha3 during chick retinal development. Vis Neurosci 2010;27(5–
6):149–57.

[13] Seki M, Lipton SA. Targeting excitotoxic/free radical signaling pathways for
therapeutic intervention in glaucoma. Prog Brain Res 2008;173:495–510.

[14] Wang AL, Carroll RC, Nawy S. Down-regulation of the RNA editing enzyme
ADAR2 contributes to RGC death in a mouse model of glaucoma. PLoS ONE
2014;9(3):e91288.

[15] Aldiri I et al. The Dynamic Epigenetic Landscape of the Retina During
Development, Reprogramming, and Tumorigenesis. Neuron 2017;94
(3):550–568 e10.

[16] Ramaswami G et al. Identifying RNA editing sites using RNA sequencing data
alone. Nat Methods 2013;10(2):128–32.

[17] Li H et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics
2009;25(16):2078–9.

[18] Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic
variants from high-throughput sequencing data. Nucleic Acids Res 2010;38
(16):e164.

[19] Tarailo-Graovac, M. and N. Chen. Using RepeatMasker to identify repetitive
elements in genomic sequences. Curr Protoc Bioinformatics. 2009. Chapter 4.
Unit 4. 10.

[20] Yu G et al. clusterProfiler: an R package for comparing biological themes
among gene clusters. OMICS 2012;16(5):284–7.

[21] Luo W, Brouwer C. Pathview: an R/Bioconductor package for pathway-based
data integration and visualization. Bioinformatics 2013;29(14):1830–1.

[22] Bailey TL, Elkan C. Fitting a mixture model by expectation maximization to
discover motifs in biopolymers. Proc Int Conf Intell Syst Mol Biol
1994;2:28–36.

[23] Bailey, T.L., et al. MEME SUITE: tools for motif discovery and searching. Nucleic
Acids Res. 2009. 37(Web Server issue). W202-8.

[24] Tan MH et al. Dynamic landscape and regulation of RNA editing in mammals.
Nature 2017;550(7675):249–54.

[25] Breen MS et al. Global landscape and genetic regulation of RNA editing in
cortical samples from individuals with schizophrenia. Nat Neurosci 2019;22
(9):1402–12.

[26] Buchumenski I et al. Systematic identification of A-to-I RNA editing in
zebrafish development and adult organs. Nucleic Acids Res 2021;49
(8):4325–37.

[27] Clark BS et al. Single-Cell RNA-Seq Analysis of Retinal Development Identifies
NFI Factors as Regulating Mitotic Exit and Late-Born Cell Specification. Neuron
2019;102(6):1111–1126 e5.

[28] Aibar S et al. SCENIC: single-cell regulatory network inference and clustering.
Nat Methods 2017;14(11):1083–6.

[29] Lehmann KA, Bass BL. Double-stranded RNA adenosine deaminases ADAR1
and ADAR2 have overlapping specificities. Biochemistry 2000;39
(42):12875–84.

[30] Sun FJ et al. Common evolutionary trends for SINE RNA structures. Trends
Genet 2007;23(1):26–33.
2656
[31] Bachvarova R. Small B2 RNAs in mouse oocytes, embryos, and somatic tissues.
Dev Biol 1988;130(2):513–23.

[32] Lu JY et al. Genomic Repeats Categorize Genes with Distinct Functions for
Orchestrated Regulation. Cell Rep 2020;30(10):3296–3311 e5.

[33] Veniaminova NA, Vassetzky NS, Kramerov DA. B1 SINEs in different rodent
families. Genomics 2007;89(6):678–86.

[34] Kim DD et al. Widespread RNA editing of embedded alu elements in the
human transcriptome. Genome Res 2004;14(9):1719–25.

[35] Bahn JH et al. Accurate identification of A-to-I RNA editing in human by
transcriptome sequencing. Genome Res 2012;22(1):142–50.

[36] Brusa R et al. Early-onset epilepsy and postnatal lethality associated with an
editing-deficient GluR-B allele in mice. Science 1995;270(5242):1677–80.

[37] Feldmeyer D et al. Neurological dysfunctions in mice expressing different
levels of the Q/R site-unedited AMPAR subunit GluR-B. Nat Neurosci 1999;2
(1):57–64.

[38] Burnashev N et al. Fractional calcium currents through recombinant GluR
channels of the NMDA, AMPA and kainate receptor subtypes. J Physiol
1995;485(Pt 2):403–18.

[39] Kohler M et al. Determinants of Ca2+ permeability in both TM1 and TM2 of
high affinity kainate receptor channels: diversity by RNA editing. Neuron
1993;10(3):491–500.

[40] Striessnig J, Koschak A. Exploring the function and pharmacotherapeutic
potential of voltage-gated Ca2+ channels with gene knockout models.
Channels (Austin) 2008;2(4):233–51.

[41] Huang H et al. RNA editing of the IQ domain in Ca(v)1.3 channels modulates
their Ca(2)(+)-dependent inactivation. Neuron 2012;73(2):304–16.

[42] DeVries SH. Bipolar cells use kainate and AMPA receptors to filter visual
information into separate channels. Neuron 2000;28(3):847–56.

[43] Miller RF. Cell communication mechanisms in the vertebrate retina the proctor
lecture. Invest Ophthalmol Vis Sci 2008;49(12):5184–98.

[44] van Wyk M, Wassle H, Taylor WR. Receptive field properties of ON- and OFF-
ganglion cells in the mouse retina. Vis Neurosci 2009;26(3):297–308.

[45] Bodnarenko SR, Jeyarasasingam G, Chalupa LM. Development and regulation
of dendritic stratification in retinal ganglion cells by glutamate-mediated
afferent activity. J Neurosci 1995;15(11):7037–45.

[46] Whitney NP et al. Calcium-permeable AMPA receptors containing Q/R-
unedited GluR2 direct human neural progenitor cell differentiation to
neurons. FASEB J 2008;22(8):2888–900.

[47] Li L et al. The landscape of miRNA editing in animals and its impact on miRNA
biogenesis and targeting. Genome Res 2018;28(1):132–43.

[48] Chan TW et al. RNA editing in cancer impacts mRNA abundance in immune
response pathways. Genome Biol 2020;21(1):268.

[49] Tran SS et al. Widespread RNA editing dysregulation in brains from autistic
individuals. Nat Neurosci 2019;22(1):25–36.

[50] Schoft VK, Schopoff S, Jantsch MF. Regulation of glutamate receptor B pre-
mRNA splicing by RNA editing. Nucleic Acids Res 2007;35(11):3723–32.

[51] Porath HT et al. Massive A-to-I RNA editing is common across the Metazoa and
correlates with dsRNA abundance. Genome Biol 2017;18(1):185.

[52] Chang DY, Maraia RJ. A cellular protein binds B1 and Alu small cytoplasmic
RNAs in vitro. J Biol Chem 1993;268(9):6423–8.

[53] Quentin Y. A master sequence related to a free left Alu monomer (FLAM) at the
origin of the B1 family in rodent genomes. Nucleic Acids Res 1994;22
(12):2222–7.

[54] Linker SB et al. Identification of bona fide B2 SINE retrotransposon
transcription through single-nucleus RNA-seq of the mouse hippocampus.
Genome Res 2020;30(11):1643–54.

[55] Rosenthal JJ, Bezanilla F. Extensive editing of mRNAs for the squid delayed
rectifier K+ channel regulates subunit tetramerization. Neuron 2002;34
(5):743–57.

[56] Bhalla T et al. Control of human potassium channel inactivation by editing of a
small mRNA hairpin. Nat Struct Mol Biol 2004;11(10):950–6.

[57] Higuchi M et al. Point mutation in an AMPA receptor gene rescues lethality in
mice deficient in the RNA-editing enzyme ADAR2. Nature 2000;406
(6791):78–81.

[58] Rula EY et al. Developmental modulation of GABA(A) receptor function by RNA
editing. J Neurosci 2008;28(24):6196–201.

[59] Prachumwat A, Li WH. Gene number expansion and contraction in vertebrate
genomes with respect to invertebrate genomes. Genome Res 2008;18
(2):221–32.

[60] Garrett S, Rosenthal JJ. RNA editing underlies temperature adaptation in K+
channels from polar octopuses. Science 2012;335(6070):848–51.

[61] Terajima H et al. A-to-I RNA editing enzyme ADAR2 regulates light-induced
circadian phase-shift. Sci Rep 2018;8(1):14848.

http://refhub.elsevier.com/S2001-0370(22)00185-4/h0005
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0005
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0010
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0010
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0015
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0015
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0015
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0020
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0020
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0025
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0025
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0030
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0030
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0035
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0035
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0035
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0040
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0040
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0045
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0045
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0050
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0050
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0055
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0055
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0060
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0060
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0060
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0065
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0065
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0070
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0070
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0070
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0075
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0075
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0075
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0080
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0080
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0085
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0085
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0090
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0090
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0090
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0100
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0100
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0105
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0105
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0110
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0110
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0110
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0120
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0120
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0125
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0125
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0125
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0130
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0130
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0130
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0135
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0135
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0135
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0140
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0140
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0145
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0145
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0145
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0150
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0150
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0155
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0155
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0160
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0160
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0165
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0165
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0170
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0170
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0175
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0175
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0180
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0180
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0185
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0185
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0185
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0190
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0190
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0190
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0195
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0195
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0195
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0200
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0200
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0200
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0205
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0205
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0210
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0210
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0215
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0215
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0220
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0220
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0225
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0225
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0225
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0230
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0230
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0230
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0235
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0235
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0240
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0240
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0245
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0245
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0250
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0250
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0255
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0255
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0260
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0260
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0265
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0265
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0265
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0270
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0270
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0270
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0275
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0275
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0275
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0280
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0280
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0285
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0285
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0285
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0290
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0290
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0295
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0295
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0295
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0300
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0300
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0305
http://refhub.elsevier.com/S2001-0370(22)00185-4/h0305

	Genome-wide characterization of RNA editing highlights roles of high editing events of glutamatergic synapse during mouse retinal development
	1 Introduction
	2 Materials & methods
	2.1 Data acquisition
	2.2 Genome-wide screening of A to I RNA editing sites
	2.3 The annotation of A to I editing sites
	2.4 Function enrichment analysis
	2.5 Motif enrichment analysis
	2.6 Relation between overall editing levels and ADAR family expression
	2.7 Identification of RNA editing patterns during retina development
	2.8 Single-cell RNA-seqanalysis

	3 Result
	3.1 Genome-wide screeningofAtoIRNAeditingeventsduringmouseretinal development
	3.2 RNA editing sites enriched in B1 SINE family
	3.3 Identification of distinct post-transcriptional regulation patterns by RNA editing during retinal development
	3.4 Non-synonymous editing events exhibit the RNA-editinghigh pattern
	3.5 Non-synonymous editing events were enriched in bipolar cells and retinal ganglion cells

	4 Discussion
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


