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ABSTRACT

Adenosine-to-inosine (A-to-I) RNA editing is a post-
transcriptional processing event involved in diversi-
fying the transcriptome and is responsible for var-
ious biological processes. In this context, we de-
veloped a new method based on the highly selec-
tive cleavage activity of Endonuclease V against Ino-
sine and the universal activity of sodium periodate
against all RNAs to enrich the inosine-containing
RNA and accurately identify the editing sites. We val-
idated the reliability of our method in human brain
in both Alu and non-Alu elements. The conserved
sites of A-to-l editing in human cells (HEK293T, Hela,
HepG2, K562 and MCF-7) primarily occurs in the
3'UTR of the RNA, which are highly correlated with
RNA binding and protein binding. Analysis of the
editing sites between the human brain and mouse
brain revealed that the editing of exons is more con-
served than that in other regions. This method was
applied to three neurological diseases (Alzheimer’s,
epilepsy and ageing) of mouse brain, reflecting that
A-to-l editing sites significantly decreased in neu-
ronal activity genes.
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Slic-seq: a High-throughput sequencing for Transcriptome-Wide Profiling of A-to-l editing.

INTRODUCTION

A-to-I editing is one of the most abundant RNA modifi-
cations. It is catalyzed by the enzymes of the ADAR pro-
tein family, acting on dsRNA structures (1,2). The editing
event alters the hydrogen bond pairing of nucleobases, and
the editing site will be recorded as guanosine rather than
the original adenosine. Moreover, A-to-1 editing events are
related to numerous critical biological processes, such as
amino acid alterations (3), RNA splicing (3,4), nuclear re-
tention (5), RNA interference (3,6,7) and innate cellular
immunity (3,8,9). Then, the alteration of editing activity
has been linked with multiple pathologies, including neu-
rological disorders (10-12) and cancers (8,13,14). Never-
theless, further research must be conducted on the func-
tions of most editing sites. Aiming to gain a comprehen-
sive knowledge of these regulatory dynamics and biolog-
ical roles, specifically their associations with different dis-
eases, the key is robust discoveries and identification of A-
to-I sites.

Several computational methods and tools have been de-
veloped to identify editing sites (15-17), yet most of these
methods rely on multiple RNA-seq datasets and matched
genomic DNA sequencing. In present computational meth-
ods, A-to-G fake positive signals possibly result from se-
quencing errors, SNPs, somatic mutations, unfavorable am-
plification of pseudogenes, PCR errors and spurious chem-
ical alterations in RNA (18). Additionally, even though
present transcriptome data have predicted millions of edit-
ing sites (19-21), low-expression transcripts and low-editing
level sites may be ignored after rigorous bioinformatics
screening from low coverage RNA-seq data. Therefore, ex-
tensive computational screening is necessary to predict low-
editing rate A-to-I sites.

ICE-seq (22,23) improved the accuracy of discovering A-
to-I RNA editing sites using acrylonitrile. Nonetheless, the
method is limited in sensitivity due to the inability to enrich
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labeled inosine-containing transcripts. Subsequently, acry-
lamide derivatives (acrylamidofluorescein) (24) and acry-
lonitrile derivatives (25) have been explored. However, the
derivative compounds are also reactive with pseudouridine
and uridine, leading to off-target effects of this approach.
Methods based on endonuclease activity (RNase T1 (26)
and hEndoV (27)) to identify A-to-I editing sites have been
developed. EndoVIPER-seq (28) uses Endonuclease V to
enrich A-to-I sites in transcripts, improving the accuracy
of recognition, however, the enrichment efficiency still has
space for improvement. Accurate identification of A-to-I
editing sites remains challenging.

In this paper, we developed a novel and effective biochem-
ical method for transcriptome-wide identification of ino-
sine based on Endonuclease V cleavage activity and high
reactivity of sodium periodate to RNA 3’ terminal, which
achieved the specific ligation of inosine-cleaved sequencing
(Slic-seq). This robust and straightforward approach sub-
stantially enhances the detection and scope of A-to-I edit-
ing sites in cellular RNA while achieving the enrichment of
inosine-containing RNAs.

MATERIALS AND METHODS
Cell culture

HEK293T, MCF-7, K562, HelLa and HepG?2 were used in
this study. HEK293T, MCF-7, HeLa and HepG?2 cells were
maintained in DMEM medium (Life Technologies) sup-
plemented with 10% FBS and 1% penicillin/streptomycin.
K562 was maintained in RPMI 1640 medium (Life
Technologies) supplemented with 10% FBS and 1%
penicillin/streptomycin. The cells were maintained at 37°C
under a humidified atmosphere containing 5% CO,.

Mouse tissues

Mouse brains were isolated from adult C57BL/6 mice. Ex-
perimental protocols were approved by the IACUC of the
Hubei Provincial Center for Disease Control and Preven-
tion (Wuhan, China).

Procedure of poly(A)+ RNA isolation and fragmentation

Total RNA was isolated from cell lines or mouse tissues with
TRIzol (Invitrogen) according to the manufacture’s proto-
col. The mRNA was isolated by subjecting total RNA to
oligo(dT) enrichment using Dynabeads Oligo(dT),s (NEB)
and gDNA was removed by TURBO DNase (Invitrogen).
Purified polyadenylated RNA was fragmented using RNA
fragmentation reagents (Ambion) at 70°C for 10 min. The
human brain poly(A)+ RNA was purchased from Takara
Bio Inc.

Validation of the effects of sodium periodate on RNA using
LC-MS/MS analysis

After sodium periodate oxidation, 500 ng 40nt-poly(A)
(Supplementary Table S1) RNA was digested by the com-
bination of 2U nuclease Pl (Sigma, N8630) and 2U
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shrimp alkaline phosphatase (NEB, M0371S) in 50 wl wa-
ter solution at 37°C for 2 h. Digested samples were fil-
tered through 0.22-mm syringe filters before ultrahigh-
performance LC-MS/MS analysis. The nucleosides were
separated by an ultrahigh-performance liquid chromatog-
rapher (Shimadzu) equipped with a Shim-pack GIST C18
(100 mm x 2.1 mm i.d., 2.0 pm). Nucleosides were on-line
analyzed using a triple quadrupole mass spectrometer after
electrospray ionization with the following multiple reaction
monitoring: m/z 268.1-136.1 (A), m/z 269.1-137.0 (I).

Validation of the effects of sodium periodate on RNA using
NGS

100 ng model RNA-3 (Supplementary Table S1) was treated
with sodium periodate. After purification, standard RNA
seq libraries were prepared using NEBNext Ultra II Direc-
tional RNA Library Prep Kit for [llumina (NEB) according
to manufacturer’s instructions. Sequencing was performed
on [llumina HiSeq X Ten.

Blocking RNA 3’ end

Fragmented RNA was incubated with freshly prepared 50
mM NalOy (Sigma-Aldrich, S1878) at 25°C for 30 min in
the dark.

Inosine-containing RNA cleavage

The RNA cleave assays were performed using Endonucle-
ase V (NEB, M0305S) with standard reaction buffer (10
mM Tris—-HCI pH 7.5, 0.5 mM MnCl,, 50 mM KCI, 1 mM
dithiothreitol and 5% glycerol). The samples were incubated
at 37°C for 60 min.

Slic-seq library preparation

The library was prepared following a previously re-
ported procedure with slight changes (29). Fragmented
RNA was first subjected to end repair by T4 PNK. For
the treated sample, the RNA was treated with perio-
date followed by Endonuclease V cleavage.3'-adapter liga-
tion (3’ adapter, /STApp/NNNNNNTGGAATTCTCGG
GTGCCAAGG/3ddC/) followed by the 3" adapter remov-
ing by 5-deadenylase and RecJf digestion. After purifica-
tion, SuperScript I1I was used to perform RT (RT primer,
ACACGACGCTCTTCCGATCT). After cDNA synthesis,
5" adapter (5 adapter, /5SPhos/NNNNNNNNNNAGAT
CGGAAGAGCACACGTCTG/3ddC/) ligation was per-
formed. After purification, qPCR was performed to eval-
uate the cycle numbers of each sample to avoid over-
amplification. Library PCR amplification was performed
using the NEB primers. The products were purified by
NEBNext Sample Purification Beads or low melting point
agarose gel and then used for sequencing.

RNA secondary structure prediction

The upstream and downstream 100bp sequences around
candidate sites were extracted from transcriptome and sub-
jected to RNA secondary structure prediction using RNA
fold program from RNAStructure package (30).
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Targeted amplicon sequencing

We first reverse transcribed the human brain poly(A)+
RNA (100 ng) using oligo(dT);s primer and SuperScript
II1. After RNA removal with 0.1M NaOH, cDNA was pu-
rified using OCC Oligo Clean & Concentrator (Zymo Re-
search). Regions flanking the targeting sites were selected
for the design of primers, whose overhangs contained the
paired Illumina adapter sequences. In addition, a 10-nt bar-
code was also added into each primer pair (Supplementary
Table S2) to lower the detection limit from 103 to 107>.
The first round of PCR amplification was performed with
NEBNext Q5 Master Mix (NEB, M0544L) using cDNA as
an input template. After about ten cycles of amplification,
the PCR products were purified with 1 x AMPure XP beads
and eluted with 0.1x TE buffer. Purified DNA samples
were then subjected to the second round of amplification
for roughly 15 cycles and assigned with different indexes fol-
lowed by a purification with 0.8x AMPure XP beads and
then used for sequencing.

Sequencing data processing

The 150 bp pair-end reads from Illumina Hiseq XTen
system sequencing were first sent for adaptor and qual-
ity trimming using trim galore, and reads shorter than 30
nt after trimming were excluded. Note that a barcode of
random hexamer (NNNNNNNNNN) was ligated to the
fragments during library construction. These random bar-
codes serve to identify PCR duplicates from real differ-
ent fragments with the identical sequences. Fastuniq was
used to remove identical reads produced by PCR. Next,
the random sequence of reads were removed and the clean
reads were mapped to ribosomal RNAs, and the unmapped
reads were mapped to the Genome (Gencode, mm10 for
mouse and hg38 for human) using hisat2 with parameter
‘“mp 4,2 —rna-strandness RF —no-softclip -no-mixed —no-
discordant’. Only the proper pair and primary alignments
were persisted for the downstream pipelines.

Identification of putative inosine sites

A custom script was used to parse the pileup format into
a tabular format summarizing the mutation at each posi-
tion. Genes in the positive and negative strands of RNA
were analyzed separately. To evaluate the distribution of
the second base initiated by truncated reads, for all mis-
match events, with at least 6 mismatches, and the coverage
of truncation reads at least 10% were recorded. To reduce
sequencing and alignment errors, we excluded three consec-
utive adjacent mutations of different types with a mutation
rate of >20%. Since adjacent A-to-I editing sites might be
lost after cleavage, we reduced the standard of site identifi-
cation to at least 4 mismatches, and the coverage of trunca-
tion reads at least 5% within 3bp near the sites found un-
der the previous standard. After the final filtration, A-G in
the positive strand and T-C in the negative strand for the
genome reference, with a base Phred quality score of >27
in the reads second position were candidates for A-to-I
editing.
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Annotation of inosine sites

The editing sites were annotated using ANNOVAR to find
their location within host genes. Overlap genes containing
A-to-I sites of human cell lines were subjected to Gene on-
tology enrichment analysis using DAVID online bioinfor-
matics database (https://david.ncifcrf.gov/).

Genomic coordinates sites between human and mouse

The liftOver program (http://hgdownload.soe.ucsc.edu/
admin/exe/linux.x86_64/1iftOver) with default parameters
was used to convert human putative inosine site location
to mouse coordinates, and reconvert mouse putative ino-
sine sites back to the human reference genome to verify the
hits, only the loci that can be converted to each other are
retained.

Targeted amplicon sequencing data analysis

We first grouped targeted amplicon sequencing FASTQ
reads by the unique molecular identifier (UMI). First the
adapter sequences of consensus reads were removed with
cutadapt software (v.1.18). for reads in the same UMI
group, we use fastuniq to removed PCR duplications.
Then Cleaned reads were mapped to the reference in-
dex by bowtie2 with default parameters. Next, we filtered
the mapped BAM files using the samtools view command
(v.1.9) with parameters -f 3 -q 5. Finally, mutation rate
statistics were performed using the pysam module.

Differential analysis of inosine

As enrichment fails to retain edit rate information, the num-
ber of truncated reads was utilized for evaluating editing
discrepancies. Statistical analyses were performed using the
R package (edgeR package), truncated read count data
were first normalized with the trimmed mean of M-values
normalization method. Only truncated reads were detected
in all four samples were included in the differential analyses.
edgeR package was then used to assess the statistical sig-
nificance of observed differences in truncated read counts.
After the statistical test, the P value was adjusted using the
Benjamini and Hochberg method to control the false dis-
covery rate (FDR). The editing sites were considered statis-
tically different when their FDR was lower than 0.05 and
the absolute log,-fold change was > 1. For pathways analy-
sis of differentially editing, GO Biological Process analyses
in DAVID online tool.

RESULTS

High reliability of individual inosine sites identified by
Slic-seq

Endonuclease V (Endo V) has been reported to be a highly
active ribonuclease, particularly for inosine in RNA. It cat-
alyzes the cleavage of the second RNA phosphodiester bone
3’ to the inosine, generating 3'-OH and 5'-P termini (31).
Periodate is a regioselective oxidation agent capable of con-
verting ortho-dihydroxy to dialdehyde. RNA 3'-terminals
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contain 2’,3’-hydroxyl groups of ribose, which can be ef-
ficiently oxidized to produce aldehyde groups (32,33). Us-
ing periodate oxidation followed by treatment with eEndo
V, the inosine-containing RNAs produce 3’-OH. Thus, the
inosine-containing RNAs will end in 3'-OH while the other
RNAs will end in 3'-CHO. After adaptor ligation (only
inosine-containing transcripts can be ligated), and reverse
transcribed, inosine-containing RNA can be enriched for
sequencing. We evaluated the oxidation reactivity of perio-
date and the feasibility of the strategy by polyacrylamide
electrophoresis (Supplementary Figure 1A, B). LC-MS
analysis showed that periodate has no detectable reactivity
(<0.01%) in converting adenosine to inosine (Supplemen-
tary Figure 2). In addition, we used NGS to assess whether
the model RNA-3 treated with sodium periodate would in-
troduce mutations, and the results showed that the muta-
tion rate at each position was maintained at background
levels (Supplementary Figure 3A), and no A-to-G mutation
could be observed after sodium periodate (Supplementary
Figure 3B).

Briefly, the method is mainly composed of these steps:
(1) 3’ end blocking, (2) inosine-containing RNA cleavage,
(3) 3’ adaptor ligation, (4) reverse transcribe and ligate the
adaptor to the 5’ end, followed by PCR amplification. The
principle of our method is outlined (Figure 1A). Next, we
tested Slic-seq on human RNAs to optimize the reaction
conditions and examine its sensitivity and specificity. In
each experiment, we constructed three different RNA li-
braries, comprising a treated sample, an input sample, and
an eEndo V treated control sample without 3’ end block-
ing. In the treated sample, the A to G mismatch was signifi-
cant increase compared with the two control groups. The A
to G mutation (>95%) dominates in the second base (Fig-
ure 1B), while all mutation types were equally distributed
in the control sample. To improve the sequencing quality of
the second base, we increased six random sequences on the
3" adaptor.

We were subsequently inspired to generate a pipeline to
identify editing sites based on mutation and truncation.
Since adjacent A-to-I editing sites might be lost after cleav-
age, we searched for potential sites a second time within a
3-bp window of the inosine identified in the first search (Ma-
terials and Methods). We found typical sites that matched
the characteristics of our method from the IGV (Supple-
mentary Figure 4A, B). In the three biological replicates, the
proportions of A-to-G mismatches at all sites were 99.32%,
99.3% and 99.05%, respectively (Figure 1D). Assuming that
the error rates for all 12 mismatch types were equal, the av-
erage false discovery rate was (0.78%/11)/99.22% = 0.07%.
Notably, inclusion of specific genomic data of samples was
unnecessary for our method and access to RNA-seq data
was sufficient (External Databases S1).

Subsequently, we observed a high correlation at both
truncated reads and FPKM between Slic-seq replicates
(Supplementary Figure 5 and 6), indicating the high re-
producibility of Slic-seq. The selected procedure executed
three biological replicates and maintained recurring candi-
date sites found in two replicates at a minimum. A total
of 99235 high-confidence inosine sites was detected (Fig-
ure 1C, External Databases S2). Unedited RNAs were dis-
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carded, and information about editing levels was obtained
from additional RNA-seq (External Databases S3).

Characteristics of the Slic-seq

Combining the sites identified from three replicates, a to-
tal of 240 833 sites of HEK293T were identified, includ-
ing 219 655 known or predicted editing sites (91.21%) de-
posited in the REDIportal (19) database (Figure 2A). There
remains a number of novel editing sites that are absent in the
database. In addition, no saturation was seen with Slic-seq
at ~1 x 10® uniquely mapped reads (Supplementary Figure
7A), consistent with the fact that a large number of editing
sites exist in the human transcriptome. The newly discov-
ered sites are mainly located on introns and intergenic re-
gions (Supplementary Figure 7B). We then assessed expres-
sion levels of edited-site transcripts for new and known sites
from RNA-seq. Low-expressed transcripts (FPKM < 1)
contain more newly discovered editing sites (Supplemen-
tary Figure 7C). We compared the editing rates of new sites
and known sites identified by Slic-seq in the correspond-
ing RNA-seq and found that the newly identified sites are
generally sites with lower editing rates. The proportion of
the new sites with editing rates lower than 0.1 is signifi-
cantly higher than that for the known sites (Supplemen-
tary Figure 7D). To confirm whether the newly discovered
sites are located on dsRNA, we extracted the +=100 nt se-
quences around the newly identified CDS sites, then per-
formed RNA secondary structure prediction (34) to assess
these sequences and showed editing sites in dSRNA (Sup-
plementary Figure 8).

We found much stronger signals in Slic-seq when com-
pared to RNA-seq, and the inflection point was the exact
position of an inosine site (Figure 2B). In this study, we
identified base preferences adjacent to every site by expand-
ing the context sequences. While the +1 position preferred
G > A > C > U, the -1 position preferred U > A > C >>
G (Figure 2C). The preference sequence was similar to the
binding sequence of ADARs (35), implying minimal Slic-
seq sequence bias. The distribution of inosine within tran-
scriptomes revealed strong enrichment in the downstream
3’'UTRs (Figure 2D). As anticipated, these A-to-I sites over-
lapped with the Alu repeat elements well, where A-to-I edit-
ing is prevalent.

The SNRPD3 and BPNTI mRNAs, were known edit-
ing sites and consistently identified in three biological repli-
cates of Slic-seq. The inosine-containing RNA have been
enriched and the base-resolution editing sites were high-
lighted at the second base of the reads (Figure 2E and F).
The neighbor editing sites continued to have high detection
accuracy for sites that are very close to each other. Both
SNRPD3 and BPNTI had 12 confident editing sites. Com-
pared to the control, the BPNTI editing region was en-
riched ~8-fold and SNRPD3 was enriched ~6-fold (Fig-
ure 2G). The dsRNAs formed by inverted repeats in in-
trons or UTRs are typical targets of ADAR (9). As ex-
pected, most inosine (67.17%) was found on intronic tran-
scripts, while others were within the 3’ UTR (19.42%)
and noncoding sequences (9.53%) in HEK293T cells
(Figure 2H).
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Figure 1. Identification and validation of A-to-I RNA editing sites using Slic-seq. (A) Workflow of Slic-seq; (B) the A to G/T/C mutation proportions at
second base of reads in the treated samples (periodate treated followed eEndo V treated), eEndo V treated samples and periodate treated samples; (C) the
overlapping sites among three replicates in the HEK293T identified by Slic-seq; (D) the putative A-to-I RNA editing sites (~99% being the A-to-G type

among 12 types of mutations).

A-to-I editing sites identified by Slic-seq are more reliable

We then performed RNA-seq and Slic-seq on the same
human brain mRNA samples. We employed the REDI-
Tools (16) package-associated filtering steps to identify A-
to-I editing sites from RNA-seq. At same sequencing vol-
umes, the number of identified A-to-I editing sites was sig-
nificantly higher in Slic-seq, which achieved 7.8-fold identi-
fied A-to-I editing sites compared to RNA-seq (Figure 3A).
Similarly, by comparing the coverage of the editing sites in
RNA-seq and Slic-seq, we observed a significantly higher
coverage of A-to-I editing sites from Slic-seq. All these find-
ings suggest that Slic-seq remarkably improved the sensitiv-
ity in detecting A-to-I editing than the standard RNA-seq
(Figure 3B).

Slic-seq identified 125 146 A-to-I editing sites in human
brain mRNA overlapped most with the database (109 667
sites overlap, accounting for 87.63%) (Figure 3C), and it
also showed a similar ratio in HEK293T cells. Compared
with EndoVIPER-seq (28) results in human brain mRNA,
which also uses Endonuclease V to enrich A-to-I tran-
scripts, Slic-seq performed higher overlap with databases
(Figure 3C and Supplementary Figure 9A), and Slic-seq
has a slightly higher proportion of common sites between
replicates than EndoVIPER-seq (Supplementary Figure
9B, C). Additionally, we compared mouse brain A-to-I edit-
ing with Nascent RNA-seq data (36). This ratio (48.68%)
was much lower than annotations in the Slic-seq and hu-
man databases, suggesting that mouse edited annotations
are still insufficient (Figure 3D).

To further evaluate the reliability and performance of
Slic-seq, we compared Slic-seq results with published ICE-
seq (23) data in human brain RNA. Our two replicates used
76770037 and 79676223 pairs of reads, respectively. In the

ICE-seq, a single biological replicate contained three sam-
ples (CE-, CE+, CE++) 409 843 384; 459 198 334 and 507
338 206 pairs of reads, respectively (Figure 3E). Slic-seq de-
tected approximately four times as many editing sites, using
<25% sequencing depth of ICE-seq.

Most existing methods have difficulty in identifying A-
to-I editing sites in non-Alu regions, which have relatively
fewer sites and substantial mutations (37). We then assessed
the the A-to-T/C/G fractions in Alu elements, non-Alu
repetitive elements and non-repetitive elements across dif-
ferent genic regions (intron, exon, 5UTR, 3'UTR). For
human brain mRNA, both RNA-seq and Slic-seq showed
great accuracy in all Alu regions, meanwhile Slic-seq can
significantly improve the detection accuracy in non-Alu
repetitive and non-repetitive regions (Supplementary Fig-
ure 10A-B) and showed good stability in different replicates
of different samples (HEK293T, human brain tissue, mouse
brain tissue). (Supplementary Figure 10A and 10C, D).

We then used targeted amplicon sequencing to interro-
gate new editing sites in CDS of human brain. We selected
34 editing sites detected simultaneously by two replicates.
Within the 27 sites that were successfully amplified, we val-
idated 26 unique editing sites by Slic-seq, with the editing
ratio from 0.19% to 24.61% (Supplementary Figurell).

Almost all methods need to remove SNPs when iden-
tifying confident editing sites. However, Slic-seq achieved
high accuracy without SNP removal. We then selected
A-to-G candidate sites at EndoVIPER-seq, ICE-seq and
RNA-seq, which had been performed according to the
respective pipeline without SNP removal. By comparing
the candidate sites and identified sites by Slic-seq with
SNP database, the proportion of SNPs was calculated in
Slic-seq, EndoVIPER-seq, ICE-seq and RNA-seq. In the
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views of the inosine sites on mRNA (SNRPD3 and BPNTI) by Slic-seq. Confident editing sites are highlighted with gray lines; (G) RPMF (fold of
Reads Per Million) of mRNA (SNRPD3 and BPNT1) signals between treated samples and control samples. Center line, median; box limits, upper and
lower quartiles; whiskers, 1.5 x interquartile range; points, outliers; (H) pie chart presenting the fraction of inosine sites of HEK293T in non-overlapping

transcript segments.

RNA-seq data, ~69% A-to-G candidate sites are over-
lapped with SNP database. In ICE-seq, the processed sam-
ples screened out some SNPs, but ~43% of the candidate
sites were SNPs. In EndoVIPER-seq, there remained ~17%
SNPs in the candidate inosines sites. In Slic-seq, SNPs ac-
count for only ~0.03%. This finding indicates that Slic-
seq can effectively shield the interference of the A-to-G
mutation caused by non-inosine (Figure 3F). Additionally,
we examined sites overlapping with the SNP database in
Slic-seq and found that most of these sites were enriched
and had distinct truncation features (Supplementary Fig-
ure 12). In line with the properties of Slic-seq, these sites
should not be discarded as SNPs. This confirms the poten-
tiality of our method to be applied in other species with
considerable somatic mutations and unknown SNPs. To-
gether, these results indicate that Slic-seq has greater sen-
sitivity and higher reliability for detection of A-to-I editing
sites.

In the human brain, all the three methods showed similar
motif trends, with a depletion of guanosine immediately up-
stream of the edited site, and some enrichment of G immedi-

ately downstream (Supplementary Figure 13). Additionally,
we found that the editing motif was similar in different re-
gions of different samples (HEK293T, human brain tissue,
mouse brain tissue) (Supplementary Figure 14).

Slic-seq analysis of the different cell lines and brain tissues

RNA editing in cell lines has been reported to markedly
lower than that in tissue samples (38). The RNA edit-
ing landscape in cell lines has not yet been well charac-
terized. We further identified the editing sites of four cell
lines, including HeLa, HepG2, K562 and MCF-7 (Exter-
nal Databases S1-S3). A good correlation was observed
from the scatterplot of FPKM values and truncation values,
consistent with HEK293T (Supplementary Figure 5 and 6).
The clustering of all significantly enriched sequences reca-
pitulated the HEK293T editing consensus sequence to a
great extent (Supplementary Figure 15). Additionally, four
cell lines showed a similar distribution with the HEK293T
and two brain tissues editing increased in the CDS region
(Supplementary Figure 16).
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Figure 3. Comparison of A-to-I editing sites identified by Slic-seq and other high-throughput sequencing methods. (A) Number of identified sites from
RNA-seq and Slic-seq at the same sequencing depth; (B) Box and Whisker plot shows that read coverages at A-to-I editing sites are significantly increased
by Slic-seq (two-sided #-tests, P < 0.05); (C) the proportion of A-to-I editing sites identified by Slic-seq from human brain in (existing sites) or not in (unique
sites) REDIportal; (D) the proportion of A-to-I editing sites identified by Slic-seq from mouse brain in (existing sites) or not in (unique sites) REDIportal;
(E) fractions of all sequenced read pairs (Slic-seq and ICE-seq) before trimming and mapping; (F) SNPs’ fractions of A-to-G candidate sites for HEK293T

in RNA-seq, EndoVIPER-seq and Slic-seq.

The correlation between different cells (Figure 4A) re-
flected the conservation of A-to-I editing sites (37,39). The
editing sites of the human mRNA are primarily linked with
repeat elements. Most of the editing sites were deposited
in short interspersed nuclear elements (SINEs), and some
were distributed in long terminal repeats (LTRs), long inter-
spersed nuclear elements (LINEs), and nonrepeat regions
(Figure 4B). Among different cells, the transcriptomic dis-
tribution displayed similar patterns.

Compared with noncoding sites, editing sites in coding
regions (recoding sites) were much less prevalent. Addition-
ally, alterations in amino acid assignment resulting from
A-to-1 editing in CDS may potentially modulate protein
function. Then, we focused on the coding region of editing
sites. The synonymous and nonsynonymous mutations were
comparable, accounting for approximately 25% and 70%
across different cell lines, respectively. In addition, some
editing sites in the CDS resulted in translation termination
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(Figure 4C). We calculated the relative distances of inosine
sites to intron-exon boundaries in each intron (Figure 4D).
The findings showed an even distribution of inosine along
the intron regions, with a slight depletion toward the 3" end.
Using the inosine positions identified by Slic-seq, we calcu-
lated the distances between each two adjacent inosine sites
within each gene. Our results verified that two adjacent ino-
sine sites tended to be clustered (40) and the distance is gen-
erally < 50nt between neighboring inosine sites (Figure 4E).
The distance was slightly shorter than that between tandem
ADAR proteins, which bind dsRNA substrates in the cel-
lular context (41). From the perspective of several types of
cells and two brain tissues, editing sites prefer to be within
the intronic transcripts, 3’UTR regions and non-coding se-
quences (Supplementary Figure 17).

To identify functional and vital editing sites, evolution-
ary conservation at each site should be considered. After-
ward, we evaluated the shared editing sites from different
cells. The 4395 editing sites overlapped with a number of
inosine-containing genes in five human cell line experiments
(Figure 4F). These sites were mainly located in SINE ele-
ment (Figure 4G), and the remaining sites were scattered
in 3'UTRs (47.5%), introns (28.1%) and ncRNAs (17.32%)
(Figure 4H). Approximately 4-fold enrichment over the ex-
pected distribution was calculated, and 3’UTR segments
were most enriched in editing sites (Figure 41). Moreover,
Gene Ontology (GO) analysis of the conserved editing sites
revealed that the predominant functions were RNA binding
and protein binding (Figure 47J).

We then compared editing sites between human and
mouse brains and found 59 conserved sites (External
Databases S4), 11 of which were newly identified and 29 of
which were deposited on exons (Figure 4K). We selected 2
newly identified sites on exons above. These sites, located
on genes namely POUSF3 and FBXLI7, are predicted to
be located in dsRNA regions in both species (Supplemen-
tary Figure 18). Due to their low coverage in RNA-seq,
we are unable to obtain reliable editing rates of the sites.
Partially as the identified conserved sites are, most of them
are enriched in exons, verifying the conservation of exons
across species and the nonrandom distribution of editing
sites. Recent studies have focused on the coding sites and
found that highly edited sites are evolutionarily conserved
in non-primate mammals (42).

Analysis of inosine sites in neurological diseases

A-to-I editing has now been identified as a reliable, dif-
ferential biomarker in a number of neurological disor-
ders. Numerous studies have covered the A-to-I editing of
Alzheimer’s disease (43) and epilepsy (44-47), focusing on
limited editing sites lacking whole transcript-wide assays.
Accurate detection of differential editing, especially those
with low editing rates, is even more challenging (9). We next
examined the ability of Slic-seq to be applied to detect edit-
ing differences. We performed Slic-seq on mouse brain tis-
sue RNA and screened 1005, 1364 and 1570 reliable sites
in Alzheimer, epilepsy and ageing mouse brain RNAs re-
spectively for analysis of differential editing sites (Exter-
nal Databases S5), which were both detected in the models

Nucleic Acids Research, 2023, Vol. 51, No. 16 87

of disease and normal mouse brain in all replicates (Fig-
ure 5A). The differential A-to-I editing was based on the
difference in the number of edited reads between disease
samples with normal samples. In Alzheimer’s disease, we
found 77 significantly differential edited sites (llogoa FCI > 1
and FDR < 0.05), 70 of which were reduced in cases com-
pared with the controls (Figure SA and B). In epilepsy, 202
editing sites presented significant differential editing levels
(logoFCl > 1 and FDR < 0.05), 127 of which exhibited
decreased editing levels (Figure 5A and C). In ageing, 148
sites showed statistically significant differential editing lev-
els (llog; FCI > 1 and FDR < 0.05). On results similar with
Alzheimer’s disease and epilepsy, 118 of which were edited
down (Figure SA and D). Among the differential editing
sites, we analyzed the expression differences of the genes in
the corresponding RNA-seq, most genes with differential
RNA editing sites did not display differential gene expres-
sion (lloga FCl > 1 and FDR < 0.05) (Supplementary Figure
19 and External Databases S5).

These significantly different sites were consistently re-
duced in cases compared with controls. With GO analysis,
we observed significant enrichment for processes in vari-
ous synaptic activity and neurotransmitter transport func-
tions (Figure SE-G). Differential RNA editing showed a
high relevance to neuronal activity between the case and
control mice. We further investigated whether the A-to-I
editing differences in transcripts were impacted by differ-
entially expressed genes. Here, differences in A-to-I edit-
ing sites displayed a low correlation with differentially ex-
pressed genes (DEGs) (r = 0.34 in Alzheimer’s disease,
r=0.22 in epilepsy and r = 0.22 in ageing), implying RNA
editing as a possible post-transcriptional mechanism for the
regulation of gene expression (Supplementary Figure 20).

Functional enrichment analysis was performed for genes
significantly (llog; FCI > 1 and FDR < 0.05) differentially
expressed between cases and controls. We also observed
minimal overlap between GO terms enriched among edit-
ing sites and those enriched among DEGs (Supplementary
Figure 21). These results suggest that differential gene ex-
pression alone does not account for the observed differences
in editing sites between cases and controls. Compared with
differences in gene expression, differences in A-to-I editing
showed a stronger correlation with neural activity. These re-
sults suggest that in neurodegenerative diseases, decreased
A-to-I editing in genes involved in synaptic formation and
in their activity may be responsible for reduced neural
activity.

DISCUSSION

Identification of individual editing sites remains diffi-
cult due to the limitations of RNA-seq experiments,
which require large amounts of input RNA material
and high sequencing depth. Determining the rare or
tissue/developmental specific sites is difficult due to the
small sample size. Editing sites tend to be located in Alu
dsRNAs such secondary structure may impact the incorpo-
ration into standard RNA-seq libraries.

In this study, we developed Slic-seq as a new method
for the enrichment of inosine-containing transcripts from
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was provided by DAVID online tool and calculated with Fisher’s exact test.

cellular RNA. The eEndo V is equally active on both single-
and double-stranded RNAs (31), thus facilitating the iden-
tification of editing sites in different regions. Integrating
enrichment, truncation and its own mutation signals, Slic-
seq greatly improves the detection range and accuracy in
both repetitive and non-repetitive sequences. Notably, the
method is almost SNP-independent, revealing its potential
to be applied to other species and further study of editing
functions.

By applying Slic-seq to multiple cells, we evaluated the
conservation of A-to-I editing sites. These sites, enriched
in 3 UTR, may affect the RNA binding and protein bind-
ing. Additionally, we analyzed the differential editing sites
between normal mouse and three neurological models
and found that the A-to-I editing were decreased in neu-
ronal activity-related genes. Such enrichment strategies can
be used for high-precision studies of differential editing
levels.

We anticipate that the approach will substantially aug-
ment our knowledge of A-to-I RNA editing, particularly its
global regulation and dynamics, and unveil additional in-

formation crucial to advance our understanding of disease
progression and biological processes.
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