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BSTRACT 

denosine-to-inosine (A-to-I) RNA editing is a post- 
ranscriptional processing event involved in diversi- 
ying the transcriptome and is responsible for var- 
ous biological processes. In this context, we de- 
eloped a new method based on the highly selec- 
ive c leav age activity of Endon uclease V a gainst Ino- 
ine and the universal activity of sodium periodate 

gainst all RNAs to enrich the inosine-containing 

NA and accurately identify the editing sites. We val- 
dated the reliability of our method in human brain 

n both Alu and non-Alu elements. The conserved 

ites of A-to-I editing in human cells (HEK293T, HeLa, 
epG2, K562 and MCF-7) primarily occurs in the 

 

′ UTR of the RNA, which are highly correlated with 

NA binding and protein binding. Analysis of the 

diting sites between the human brain and mouse 

rain revealed that the editing of exons is more con- 
erved than that in other regions. This method was 

pplied to three neurological diseases (Alzheimer’s, 
pilepsy and ageing) of mouse brain, reflecting that 
-to-I editing sites significantly decreased in neu- 

onal activity genes. 
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NTRODUCTION 

-to-I editing is one of the most abundant RNA modifi- 
a tions. It is ca talyzed by the enzymes of the ADAR pro- 
ein family, acting on dsRNA structures ( 1 , 2 ). The editing 

 v ent alters the hydrogen bond pairing of nucleobases, and 

he editing site will be recorded as guanosine rather than 

he original adenosine. Moreover, A-to-I editing events are 
elated to numerous critical biological processes, such as 
mino acid alterations ( 3 ), RNA splicing ( 3 , 4 ), nuclear re-
ention ( 5 ), RNA interference ( 3 , 6 , 7 ) and innate cellular
mmunity ( 3 , 8 , 9 ). Then, the alteration of editing activity
as been linked with m ultiple patholo gies, including neu- 
ological disorders ( 10–12 ) and cancers ( 8 , 13 , 14 ). Ne v er-
heless, further r esear ch must be conducted on the func- 
ions of most editing sites. Aiming to gain a comprehen- 
i v e knowledge of these regulatory dynamics and biolog- 
cal roles, specifically their associations with different dis- 
ases, the key is robust discoveries and identification of A- 
o-I sites. 

Se v eral computational methods and tools have been de- 
eloped to identify editing sites ( 15–17 ), yet most of these 
ethods rely on multiple RNA-seq datasets and matched 

enomic DNA sequencing. In present computational meth- 
ds, A-to-G fake positi v e signals possib ly result from se- 
uencing errors , SNPs , soma tic muta tions, unfavorable am- 
lification of pseudogenes, PCR errors and spurious chem- 

cal alterations in RN A ( 18 ). Additionall y, e v en though
resent transcriptome data have predicted millions of edit- 

ng sites ( 19–21 ), low-expression transcripts and low-editing 

e v el sites may be ignored after rigorous bioinformatics 
creening from low coverage RNA-seq data. Ther efor e, ex- 
ensi v e computational screening is necessary to predict low- 
diting rate A-to-I sites. 

ICE-seq ( 22 , 23 ) improved the accuracy of discovering A- 
o-I RNA editing sites using acrylonitrile. Nonetheless, the 
ethod is limited in sensitivity due to the inability to enrich 
 27 68756663; Email: xzhou@whu.edu.cn 
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labeled inosine-containing transcripts. Subsequently, acry-
lamide deri vati v es (acrylamidofluorescein) ( 24 ) and acry-
lonitrile deri vati v es ( 25 ) hav e been e xplored. Howe v er, the
deri vati v e compounds are also reacti v e 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
de v eloped. EndoVIPER-seq ( 28 ) uses Endonuclease V to
enrich A-to-I sites in transcripts, improving the accuracy
of recognition, howe v er, the enrichment efficiency still has
space for improvement. Accurate identification of A-to-I
editing sites remains challenging. 

In this paper, we de v eloped a nov el and effecti v e biochem-
ical method for transcriptome-wide identification of ino-
sine based on Endonuclease V cleavage activity and high
reactivity of sodium periodate to RN A 3 

′ terminal, w hich
achie v ed 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 RN A w hile achieving the enrichment of
inosine-containing RNAs. 

MATERIALS AND METHODS 

Cell culture 

HEK293T, MCF-7, K562, HeLa and HepG2 were used in
this study. HEK293T, MCF-7, HeLa and HepG2 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 2 . 

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 Pre v en-
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) 25 (NEB)
and gDNA was removed by TURBO DNase (Invitrogen).
Purified polyadenylated RNA was fragmented using RNA
fra gmentation rea gents (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 P1 (Sigma, N8630) and 2U
shrimp alkaline phosphatase (NEB, M0371S) in 50 �l 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 × 2.1 mm i.d., 2.0 �m). 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 Illumina (NEB) according
to manufacturer’s instructions. Sequencing was performed
on Illumina HiSeq X Ten. 

Blocking RNA 3 

′ end 

Fragmented RNA was incubated with fr eshly pr epar ed 50
mM NaIO 4 (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–HCl pH 7.5, 0.5 mM MnCl 2 , 50 mM KCl, 1 mM
dithiothreitol and 5% glycerol). The samples were incubated
at 37 

◦C for 60 min. 

Slic-seq library preparation 

The library was pr epar ed 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 

′ ada pter, / 5rA pp / NNNNNNTGGAATT CT CGG
GTGCCAAGG/3ddC/) followed by the 3 

′ adapter remov-
ing by 5 

′ -deadenylase and RecJf digestion. After purifica-
tion, SuperScript III was used to perform R T (R T primer,
A CA CGA CGCT CTT CCGAT CT). After cDNA synthesis,
5 

′ adapter (5 

′ adapter, / 5Phos / NNNNNNNNNNAGAT
CGGAA GA GCACACGTCTG/3ddC/) ligation was per-
f ormed. After purification, qPCR was perf ormed to eval-
uate the cycle numbers of each sample to avoid over-
amplifica tion. Library PCR amplifica tion 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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argeted amplicon sequencing 

e first re v erse transcribed the human brain poly(A)+ 

NA (100 ng) using oligo(dT) 18 primer and SuperScript 
II. After RNA removal with 0.1M NaOH, cDNA was pu- 
ified using OCC Oligo Clean & Concentrator (Zymo Re- 
earch). Regions flanking the targeting sites were selected 

or the design of primers, whose overhangs contained the 
aired Illumina adapter sequences. In addition, a 10-nt bar- 
ode was also added into each primer pair (Supplementary 

able S2) to lower the detection limit from 10 

−3 to 10 

−5 . 
he first round of PCR amplification was performed with 

EBNext Q5 Master Mix (NEB, M0544L) using cDNA as 
n input template. After about ten cycles of amplification, 
he PCR products were purified with 1 × AMPure XP beads 
nd eluted with 0.1 × TE buffer. Purified DNA samples 
ere then subjected to the second round of amplification 

or roughly 15 cycles and assigned with differ ent index es fol- 
owed by a purification with 0.8 × AMPure XP beads and 

hen used for sequencing. 

equencing data processing 

he 150 bp pair-end reads from Illumina Hiseq XTen 

ystem sequencing were first sent for adaptor and qual- 
ty trimming using trim galore, and reads shorter than 30 

t after trimming were excluded. Note that a barcode of 
andom hexamer (NNNNNNNNNN) was ligated to the 
r agments during libr ary construction. These r andom bar- 
odes serve to identify PCR duplicates from real differ- 
nt fragments with the identical sequences. Fastuniq was 
sed to remove identical reads produced by PCR. Next, 
he random sequence of reads were removed and the clean 

 eads wer e mapped to ribosomal RNAs, and the unmapped 

 eads wer e mapped to the Genome (Gencode, mm10 for 
ouse and hg38 for human) using hisat2 with parameter 

–mp 4,2 –rna-strandness RF –no-softclip –no-mixed –no- 
iscordant’. Only the proper pair and primary alignments 
ere persisted for the downstream pipelines. 

dentification of putative inosine sites 

 custom script was used to parse the pileup format into 

 tabular format summarizing the mutation at each posi- 
ion. Genes in the positi v e and negati v e strands of RNA
ere anal yzed separatel y. To evaluate the distribution of 

he second base initiated by truncated reads, for all mis- 
atch e v ents, with a t least 6 misma tches, and the coverage

f truncation reads at least 10% were recorded. To reduce 
equencing and alignment errors, we excluded three consec- 
ti v e adjacent mutations of different types with a mutation 

ate of > 20%. Since adjacent A-to-I editing sites might be 
ost after cleavage, we reduced the standard of site identifi- 
a tion to a t least 4 misma tches, and the coverage of trunca-
ion reads at least 5% within 3bp near the sites found un- 
er the previous standard. After the final filtration, A-G in 

he positi v e strand and T-C in the negati v e strand for the
enome r efer ence, with a base Phr ed quality scor e of ≥27
n the reads second position were candidates for A-to-I 
diting. 
nnotation of inosine sites 

he editing sites were annotated using ANNOVAR to find 

heir location within host genes. Overlap genes containing 

-to-I sites of human cell lines were subjected to Gene on- 
olo gy enrichment anal ysis using DAVID online bioinfor- 
a tics da tabase ( https://david.ncifcrf.gov/ ). 

enomic coordinates sites between human and mouse 

he liftOver program ( http://hgdownload.soe.ucsc.edu/ 
dmin/e xe/linux.x86 64/liftOv er ) with default parameters 
as used to convert human putati v e inosine site location 

o mouse coordinates, and reconvert mouse putative ino- 
ine sites back to the human r efer ence genome to verify the 
its, only the loci that can be converted to each other are 
etained. 

argeted amplicon sequencing data analysis 

e first grouped targeted amplicon sequencing FASTQ 

eads by the unique molecular identifier (UMI). First the 
dapter sequences of consensus reads were removed with 

utadapt software (v.1.18). for reads in the same UMI 
roup, we use fastuniq to removed PCR duplications. 
hen Cleaned r eads wer e mapped to the r efer ence in- 
ex by bowtie2 with default parameters. Next, we filtered 

he mapped BAM files using the samtools view command 

v.1.9) with parameters -f 3 -q 5. Finall y, m uta tion ra te
tatistics were performed using the pysam module. 

ifferential analysis of inosine 

s enrichment fails to retain edit ra te informa tion, the num- 
er of truncated reads was utilized for evaluating editing 

iscr epancies. Statistical analyses wer e performed using the 
 package (edgeR package), truncated read count data 

ere first normalized with the trimmed mean of M -values 
ormalization method. Only truncated reads were detected 

n all four samples were included in the differential analyses. 
dgeR package was then used to assess the statistical sig- 
ificance of observed differences in truncated read counts. 
fter the statistical test, the P value was adjusted using the 
enjamini and Hochberg method to control the false dis- 
overy rate (FDR). The editing sites were considered statis- 
icall y different w hen their FDR was lower than 0.05 and 

he absolute log 2 -fold change was > 1. For pathways analy- 
is of differentially editing, GO Biological Process analyses 
n DAVID online tool. 

ESULTS 

igh reliability of individual inosine sites identified by 

lic-seq 

ndonuclease V (Endo V) has been reported to be a highly 

cti v e ribonuclease, particularly for inosine in RNA. It cat- 
lyzes the cleavage of the second RNA phosphodiester bone 
 

′ to the inosine, generating 3 

′ -OH and 5 

′ -P termini ( 31 ).
eriodate is a regioselecti v e oxidation agent capable of con- 
erting ortho-dihydroxy to dialdehyde. RNA 3 

′ -terminals 

https://david.ncifcrf.gov/
http://hgdownload.soe.ucsc.edu/admin/exe/linux.x86_64/liftOver


e87 Nucleic Acids Research, 2023, Vol. 51, No. 16 PAGE 4 OF 12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

contain 2 

′ ,3 

′ -hydr oxyl gr oups of ribose, which can be ef-
ficiently oxidized to produce aldehyde groups ( 32 , 33 ). Us-
ing perioda te oxida tion followed by trea tment 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 re v erse
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
le v els (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 ) re v erse transcribe and ligate the
adaptor to the 5 

′ end, followed by PCR amplification. The
principle of our method is outlined (Figure 1 A). 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 1 B), 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%, respecti v ely (Figure 1 D). 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
thr ee biological r eplicates and maintained r ecurring candi-
date sites found in two replicates at a minimum. A total
of 99235 high-confidence inosine sites was detected (Fig-
ure 1 C, External Databases S2). Unedited RNAs were dis-
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 2 A). 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 × 10 

8 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-
er ed sites ar e mainly located on introns and intergenic re-
gions (Supplementary Figure 7B). We then assessed expres-
sion le v els of edited-site transcripts for ne w 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 2 B). In this study, we
identified base pr efer ences adjacent to e v ery site by e xpand-
ing the context sequences. While the +1 position pr eferr ed
G > A > C > U, the –1 position pr eferr ed U > A > C >>
G (Figure 2 C). 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 re v ealed strong enrichment in the downstream
3 

′ UTRs (Figure 2 D). 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 BPNT1 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 2 E and F).
The neighbor editing sites continued to have high detection
accuracy for sites that are very close to each other. Both
SNRPD3 and BPNT1 had 12 confident editing sites. Com-
pared to the control, the BPNT1 editing region was en-
riched ∼8-fold and SNRPD3 was enriched ∼6-fold (Fig-
ure 2 G). 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 2 H). 
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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 perioda te trea ted samples; ( C ) the 
overlapping sites among three replicates in the HEK293T identified by Slic-seq; ( D ) the putati v e A-to-I RNA editing sites ( ∼99% being the A-to-G type 
among 12 types of mutations). 
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-to-I editing sites identified by Slic-seq are more reliable 

e then performed RNA-seq and Slic-seq on the same 
uman brain mRNA samples. We employed the REDI- 
ools ( 16 ) package-associated filtering steps to identify A- 
o-I editing sites from RNA-seq. At same sequencing vol- 
mes, the number of identified A-to-I editing sites was sig- 
ificantly higher in Slic-seq, which achie v ed 7.8-fold identi- 
ed A-to-I editing sites compared to RNA-seq (Figure 3 A). 
imilarly, by comparing the coverage of the editing sites in 

NA-seq and Slic-seq, we observed a significantly higher 
overage of A-to-I editing sites from Slic-seq. All these find- 
ngs suggest that Slic-seq remar kab ly improv ed the sensiti v- 
ty in detecting A-to-I editing than the standard RNA-seq 

Figure 3 B). 
Slic-seq identified 125 146 A-to-I editing sites in human 

r ain mRNA over lapped most with the database (109 667 

ites overlap, accounting for 87.63%) (Figure 3 C), and it 
lso showed a similar ratio in HEK293T cells. Compared 

ith EndoVIPER-seq ( 28 ) results in human brain mRNA, 
hich also uses Endonuclease V to enrich A-to-I tran- 

cripts, Slic-seq performed higher overlap with databases 
Figure 3 C and Supplementary Figure 9A), and Slic-seq 

as a slightly higher proportion of common sites between 

eplicates than EndoVIPER-seq (Supplementary Figure 
B, C). Additionally, we compared mouse brain A-to-I edit- 
ng with Nascent RNA-seq data ( 36 ). This ratio (48.68%) 
as much lower than annotations in the Slic-seq and hu- 
an da tabases, suggesting tha t mouse edited annota tions 

re still insufficient (Figure 3 D). 
To further evaluate the reliability and performance of 

lic-seq, we compared Slic-seq results with published ICE- 
eq ( 23 ) data in human brain RNA. Our two replicates used 

6770037 and 79676223 pairs of r eads, r especti v ely. In the
CE-seq, a single biological replicate contained three sam- 
les (CE-, CE+, CE++) 409 843 384; 459 198 334 and 507 

38 206 pairs of r eads, r especti v ely (Figure 3 E). Slic-seq de-
ected a pproximatel y f our times as man y editing sites, using 

 25% sequencing depth of ICE-seq. 
Most existing methods have difficulty in identifying A- 

o-I editing sites in non-Alu regions, which have relati v ely 

ewer sites and substantial mutations ( 37 ). We then assessed 

he the A-to-T / C / G fractions in Alu elements, non-Alu 

epetiti v e elements and non-repetiti v e elements across dif- 
erent genic regions (intron, exon, 5 

′ UTR, 3 

′ UTR). For 
uman brain mRNA, both RNA-seq and Slic-seq showed 

reat accuracy in all Alu regions, meanwhile Slic-seq can 

ignificantly improve the detection accuracy in non-Alu 

epetiti v e and non-repetiti v e regions (Supplementary Fig- 
re 10A-B) and showed good stability in different replicates 
f different samples (HEK293T, human brain tissue, mouse 
rain tissue). (Supplementary Figure 10A and 10C, D). 
We then used targeted amplicon sequencing to interro- 

ate new editing sites in CDS of human brain. We selected 

4 editing sites detected sim ultaneousl y by two replicates. 
ithin the 27 sites that were successfully amplified, we val- 

dated 26 unique editing sites by Slic-seq, with the editing 

atio from 0.19% to 24.61% (Supplementary Figure11). 
Almost all methods need to remove SNPs when iden- 

ifying confident editing sites. Howe v er, Slic-seq achie v ed 

igh accuracy without SNP removal. We then selected 

-to-G candidate sites at EndoVIPER-seq, ICE-seq and 

N A-seq, w hich had been performed according to the 
especti v e pipeline without SNP removal. By comparing 

he candidate sites and identified sites by Slic-seq with 

NP database, the proportion of SNPs was calculated in 

lic-seq, EndoVIPER-seq, ICE-seq and RNA-seq. In the 
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Figure 2. Slic-seq demonstrates high accurate features of A-to-I editing sites. ( A ) The proportion of A-to-I editing sites identified by Slic-seq from HEK293T 

in (existing sites) or not in (unique sites) REDIportal; ( B ) density plots showing the distribution of distance between the center of inosine peaks / control; 
( C ) sequence motif obtained by HEK293T surrounding the editing sites presented by Slic-seq; ( D ) distribution of A-to-I editing sites and Alu peaks. A- 
to-I editing sites identified in HEK293T are tend to be located in 3 ′ UTRs, which had a similar distribution with Alu distribution; ( E, F ) r epr esentati v e 
views of the inosine sites on mRNA ( SNRPD3 and BPNT1 ) 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 × 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 indica tes tha t Slic-
seq can effecti v ely shield the interference of the A-to-G
mutation caused by non-inosine (Figure 3 F). 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 soma tic muta tions 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 t -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. 
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The correlation between different cells (Figure 4 A) re- 
ected the conservation of A-to-I editing sites ( 37 , 39 ). The 
diting sites of the human mRNA are primarily linked with 

epeat elements. Most of the editing sites were deposited 

n short interspersed nuclear elements (SINEs), and some 
ere distributed in long terminal repeats (LTRs), long inter- 

persed nuclear elements (LINEs), and nonrepeat regions 
Figure 4 B). Among different cells, the transcriptomic dis- 
ribution displayed similar patterns. 
Compared with noncoding sites, editing sites in coding 

 egions (r ecoding sites) wer e much less prevalent. Addition- 
lly, alterations in amino acid assignment resulting from 

-to-I editing in CDS may potentially modulate protein 

unction. Then, we focused on the coding region of editing 

ites. The synonymous and nonsynonymous mutations were 
omparable, accounting for a pproximatel y 25% and 70% 

cross different cell lines, respecti v ely. In addition, some 
diting sites in the CDS resulted in translation termination 
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Figure 4. Transcriptome-wide distribution of inosine re v ealed by Slic-seq in multiple cell. ( A ) Correlation of inosine sites between different cells. A spear- 
man correlation analysis was performed based on the coverage of treated samples; ( B ) the repeat class distribution of editing sites corresponding to inosine 
locus for different cell lines; ( C ) the percentages of different codon mutation types; ( D ) The relati v e position of inosine sites within introns; ( E ) distance 
between two neighboring inosine sites within each gene. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5 × interquartile range; ( F ) 
conserved editing sites in different cells; ( G ) the percentages of editing sites associated with a particular repeat; ( H ) the fractions of A-to-I editing sites 
in different transcript segments; ( I ) relati v e enrichment of A-to-I editing sites across transcript segments; ( J ) gene ontology (GO) analysis suggesting that 
conserved editing sites in different cells are significantly enriched in RNA binding and protein binding; ( K ) conserved sites in human and mouse brain. 
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Figure 4 C). We calculated the relati v e distances of inosine 
ites to intron-exon boundaries in each intron (Figure 4 D). 
he findings showed an e v en distribution of inosine along 

he intron regions, with a slight depletion toward the 3 

′ end. 
sing the inosine positions identified by Slic-seq, we calcu- 

ated the distances between each two adjacent inosine sites 
ithin each gene. Our results verified that two adjacent ino- 

ine sites tended to be clustered ( 40 ) and the distance is gen-
rally < 50nt between neighboring inosine sites (Figure 4 E). 
he distance was slightly shorter than that between tandem 

DAR proteins, which bind dsRNA substrates in the cel- 
ular context ( 41 ). From the perspecti v e of se v eral types of
ells and two brain tissues, editing sites prefer to be within 

he intronic transcripts, 3 

′ UTR regions and non-coding se- 
uences (Supplementary Figure 17). 
To identify functional and vital editing sites, evolution- 

ry conserva tion a t each site should be considered. After- 
ar d, we e valuated the shared editing sites from different 

ells. The 4395 editing sites overlapped with a number of 
nosine-containing genes in fiv e human cell line experiments 
Figure 4 F). These sites were mainly located in SINE ele- 
ent (Figure 4 G), and the remaining sites were scattered 

n 3 

′ UTRs (47.5%), introns (28.1%) and ncRNAs (17.32%) 
Figure 4 H). A pproximatel y 4-fold enrichment ov er the e x-
ected distribution was calculated, and 3 

′ UTR segments 
ere most enriched in editing sites (Figure 4 I). Moreover, 
ene Ontolo gy (GO) anal ysis of the conserved editing sites 

e v ealed that the predominant functions were RNA binding 

nd protein binding (Figure 4 J). 
We then compared editing sites between human and 

ouse brains and found 59 conserved sites (External 
atabases S4), 11 of which were newly identified and 29 of 
hich were deposited on exons (Figure 4 K). We selected 2 

ewly identified sites on exons above. These sites, located 

n genes namely POUSF3 and FBXL17 , ar e pr edicted to 

e located in dsRNA regions in both species (Supplemen- 
ary Figure 18). Due to their low coverage in RNA-seq, 
e are unable to obtain reliable editing rates of the sites. 
artially as the identified conserved sites are, most of them 

re enriched in e xons, v erifying the conservation of exons 
cross species and the nonrandom distribution of editing 

ites. Recent studies have focused on the coding sites and 

ound that highly edited sites are evolutionarily conserved 

n non-primate mammals ( 42 ). 

nalysis of inosine sites in neurological diseases 

-to-I editing has now been identified as a reliable, dif- 
erential biomarker in a number of neurological disor- 
ers. Numerous studies have covered the A-to-I editing of 
lzheimer’s disease ( 43 ) and epilepsy ( 44–47 ), focusing on 

imited editing sites lacking whole transcript-wide assays. 
Accurate detection of differential editing, especially those 

ith low editing rates, is e v en more challenging ( 9 ). We next
xamined the ability of Slic-seq to be applied to detect edit- 
ng differences. We performed Slic-seq on mouse brain tis- 
ue RNA and screened 1005, 1364 and 1570 reliable sites 
n Alzheimer, epilepsy and ageing mouse brain RNAs re- 
pecti v ely for analysis of differential editing sites (Exter- 
al Databases S5), which were both detected in the models 
f disease and normal mouse brain in all replicates (Fig- 
re 5 A). The differential A-to-I editing was based on the 
ifference in the number of edited reads between disease 
amples with normal samples. In Alzheimer’s disease, we 
ound 77 significantly differential edited sites (|log 2 FC| > 1 

nd FDR < 0.05), 70 of which were reduced in cases com- 
ared with the controls (Figure 5 A and B). In epilepsy, 202 

diting sites presented significant differential editing le v els 
|log 2 FC| > 1 and FDR < 0.05), 127 of which exhibited 

ecreased editing le v els (Figure 5 A and C). In ageing, 148 

ites showed statistically significant differential editing lev- 
ls (|log 2 FC| > 1 and FDR < 0.05). On results similar with 

lzheimer’s disease and epilepsy, 118 of which were edited 

own (Figure 5 A and D). Among the differential editing 

ites, we analyzed the expression differences of the genes in 

he corresponding RNA-seq, most genes with differential 
NA editing sites did not display differential gene expres- 

ion (|log 2 FC| > 1 and FDR < 0.05) (Supplementary Figure 
9 and External Databases S5). 

These significantly different sites were consistently re- 
uced in cases compared with controls. With GO analysis, 
e observed significant enrichment for processes in vari- 
us synaptic activity and neurotr ansmitter tr ansport func- 
ions (Figure 5 E–G). Differential RNA editing showed a 

igh relevance to neuronal activity between the case and 

ontrol mice. We further investigated whether the A-to-I 
diting differences in transcripts were impacted by differ- 
ntially expr essed genes. Her e, differ ences in A-to-I edit- 
ng sites displayed a low correlation with differentially ex- 
ressed genes (DEGs) ( r = 0.34 in Alzheimer’s disease, 
 = 0.22 in epilepsy and r = 0.22 in ageing), implying RNA 

diting as a possible post-transcriptional mechanism for the 
egulation of gene expression (Supplementary Figure 20). 

Functional enrichment analysis was performed for genes 
ignificantl y (|lo g 2 FC| > 1 and FDR < 0.05) differentially 

xpressed between cases and controls. We also observed 

inimal overlap between GO terms enriched among edit- 
ng sites and those enriched among DEGs (Supplementary 

igure 21). These results suggest that differential gene ex- 
ression alone does not account for the observed differences 

n editing sites between cases and controls. Compared with 

ifferences in gene expression, differences in A-to-I editing 

howed a stronger correlation with neural activity. These re- 
ults suggest that in neurodegenerati v e diseases, decreased 

-to-I editing in genes involved in synaptic formation and 

n their activity may be responsible for reduced neural 
ctivity. 

ISCUSSION 

dentification of individual editing sites remains diffi- 
ult due to the limitations of RNA-seq experiments, 
hich r equir e large amounts of input RNA material 
nd high sequencing depth. Determining the rare or 
issue / de v elopmental specific sites is difficult due to the 
mall sample size. Editing sites tend to be located in Alu 

sRNAs such secondary structure may impact the incorpo- 
ation into standard RNA-seq libraries. 

In this study, we de v eloped Slic-seq as a new method 

or the enrichment of inosine-containing transcripts from 
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Figure 5. Differential editing sites identified in three neurological diseases of mouse brain tissue. ( A ) Volcano plots showing A-to-I editing differentially 
between WT and treated models. Editing le v el significantly upregulated (red) or downregulated (blue) were identified in brain tissue. Editing sites detected 
in each sample of the control groups and the experimental groups were selected. Editing sites number, Alzheimer’s disease: n = 1005, epilepsy: n = 1346; 
ageing: n = 1570; (B–D) heat map of the significant differential editing sites. ( B ) 77 differential editing sites in Alzheimer’s disease, ( C ) 202 differential 
editing sites in epilepsy; ( D ) 148 differential editing sites in ageing were identified using the edgeR package (FDR < 0.05; log 2 (fold change) > 1); ( E , F ) GO 

analysis of enriched terms of genes with downregulated inosine abundance. GO enrichment analysis of genes with editing sites significantly downregulated 
or upregulated in (E) Alzheimer’s disease, (F) epilepsy and ( G ) ageing. Significance of enrichment was determined by –log 10 (adjusted P value). The P value 
was provided by DAVID online tool and calculated with Fisher’s exact test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cellular RNA. The eEndo V is equally acti v e 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 repetiti v e and non-repetiti v e sequences. Notab ly, the
method is almost SNP-independent, re v ealing its potential
to be applied to other species and further study of editing
functions. 

By a ppl ying 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. Additionall y, we anal yzed 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
le v els. 

We anticipa te tha t the a pproach will substantiall y aug-
ment our knowledge of A-to-I RN A editing, particularl y 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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