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Embryonic stem cells have totipotency and can they are important materials for studying early devel-

develop into various tissues to form a complete opmental, cell differentiation, drug discovery and
embryo [1]. Considering their long-term growth capac- future regenerative medicine. Although there are many
ity of maintaining normal karyotype and pluripotency, related kinds of research, the molecular regulation
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RNA editing during early embryo development in pig

mechanism about the development of early embryo in
mammals is still unclear.

RNA editing is the process of altering genetic infor-
mation at the mRNA level. Specifically, it will present
in the transcription of genes. Due to deletion, insertion
or substitution of a nucleotide [2,3], the sequence of
gene transcript will not be complementary to its cod-
ing sequence in DNA, and the amino acid composition
of the protein produced by the translation will be dif-
ferent from the sequence of the gene. RNA editing can
occur in both coding regions (CDSs) and non-CDSs.
Most RNA editing is observed at the first or second
position of the genetic codon [4], thereby directly alter-
ing the encoded amino acid. In particular, RNA edit-
ing can generate start or stop codons or remove stop
codons to produce different sizes of proteins. As an
important regulatory mechanism of transcription mod-
ification, RNA editing plays an important role in the
realization of gene function [5-7] and the diversifica-
tion of gene products [8-10].

Currently, studies have shown that RNA editing is
associated with a variety of human cancers and con-
tributes to the production and maintenance of cancer
stem cells that control cancer progression and drug
resistance [11]. In the study of sexual reproduction of
fungi, adenosine-to-inosine (A-to-I) editing showed
stage specificity [12]. In addition, with the development
of next-generation sequencing technology, a wide
range of mRNA modifications and their effects on
mammals have been discovered [6,13,14]. There is also
evidence that RNA modification plays an important
role in stem cells [15]. Studies of fetal and adult tissues
showed that A-to-I RNA editing plays a crucial role in
early human development [16], but systematic dynamic
analysis is still needed for RNA editing during the
development of an early embryo in mammal.

In this work, we studied the dynamic process of
RNA editing based on RNA sequencing (RNA-seq)
datasets about early embryonic development. The cell
types of early embryonic development include two-
cell, four-cell, eight-cell, morula and blastocyst. Three
species were analyzed in our work, including human,
mouse and pig. RNA editing occurs throughout the
early embryonic development process, and the highest
number of editing sites is generally in the eight-cell
stage. Interesting, although the majority of editing
sites are in non-CDSs, a few nonsynonymous edited
genes occur. Overall, this study comprehensively ana-
lyzed and compared the RNA editing of early embry-
onic development in human, mouse and pig. Finally,
some edited genes related to stem cell pluripotency,
such as HNFIA, ECII and HOX families, were
found.
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Materials and methods

Transcriptome data and read mapping

We obtained RNA-seq data of whole early embryonic
stages from Gene Expression Omnibus (GEO; https://www.
ncbi.nlm.nih.gov/geo/) (Table S1). The RNA-seq from pig
has been uploaded to the GEO database with GSE139512.
Samples were collected from pig preimplantation embryos.
RNA was harvested using TRIzol reagent. [llumina TruSeq
RNA Sample Prep Kit (Catalog #FC-122-1001) was used
with 1 pg total RNA for the construction of sequencing
libraries. RNA libraries were prepared for sequencing using
standard Illumina protocols. Smart-Seq2 method was used
to amplify the single-cell sample. The sample cDNA was
fragmented into 300 bp; then we performed terminal repair,
addition of A, and ligation of sequencing adapters, and
amplified. The PCR amplification product with 350-450 bp
was extracted. RNA sequences of human and mouse used
to identify editing sites were generated for this study and
obtained from Liu W er al. [17] Wu J et al. [18], Yan L
et al. [19] and Fan X er al. [20]. RNA libraries were
sequenced on Illumina platform using single cells. Yan
et al. sequenced the libraries as single-end reads [19],
whereas others obtained pair-end reads. Reads length of
the data we downloaded from GEO was 100 bp and of the
pig data was 150 bp. Most of the molecules extracted from
the data we used was total RNA, and we integrated RNA-
seq at the same stage to improve the sequencing depth and
coverage. All reads were trimmed and then aligned to the
genome. Use exonerate v2.4.0 [21] was used to reduce
misalignment caused by reads to the location of multiple
sites and misalignments around splice-site junctions. We
(https://github.com/FelixKrueger/
TrimGalore/releases) to filter out reads from all studies that
contained adapters and low quality using ‘--quality 33 --
phred33 --stringency 3 --length 20 —paired’. Reads were
aligned to the human genome (hg38), the pig genome
(susScrll) and the mouse genome (mml0) with HISAT2
(http://github.com/infphilo/hisat2) [22], respectively. The
ensemble gene set is used to generate the transcriptome
index. The files were converted to the bam format available
in SAMtools 1.16 [23]. We tried to remove duplicates of
these files by Picard tools (http://broadinstitute.github.io/pi
card/), and clean reads were integrated. Candidate RNA
editing sites were detected by REDItools [24].

used Trim  Galore

Identification of RNA editing candidates

We used REDItools to detect candidate sites. Finally, we
collected all mismatches between the earlier reads and the
reference genome. Multiple test correction was performed
to correct the P-value using the p.adjust function of r pro-
gram, and editing sites with a false discovery rate >0.05
were removed. The beftools [25] was used to integrate the
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single-nucleotide polymorphism (SNP) location information
in the dbSNP database (http://www.ncbi.nlm.nih.gov/SNP/
), Ensembl (ftp://ftp.ensembl.org/pub/release-98/variation/)
and Sanger Institute (ftp://ftp-mouse.sanger.ac.uk/REL-
1807-SNPs_Indels/mgp.v6.merged.norm.snp.indels.sfiltered.
vef.gz). Then all SNPs in the databases were removed with
bedtools [26]. For rare SNPs filtering, as Ramaswami
points out, true editing sites often exist in different individ-
uals, and rare SNPs are probably not present [17]. So we
also filtered out candidate RNA variants if their editing fre-
quency = 1. These methods are used to reduce the interfer-
ence of gene mutations. We downloaded the repeat
sequences from the University of California, Santa Cruz
(http://genome.ucsc.edu). Alu sequences were extracted
with the Python program; then the editing sites on the Alu
were analyzed.

Annotate RNA editing sites

We used the ANNOVAR software [28] to annotate RNA edit-
ing. The referential gene set used for annotation was from
Ensembl and National Center for Biotechnology Informa-
tion databases. The ANNOVAR was written by the Perl pro-
gramming language, and it classifies the RNA editing sites
we have obtained to determine which positions of the genes
are causing protein mutations. Finally, the results showed
that there were not many mutations in the exon.

Essential and nonessential genes

Essential (Ess) and nonessential (Noness) genes from
human and mouse were obtained from the OGEE (Online
GEne Essentiality) database. The human gene in the data-
base contained datasets from multiple laboratories and was
processed by different experiments. Therefore, this may
misclassify many human Ess genes as Noness genes and
mismatch some Noness human genes into Ess genes. There
is only one dataset of mice in the database, resulting in
insufficient data. So we used Gene Importance Calculator
(GIC) [29] to calculate the importance of the editing genes.
So there were two types of genes, Ess genes and Noness
genes. On this basis, we still found there were significant
differences of edited gene numbers between Ess and Noness
genes. All of the analysis of the y° test and F test for the
earlier data was based on R program.

Gene Ontology analysis

The gene set enrichment analysis was performed on R pack-
age clusterProfiler [30] and Metascape (http://metascape.org)
[31]. To identify Gene Ontology (GO) categories that are
enriched in a specific set of genes, we performed GO analysis
not only on all the genes that have RNA editing but also on
genes that have undergone nonsynonymous editing.

RNA editing during early embryo development in pig

Protein structure prediction

We downloaded the gene sequence from National Center
for Biotechnology Information and modified the editing site
in the sequence. PSIPRED was used to predict the sec-
ondary structure of the two sequences [32]. We retain the
genes for the amino acid changes caused by RNA editing.
Meanwhile, we used SWISS-MODEL to predict the tertiary
structure of proteins [33], and we also used Tm-align [34]
to ensure that the structure views are intercomparable. Dis-
covery Studio (https://www.3dsbiovia.com/products/collabo
rative-science/biovia-discovery-studio/)  was  used  to
visualize structures.

Results

Editing sites vary in different stages and
chromosomes

We analyzed five stages in the early embryonic devel-
opment of human, mouse and pig, including two-cell,
four-cell, eight-cell, morula and blastocyst (Table S1).
We can find that when the number of samples
increases, the possibility of RNA editing detection will
increase through Fig. 1A-C. It is also found that
RNA editing differs in different stages, chromosomes
and editing types. In human, RNA editing sites are
concentrated on chromosome 1. Editing sites in pig
are not only concentrated on chromosome 1 but also
on chromosome 6. Unlike human and pig, RNA edit-
ing occurs mostly on chromosomes 1, 4, 13 and 17 in
mouse (Fig. 1D). We then focused on the chromo-
somes that had a large number of edits and made
function enrichment analysis. Results showed that the
edited genes on chromosome 4 in mouse mainly
related to RNA processing (Fig. S1), especially related
to pre-miRNAs, and RNA editing genes in chromo-
some 17 in mouse are involved in immune processes
such as antigens (Fig. S1). Moreover, the enrichment
of chromosome 6 in pig was mainly related to lipid
metabolism (Fig. S1). The main types of nucleotide
substitutions in human are A-to-I and uridine-to-cy-
tidine (U-to-C), whereas in pig and mouse, cytidine-to-
uridine (C-to-U) and guanosine-to-adenosine (G-to-A)
are also in the top of the list (Fig. 1E-G). False-posi-
tive results were reduced by using exonerate v2.4.0
(Fig. S2). A-to-I substitution is more common in
human, mainly due to the presence of Alu repeats in
its genome. In the early development of human
embryos, 25 686 A-to-I RNA editing events were iden-
tified (Table 1). A-to-I events occurred mainly in the
Alu region (Table S2 and Fig. S2). The Alu sequence
is a moderately repeating sequence unique to primates
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Fig. 1. Distributions of RNA editing in different species, stages and chromosomes. (A-C) The relationships between the number of samples, the
number of editing sites and the number of edited genes in different cells. The x axis is the phase of early embryonic development, and the y axis is
the number of samples (left), the number of editing sites and the number of edited genes after deduplication (right). (D) The distribution of editing
site numbers among different chromosomes. (E-G) Bar graphs represent nucleotide changes found by the REDItools. The x axis is 12-nucleotide
changes, and the y axis is the number of edits. From left to right are human, mouse and pig. (H) Distribution of the Alu region and the number of
editing sites during early embryonic development. Red represents the number of editing sites occurring in the Alu region, and orange represents
the number of all RNA editing sites. (I) The percentage of editing sites in the repeat sequence for human. The x axis is the percentage of editing
sites in the Alu, and the y axis is the different developmental stages. Red is the proportion of the editing sites occurring in the Alu region, green is
the repeating region except Alu, and yellow is the non-repeating region.

[27,35]. In addition, the number of RNA editing events
in the Alu regions at the eight-cell stage remains the
highest (Fig. 1H). However, the proportion of editing
events in the Alu region is reduced during the develop-
ment of the early embryo (Fig. 11 and Table S3). The
results are consistent with previous research. Shtrich-
man et al. found that the RNA editing activity of Alu
in human fetal tissue samples decreased relative to
adult tissue samples [16]. The reason is not clear, and
it may be related to the need for division and differen-
tiation during embryonic development.

Nonsynonymous RNA editing in the early
embryo

According to our analysis, RNA editing in early
embryo occurs mainly in intergenic regions, introns
and UTRs, regardless of species (Fig. 2A,C.E). At the
same time, we identified 4159, 4516 and 16 202 editing
sites in protein CDSs of human, mouse and pig,
respectively. In human, 2783 editing sites that result
from nonsynonymous changes were detected, and they
occupied about two-thirds of the total RNA editing
number (Fig. 2B). Similar results were found in mouse
and pig, with 2923 and 8196 nonsynonymous RNA
editing sites, respectively (Fig. 2D.F). These results
indicate that RNA editing may play important roles
during early embryo development.

To explore the relationship of RNA editing level in
early embryonic development, we observed the distri-
bution in the three species. RNA editing level is the
ratio of the number of RNA-seq reads, which is differ-
ent from the reference base by the total number of
reads covering the site [36]. We reserved the editing
sites with the edit frequency in the range of greater
than 0 and less than 1, and the result showed that the
median of editing level remained between 45% and
55% (Fig. 2H). Similar results have also been observed
in the study of Qiu ez al. [37]. They believe that this is
due to the difference in the expression levels of

ADARI, ADAR2 and ADARS3 genes at different stages
[37]. Therefore, we speculate that this tendency is
related to the expression level of RNA editing enzymes
during early human embryonic development. We
noticed the increase of RNA editing level occurred in
the blastocyst stage in pig, indicating that the editing
enzyme will be significantly high expression in this per-
iod. Interesting, we also found that not only synony-
mous mutation but also nonsynonymous mutation pig
has higher editing levels in CDSs than human and
mouse (Fig. 2G,H). However, human has the lowest
frequency of editing in CDSs.

RNA editing trends to present in nonessential
genes

To investigate whether the editing site is biased in the
gene, we identified the necessity of the editing gene.
Ess genes are those that are vital to the survival of
organisms, whereas the rest are not necessary. They
depend on external conditions, not intrinsic properties.
First, we obtained Ess and Noness genes of human
and mouse from the OGEE database [38]. Then, to
reduce the impact of multiple datasets in human, we
obtained 14 571 genes after removing the repetitive
and controversial genes. There was only one dataset in
mouse, including 9042 genes (Table S4). We also used
GIC to calculate the importance of 3776 editing genes
in mouse. Genes with GIC score >0.5 were recorded as
Ess genes. Thus, the number of Ess genes in mouse
increased to 1705, and the number of Noness genes
increased by 2072 (Table S4). In humans, we found
140 Ess genes for RNA editing and 8934 Noness
genes. Specific data are stored in Table S4. Among
them, the number distribution of the edited gene num-
ber on the Ess gene and the Noness gene was signifi-
cantly different from that of the unedited gene
(P =0.0003, Fig. 3A). Similarly, results were observed
in mouse (P < 0.0001, Fig. 3D). Then, we counted the
Ess and Noness genes at the editing site of the CDS

FEBS Open Bio 10 (2020) 1389-1402 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 1393



RNA editing during early embryo development in pig

Table 1. Numbers and percentages of different types of RNA editing in human.
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(Fig. 3B,E). Also, in CDSs, the number of nonsyn-
onymous edits in human is significantly higher than
synonymous editing (Fig. 3B), and the same result in
mouse (Fig. 3E). To investigate whether these non-
synonymous editing genes differ in the necessity of
gene, we first divided these nonsynonymous editing
genes into two categories according to necessity, and
then performed F test on their editing frequency.
Strikingly, there was a significant difference in the
editing frequency of Ess and Noness genes
(P =0.0010 in Fig. 3C and P = 0.0335 in Fig. 3F).
This observation is consistent with the results in
Fig. 2G, where nonsynonymous editing has a lower
frequency than synonymous editing. This is consistent
with previous studies. In summary, we verified that
RNA editing tends to present in Noness genes, and
that similar results exist in human and mouse.

Function of specific nonsynonymously RNA
edited genes

We combined the earlier genes, including 2065 genes
in human, 1925 in mouse and 4015 in pig (Fig. 4A).
Based on all of the numbers of nonsynonymous edit-
ing genes, we found that they present a U-shaped
trend during early embryonic development (Fig. S3).
According to the selected genes, we know that there
are more intersections between human and pig edited
genes, and the relationship is closer (Fig. 4A). The
tree diagram shows a close relationship between
human and mouse (http://www.timetree.org/) [39]
(Fig. 4B). The close relationship between human and
mouse is based on the whole-genome sequencing,
according to past research. We found that human
and pig shared more genes during embryonic devel-
opment. The percentage of RNA editing genes in
both human and pig accounts for 10.8% of all non-
synonymous editing genes (Fig. 4A). All three species
had 169 editing genes, accounting for 2.6%. Enrich-
ment analysis of these 169 genes showed that they
were mainly related to signal regulation, metabolic
processes and reproductive system development
(Fig. S4 and Table S5). Differential RNA editing
levels were observed within 169 genes (Fig. 4C and
S5). The editing level of these genes is dynamic, high
or low, especially in the case of incomplete genome
annotation in pigs, among which there may be unde-
leted SNPs.

GO analysis indicates that these genes can be
divided into genes that play a role in basic processes
(energy production, DNA repair, RNA processing,
mitosis) and are involved in developmental differenti-
ation (cell differentiation, regulation of cell

FEBS Open Bio 10 (2020) 1389-1402 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.
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Fig. 3. RNA editing sites in Ess and Noness genes. (A, D) Differences in the number of Ess genes between edited and unedited genes
(P=0.0003 in A; P<0.0001 in D). The unedited genes here refer to the genes we obtained from OGEE and GIC, which are not present in
the edited gene sets we have detected. (B, E) Edited gene numbers in CDSs are different between Ess and Noness genes (P = 0.2851 in
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are shown. The P values are from y? tests (A, B, D, E) and from F test (C, F). Ess, Essential; Noness, Non-essential; nonsy, predicted

nonsynonymous substitution; sy, predicted synonymous substitution.

proliferation, embryonic organ development, signal
regulation and histone methylation) (Fig. 4D-F and
Tables 2 and S6). In particular, GO analysis of pig
edited genes showed that they are mostly related to
metabolic  processes, especially lipid metabolism
(Fig. 4F). One reason is that embryonic development
requires a variety of energy support, and the other rea-
son is based on the research of Zhang er al. [40] and
Suzuki et al. [41], in which a large number of lipids
are present in early embryos and have a positive effect
on their development.

RNA editing can change the secondary or tertiary
structure of proteins

Finally, we selected representative genes, such as the
human HOX family genes and RIFI; the pig genes

included CD46, ACLY, CLN3, among others; and the
mouse genes were H2-DMA, KHDCIB, HJURP,
ERDRI and so on. The functions are mainly related
to the regulation, proliferation and development of
embryonic stem cells and energy metabolism (Table 3).
Through predicting the protein structure of the earlier
genes, the result shows that some have changed the
secondary structure and others have changed the ter-
tiary structure. For example, edited ECII/ and HNFIA
can change its protein secondary and tertiary struc-
tures (Fig. 5). Moreover, before the RNA editing of
ECII, the amino acids at positions 17 and 90 were
close to each other, and when they were edited, they
separated, resulting in a tertiary structural change
(Fig. S6). HNFIA-related long noncoding RNAs
(IncRNAs) are known to be involved with the regula-
tion of proliferation and migration of esophageal
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adenocarcinoma cells [42]. And Zhang et al. [43] study Discussion
found that ECII is related to lipid metabolism. Among
these proteins, ECII is an auxiliary enzyme in the
beta-oxidation of polyunsaturated fatty acids.

RNA samples were extracted from early embryonic
development tissues to detect RNA editing events. We
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Table 2. GO analysis for genes that produced nonsynonymous editing. Only significant GO terms with an enrichment value P < 0.005 are

presented.
No. of
Species  GO_term Example gene P-value genes
Human  Regulation of chromosome APC/RIF1/JARID2 0.000286512 3
organization
Regulation of histone methylation RIF1/JARID2 0.000787868 2
Maintenance of cell number TBX3/RIF1/POU5F1 0.001130463 3
Embryonic germ layer development INHBA/DVL1/POUSF1/BMPR2/ACVR2A/AXINT ~ 4.89E—8 6
Regulation of signaling pathway APC/DVL1/FZD6/AXINT 3.62E-5 4
Stem cell population maintenance TBX3/RIF1/POU5F1 0.00079208 3
Regulation of stem cell proliferation TBX3/PAX6 8.80E—5 2
Pig Lipid metabolic process ACLY/CLN3/AGK/PTGR1/FAR1/PNPLA4/ 4.52E-5 67
HADHA
Cellular lipid metabolic process CLN3/AGK/PTGR1/PNPLA4/HADHA 0.00054275 48
Alcohol metabolic process PMVK/HMGCR/LDLR/CYP7A1/INSIGZ/PRKAA2  0.000344265 21
Organic acid catabolic process HYAL2/HADHA/DLST/ETFB/GOT1/AMT 0.000512426 16
Cell development and differentiation PRKAR2A/FZR1/PRKAR1A/GDF9/PDE3A 417E-6 12
lon homeostasis CLN3/NUBP1/SEXN1/ATP1A1/SLCIAT 0.000277434 37
Multiorganism reproductive process PRKAR2A/FZR1/PRKAR1A/GDF9/CD46 0.00055712 43
Regulation of cell maturation PRKAR2A/FZR1/PRKAR1A/GDF9/CDC20 3.16E-5 11
Mouse  DNA repair Usp1/Ticrr/Smc4/Rbbp8/Uhrf1/Pnp 3.6632436754777E-11 35
RNA transport Tpr/Alkbh5/Nup214/Xpob/Seh1L/Ahctf1 0.000177271 15
Interkinetic nuclear migration Tacc3/Hhex/Hook3/Dock7 2.83E—583374166 4
In utero embryonic development Ttn/Cnot1/Acvr1/E218/Tbx3/Hectd1/Chd7 0.001310038 7
Multicellular organism growth Celf1/Chd7/Rmi1/H2-Q2/Daxx 0.00216228 20
Antigen processing H2-Dmb2/H2-Dmb1/H2-Dma/H2-Q1/H2-Q2 3.01E—-6 18

found that RNA editing does exist in early human
embryogenesis. After obtaining the candidate genes,
we not only compared the editing events of five embry-
onic stages but also analyzed the differences of RNA
editing among human, mouse and pig. Finally, we
selected candidate edited genes that are related to the
characteristics of stem cells.

Our study found that the number of RNA editing
sites has little to do with the number of samples and is
related to physiological needs during embryonic devel-
opment. We found that the number of A-to-I RNA
editing in Alu sequences was significantly higher in
human, which is consistent with previous studies
[34,44,45]. The structure of the Alu repeat region
sequence is a major prerequisite for most A-to-I RNA
editing. Osenberg er al. [46] described A-to-I RNA
editing and spontaneous differentiation in human
embryonic stem cell (hESCs) neurons [46]. They
pointed out the high level of RNA editing in Alu
repeat elements in the hESCs. In our study, we also
found that A-to-I editing events occur more frequently
in Alu sequences during early embryonic development,
and RNA editing is critical for the viability and nor-
mal development of organisms. In this study, we
focused on RNA editing in the CDSs. The results

showed that nonsynonymous editing was less frequent
than synonymous editing. In addition, our results not
only indicate that RNA editing was different between
Ess and Noness genes but also showed that nonsyn-
onymous editing frequency is significantly different
from synonymous editing frequency. A study of the A-
to-I editing sites by Xu and Zhang [46] showed similar
results, which showed that RNA editing was less com-
mon in Ess genes than in Noness genes [47]. After
removing the known SNPs, we obtained all the genes
that were nonsynonymously edited. We have selected
the potential genes, and in the human results, the
HOX family genes were more novel. In the early
embryonic development of pig, we found that these
genes are mainly involved in fat metabolism. More-
over, Zhang et al. studied the reprogramming of iPSCs
in pig and analyzed the expression of pig polymorphic
genes [41]. The results showed that lipid metabolism
contributed to the derivation of pig embryonic stem
cells. Among them, ECII changed the secondary and
tertiary structure of the protein by RNA editing. As
an important domestic animal, pig is not only the
main source of meat for human beings but also an
indispensable model animal in biomedical research. In
the breeding process of pigs, it is very important to
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Table 3. Genes related to embryonic stem cell characteristics
were selected based on GO analysis.

Species Gene Chromosome  Functional description

Human  RIFT1 chr2 Transcriptional regulatory
network in embryonic stem
cell and signaling pathways

regulating pluripotency of

stem cells
POU5F1  chr6 This gene encodes a
(Hox) transcription factor

containing a POU
homeodomain that plays a
key role in embryonic
development and stem cell
pluripotency

Transcriptional regulatory
network in embryonic stem

cell
ZFHX3 chr16 Transcriptional regulatory
(Hox) network in embryonic stem

cell and circadian rhythm-
related genes

HNF1A chr12 ERK signaling and

(Hox) adipogenesis

MEIST chr2 Homeobox genes, of which
(Hox) the most well-characterized
category is represented by
the HOX genes, play a
crucial role in normal
development

Transcriptional regulatory
network in embryonic stem
cell

The protein encoded by this
gene may be involved in the
fusion of the spermatozoa
with the oocyte during
fertilization

Complement and coagulation
cascades and complement
pathway

ATP citrate lyase is involved
in lipogenesis and
cholesterol production
Metabolism and integration
of energy metabolism

This gene encodes a protein
that is involved in lysosomal
function

Cell migration and transport;
metabolic process

Major histocompatibility
complex class Il protein
complex binding
Multicellular organism
development; cell
development process;

Pig CD46 chr9

ACLY chr12

CLN3 chr3

Mouse  H2-DMA chr17

RNA editing during early embryo development in pig

Table 3. (Continued).

Species  Gene Chromosome  Functional description

development of the immune
system

Activation of cysteine-type
endopeptidase activity
involved in apoptotic
process

Apoptotic process; biological
regulation

Chromosome segregation
Cell cycle, mitotic and
chromosome maintenance
Negative regulation of cell
migration, cell proliferation;
somatic stem cell population
maintenance

KHDC1B chril

HJURP  chrl

ERDR1  chrY

ERK, Extracellular signal-regulated kinase.

increase the exploration of economic traits of pigs. We
performed a detailed comparative analysis of the RNA
editing levels of pig embryo development to expect to
find genes associated with pig economic traits, such as
participation in fat metabolism. In general, we have
provided new insights into the breeding of pigs.

Our study was novel because we performed RNA
editing analysis on the early embryonic developmental
stages of three species. The purpose of this study was
to mine genes that have undergone RNA editing during
early embryonic development, and to explore the distri-
bution of RNA editing in CDSs and non-CDSs, with
particular attention to the editing sites associated with
embryonic stem genes, to provide insights into the
maintenance of stem cell characteristics. Our next step
is to show a conservative relationship among the three
species. Also, the relationship between RNA editing
differences and RNA editing enzymes in early embry-
onic development remains to be further revealed.
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Fig. 5. Protein structure prediction. (A) Structure prediction of HNFTA gene protein. The editing sites at 401 did not change the secondary
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Data accessibility and HL analysed data; TTL, NZ and ZYC drafted the
manuscript; XGW, JYH, AWD and TL made manu-
script revisions. All authors read and approved the
final manuscript.

The RNA-seq from pig has been uploaded to the
GEO database (https://www.ncbi.nlm.nih.gov/geo/)
under series GSE139512.

. . References
Author contributions

1 Murry CE and Keller G (2008) Differentiation of
embryonic stem cells to clinically relevant populations:
lessons from embryonic development. Cell 132, 661-680.

MZL, JLH and ZHL conceived and supervised the
study; TTL, QL and HL designed experiments; XX,
AWD and XGW performed experiments; TTL, QL

1400 FEBS Open Bio 10 (2020) 1389-1402 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.


https://www.ncbi.nlm.nih.gov/geo/
http://GSE139512

T. Lietal

2

10

11

12

13

14

15

FEBS Open Bio 10 (2020) 1389-1402 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Tang W, Fei Y and Page M (2012) Biological
significance of RNA editing in cells. Mol Biotechnol 52,
91-100.

Niswender CM (1998) Recent advances in mammalian
RNA editing. Cell Mol Life Sci 54, 946-964.

He P, Huang S, Xiao G, Zhang Y and Yu J (2016)
Abundant RNA editing sites of chloroplast protein-
coding genes in Ginkgo biloba and an evolutionary
pattern analysis. BMC Plant Biol 16, 257.

Paz-Yaacov N, Bazak L, Buchumenski I, Porath HT,
Danan-Gotthold M, Knisbacher BA, Eisenberg E and
Levanon EY (2015) Elevated RNA editing activity is a
major contributor to transcriptomic diversity in tumors.
Cell Rep 13, 267-276.

Licht K and Jantsch MF (2016) Rapid and dynamic
transcriptome regulation by RNA editing and RNA
modifications. J Cell Biol 213, 15-22.
Liscovitch-Brauer N, Alon S, Porath HT, Elstein B,
Unger R, Ziv T, Admon A, Levanon EY, Rosenthal
JJC and Eisenberg E (2017) Trade-off between
transcriptome plasticity and genome evolution in
cephalopods. Cell 169, 191-202.el1.

O’Neil RT, Wang X, Morabito MV and Emeson RB
(2017) Comparative analysis of A-to-I editing in human
and non-human primate brains reveals conserved
patterns and context-dependent regulation of RNA
editing. Mol Brain 10, 11.

Dillman AA, Hauser DN, Gibbs JR, Nalls MA, McCoy
MK, Rudenko IN, Galter D and Cookson MR (2013)
mRNA expression, splicing and editing in the
embryonic and adult mouse cerebral cortex. Nat
Neurosci 16, 499-506.

Goldstein B, Agranat-Tamir L, Light D, Ben-Naim
Zgayer O, Fishman A and Lamm AT (2017) A-to-I
RNA editing promotes developmental stage-specific
gene and IncRNA expression. Genome Res 27, 462—
470.

Crews LA, Jiang Q, Zipeto MA, Lazzari E, Court AC,
Ali S, Barrett CL, Frazer KA and Jamieson C (2015)
An RNA editing fingerprint of cancer stem cell
reprogramming. J Trans! Med 13, 52.

Liu H, Li Y, Chen D, Qi Z, Wang Q, Wang J, Jiang C
and Xu JR (2017) A-to-1 RNA editing is
developmentally regulated and generally adaptive for
sexual reproduction in Neurospora crassa. Proc Natl
Acad Sci USA 114, E7756-E7765.

Ben-Haim MS, Moshitch-Moshkovitz S and Rechavi G
(2015) FTO: linking m6A demethylation to
adipogenesis. Cell Res 25, 3-4.

Gilbert WV, Bell TA and Schaening C (2016)
Messenger RNA modifications: form, distribution, and
function. Science 352, 1408-1412.

Morena F, Argentati C, Bazzucchi M, Emiliani C and
Martino S (2018) Above the epitranscriptome: RNA
modifications and stem cell identity. Genes 9, 329.

20

21

22

23

24

25

26

27

28

29

RNA editing during early embryo development in pig

Shtrichman, R., Germanguz I, Mandel R, Ziskind A,
Nahor I, Safran M, Osenberg S, Sherf O, Rechavi G
and Itskovitz-Eldor J (2012) Altered A-to-I RNA
editing in human embryogenesis. PLoS One 7, ¢41576.
Liu W, Liu X, Wang C, Gao Y, Gao R, Kou X, Zhao
Y, LiJ, WuY, Xiu W et al. (2016) Identification of key
factors conquering developmental arrest of somatic cell
cloned embryos by combining embryo biopsy and
single-cell sequencing. Cell Discov 2, 16010.

Wu J, Huang B, Chen H, Yin Q, Liu Y, Xiang
Y, Zhang B, Liu B, Wang Q, Xia W et al. (2016)
The landscape of accessible chromatin in
mammalian preimplantation embryos. Nature 534,
652-657.

Yan L, Yang M, Guo H, Yang L, Wu J, Li R, Liu P,
Lian Y, Zheng X, Yan J et al. (2013) Single-cell RNA-
Seq profiling of human preimplantation embryos and
embryonic stem cells. Nat Struct Mol Biol 20, 1131—
1139.

Fan X, Zhang X, Wu X, Guo H, Hu Y, Tang F and
Huang Y (2015) Single-cell RNA-seq transcriptome
analysis of linear and circular RNAs in mouse
preimplantation embryos. Genome Biol 16, 148.

Slater, G.S. and Birney, E. (2005). Automated
generation of heuristics for biological sequence
comparison. BMC Bioinformatics 6, 31.

Kim D, Langmead B and Salzberg SL (2015) HISAT: a
fast spliced aligner with low memory requirements. Nat
Methods 12, 357-360.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J,
Homer N, Marth G, Abecasis G and Durbin R (2009)
The sequence alignment/Map format and SAMtools.
Bioinformatics 25, 2078-2079.

Picardi E and Pesole G (2013) REDItools: high-
throughput RNA editing detection made easy.
Bioinformatics 29, 1813-1814.

Narasimhan V, Danecek P, Scally A, Xue Y, Tyler-
Smith C and Durbin R (2016) BCFtools/RoH: a hidden
Markov model approach for detecting autozygosity
from next-generation sequencing data. Bioinformatics
32, 1749-1751.

Quinlan AR. (2014). BEDTools: the Swiss-Army tool
for genome feature analysis. Curr Protoc Bioinformatics
47, 11.12.1-34.

Ramaswami, G., Lin, W., Piskol, R., Tan, M.H.,
Davis, C. and Li, J.B. (2012). Accurate identification of
human Alu and non-Alu RNA editing sites. Nat
Methods 9, 579-81.

Wang, K., Li, M. and Hakonarson, H. (2010).
ANNOVAR: functional annotation of genetic variants
from high-throughput sequencing data. Nucleic Acids
Res 38, el64.

Zeng P, Chen J, Meng Y, Zhou Y, Yang J and Cui Q
(2018) Defining essentiality score of protein-coding
genes and long noncoding RNAs. Front Genet 9, 380.

1401



RNA editing during early embryo development in pig

30 Yu G, Wang LG, Han Y and He QY (2012)
clusterProfiler: an R package for comparing biological
themes among gene clusters. OMICS 16, 284-287.

31 Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi
AH, Tanaseichuk O, Benner C and Chanda SK (2019)
Metascape provides a biologist-oriented resource for the
analysis of systems-level datasets. Nat Commun 10,
1523.

32 McGuffin LJ, Bryson K and Jones DT (2000) The
PSIPRED protein structure prediction server.
Bioinformatics 16, 404—405.

33 Waterhouse A, Bertoni M, Bienert S, Studer G,
Tauriello G, Gumienny R, Heer FT, de Beer TAP,
Rempfer C, Bordoli L et al. (2018) SWISS-MODEL.:
homology modelling of protein structures and
complexes. Nucleic Acids Res 46, W296-W303.

34 Zhang Y and Skolnick J (2005) TM-align: a protein
structure alignment algorithm based on the TM-score.
Nucleic Acids Res 33, 2302-2309.

35 Lazzari E, Mondala PK, Santos ND, Miller AC,
Pineda G, Jiang Q, Leu H, Ali SA, Ganesan A-P, Wu
CN et al. (2017) Alu-dependent RNA editing of GLI1
promotes malignant regeneration in multiple myeloma.
Nat Commun 8, 1922.

36 Neeman Y, Levanon EY, Jantsch MF and Eisenberg
E (2006) RNA editing level in the mouse is
determined by the genomic repeat repertoire. RNA 12,
1802-1809.

37 Qiu S, Li W, Xiong H, Liu D, Bai Y, Wu K, Zhang X,
Yang H, Ma K, Hou Y et al. (2016) Single-cell RNA
sequencing reveals dynamic changes in A-to-I RNA
editome during early human embryogenesis. BMC
Genom 17, 766.

38 Chen WH, Minguez P, Lercher MJ and Bork P (2012)
OGEE: an online gene essentiality database. Nucleic
Acids Res 40, D901-D906.

39 Kumar S, Stecher G, Suleski M and Hedges SB (2017)
TimeTree: a resource for timelines, timetrees, and
divergence times. Mol Biol Evol 34, 1812-1819.

40 Zhang W, Wang H, Zhang S, Zhong L, Wang Y, Pei
Y, Han J and Cao S (2018) Lipid supplement in the
cultural condition facilitates the porcine iPSC
derivation through cAMP/PKA/CREB signal pathway.
Int J Mol Sci 19, 509.

41 Suzuki C, Sakaguchi Y, Hoshi H and Yoshioka K
(2016) Lipid-rich bovine serum albumin improves the
viability and hatching ability of porcine blastocysts
produced in vitro. J Reprod Dev 62, 79-86.

42 Yang X, Song JH, Cheng Y, Wu W, Bhagat T, Yu Y,
Abraham JM, Ibrahim S, Ravich W, Roland BC et al.
(2014) Long non-coding RNA HNF1A-ASI regulates
proliferation and migration in oesophageal
adenocarcinoma cells. Gur 63, 881-890.

T. Li et al

43 Zhang JZ, Gao Y, Lu QP, Sa RN and Zhang HF
(2015) iTRAQ-based quantitative proteomic analysis of
longissimus muscle from growing pigs with dietary
supplementation of non-starch polysaccharide enzymes.
J Zhejiang Univ Sci B 16, 465-478.

44 Daniel C, Lagergren J and Ohman M (2015) RNA
editing of non-coding RNA and its role in gene
regulation. Biochimie 117, 22-27.

45 Nishikura K (2016) A-to-I editing of coding and non-
coding RNAs by ADARs. Nat Rev Mol Cell Biol 17,
83-96.

46 Osenberg S, Paz Yaacov N, Safran M, Moshkovitz S,
Shtrichman R, Sherf O, Jacob-Hirsch J, Keshet G,
Amariglio N, Itskovitz-Eldor J et al. (2010) Alu
sequences in undifferentiated human embryonic stem
cells display high levels of A-to-I RNA editing. PLoS
One 5, el1173.

47 Xu G and Zhang J (2014) Human coding RNA editing
is generally nonadaptive. Proc Natl Acad Sci USA 111,
3769-3774.

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. Enrichment analysis of the edited genes occur-
ring on chromosome.

Fig. S2. The ratio of RNA editing before and after
exonerate v2.4.0 was used.

Fig. S3. Dynamic changes of nonsynonymous editing
genes.

Fig. S4. Gene enrichment analysis of the intersection
of nonsynonymous editing genes in three species dur-
ing the development of the early embryo.

Fig. S5. The editing frequency of the intersection genes
of human, mouse and pig in different cells.

Fig. S6. Tertiary structure of protein before and after
RNA editing.

Table S1. Statistics of the samples.

Table S2. Numbers and percentages of RNA editing
sites in the human identified by REDItools using
RNA reads as inputs.

Table S3. Statistics for nonsynonymous and synony-
mous editing sites in different stage.

Table S4. Essential and nonessential genes in human
and mouse.

Table S5. GO analyzed 169 genes that intersect in
human, mouse and pig.

Table S6. GO analysis for genes that produced non-
synonymous editing.

1402 FEBS Open Bio 10 (2020) 1389-1402 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.



	Outline placeholder
	feb412900-aff-0001
	feb412900-aff-0002
	feb412900-aff-0003
	feb412900-aff-0004
	feb412900-aff-0005

	 Mate�ri�als and meth�ods
	 Tran�scrip�tome data and read map�ping
	 Iden�ti�fi�ca�tion of RNA edit�ing can�di�dates
	 Anno�tate RNA edit�ing sites
	 Essen�tial and nonessen�tial genes
	 Gene Ontol�ogy anal�y�sis
	 Protein struc�ture pre�dic�tion

	 Results
	 Edit�ing sites vary in dif�fer�ent stages and chro�mo�somes
	 Non�syn�ony�mous RNA edit�ing in the early embryo
	 RNA edit�ing trends to pre�sent in nonessen�tial genes
	feb412900-fig-0001
	 Func�tion of speci�fic non�syn�ony�mously RNA edited genes
	feb412900-tbl-0001
	feb412900-fig-0002
	 RNA edit�ing can change the sec�ondary or ter�tiary struc�ture of pro�teins
	feb412900-fig-0003

	 Dis�cus�sion
	feb412900-fig-0004
	feb412900-tbl-0002

	 Acknowl�edge�ments
	 Con�flict of inter�est
	feb412900-tbl-0003

	 Data acces�si�bil�ity
	 Author con�tri�bu�tions
	feb412900-bib-0001
	feb412900-fig-0005
	feb412900-bib-0002
	feb412900-bib-0003
	feb412900-bib-0004
	feb412900-bib-0005
	feb412900-bib-0006
	feb412900-bib-0007
	feb412900-bib-0008
	feb412900-bib-0009
	feb412900-bib-0010
	feb412900-bib-0011
	feb412900-bib-0012
	feb412900-bib-0013
	feb412900-bib-0014
	feb412900-bib-0015
	feb412900-bib-0016
	feb412900-bib-0017
	feb412900-bib-0018
	feb412900-bib-0019
	feb412900-bib-0020
	feb412900-bib-0021
	feb412900-bib-0022
	feb412900-bib-0023
	feb412900-bib-0024
	feb412900-bib-0025
	feb412900-bib-0026
	feb412900-bib-0027
	feb412900-bib-0028
	feb412900-bib-0029
	feb412900-bib-0030
	feb412900-bib-0031
	feb412900-bib-0032
	feb412900-bib-0033
	feb412900-bib-0034
	feb412900-bib-0035
	feb412900-bib-0036
	feb412900-bib-0037
	feb412900-bib-0038
	feb412900-bib-0039
	feb412900-bib-0040
	feb412900-bib-0041
	feb412900-bib-0042
	feb412900-bib-0043
	feb412900-bib-0044
	feb412900-bib-0045
	feb412900-bib-0046
	feb412900-bib-0047


