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Abstract

Background
Imprinted genes—exhibiting parent-speci�c transcription—play essential roles in the process of
mammalian development and growth. To further understand the imprinted genes involved in skeletal
muscle development, DNA-seq and RNA-seq were used to explore the characteristics of imprinted genes
involved in skeletal muscle development from porcine reciprocal crosses.

Results
A total of 211 paternally and 417 maternally imprinted genes were obtained in this study. Of the
candidate imprinted genes, 50 paternally and 112 maternally imprinted genes possessed cytosine and
guanine dinucleotide (CpG) islands in their promoters that may have regulated the imprinted gene
expression. Imprint-related motifs were predicted and PBX1 motifs may mediate the expression of
imprinted genes in the process of skeletal-muscle development. Functional analysis showed that a
maternally imprinted gene of EPHB1 was involved in skeletal muscle cell proliferation. Imprinted genes
involved in the biological processes of cell proliferation, differentiation and fusion were also analyzed.
More maternally imprinted genes, including ADRA1D, E2F1, FBXO40, GHRH and WNT5A, were involved in
skeletal muscle development than paternally imprinted genes.

Conclusions
Skeletal muscle development is crucial for meat production. This study identi�ed 628 porcine imprinted
genes in skeletal muscle and revealed their functional role in skeletal muscle development. Our �ndings
should further assist with the potential use of imprinted genes in pig breeding.

Background
Genomic imprinting is a form of allelic imbalance in gene expression in a parent-of-origin-dependent
manner [1]. The expression of imprinted genes is speci�c to tissue and development stage [2]. Many
imprinted genes are expressed during embryonic periods and regulate embryonic growth and placental
functions. Studies of mice have revealed that after high level of expressing during the fetal and newborn
periods, many imprinted genes show decreased expression levels within weeks of birth [3, 4]. Skeletal
muscle �bers are formed by the fusion and differentiation of myoblasts and mainly generated during the
fetal and newborn periods [5, 6]. In a previous study on mice, seven imprinted genes—including Bex1, H19,
p57Kip2, Igf2, Peg1/Mest, Peg3/Pw1 and Zac1—were found to be important to muscle differentiation [7],
which suggests that imprinted genes may play vital roles in skeletal muscle development. Some
imprinted genes have also been con�rmed in porcine skeletal muscle. MAGEL2 is paternally expressed in
skeletal muscle from 65-day-old pig fetuses, which may affect carcass traits and be related to porcine
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development [8]. The DLX5 gene is maternally expressed in skeletal muscle, and the C-to-T mutation
(polymorphism) in exon 1 has been shown to have a highly signi�cant association with fat meat
percentage (FMP), carcass length (CL), bone percentage (BP), average backfat thickness (ABT), thorax–
waist fat thickness (TFT) and buttock fat thickness (BFT) [9]. Several porcine genes, including NAP1L5,
PEG3, CDKN1C, NDN, MAGEL2, MEST, PLAGL1, PEG10, NECD, SNRPN, PEG3, NAP1L5, NNAT and DIRAS3,
are paternally expressed in skeletal muscle [10–15]. However, these studies only concentrate on a limited
number of porcine imprinted genes that have been reported in humans or mice. To obtain a
comprehensive view of the imprinted genes related to porcine skeletal muscle development, imprinted
genes were detected in the skeletal muscle of postnatal 0-day-old piglets from reciprocal crosses using
both RNA-seq and DNA-seq in this study.

Methods
Animal and tissue collection

Yorkshire (Y) and Min (M) pigs were used to construct a pair of reciprocal crosses (Y × M and M × Y). For
each reciprocal F1 group, four newborn piglets (including two male and two female) were anesthetized
with a propofol injection (10 mg/kg) and then euthanized by exsanguination. Longissimus dorsi muscles
of piglets were collected and frozen in liquid nitrogen. Ear samples from four F0 pigs were collected and
kept in 70% ethyl alcohol. All pigs used in this study were obtained from the experiment pig farm of
Institute of Animal Science, Chinese Academy of Agricultural Sciences (CAAS). All animals were treated
following the guidelines established by the Ministry of Science and Technology. The experimental
procedures were approved by the Science Research Department of the Institute of Animal Sciences,
CAAS.

Genome sequencing

DNA from the ear samples of the F0 pigs was extracted using a DNeasy Blood & Tissue Kit (Qiagen)
according to the manufacture’s protocol. The quality of DNA was evaluated using an Agilent 2100
bioanalyzer (Agilent). After ultrasonication with a peak of 350 bp, the DNA was end-repaired using
NEBNext Ultra II End Prep Enzyme Mix (New England Biolabs). The DNA fragments were ligated with
NEBNext Adaptor (New England Biolabs) and ampli�ed by PCR using NEBNext Ultra II Q5 Master Mix
(New England Biolabs). The puri�ed PCR fragments were sequenced on an Illmina HiSeq X-ten platform.

Transcriptome sequencing

Total RNA was extracted from the longissimus dorsi muscles of the F1 reciprocal pigs with TRIzol
reagent (Invitrogen). The quality of RNA was evaluated using an Agilent 2100 bioanalyzer (Agilent). After
reverse transcription of �rst-strand cDNA, second-strand cDNA was synthesized using NEBNext Second
Strand Synthesis Enzyme Mix (New England Biolabs). The cDNA fragments were puri�ed and ligated with
NEBNext Adaptor (New England Biolabs). PCR was performed to amplify the cDNA fragments. After
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assessment of the quality of the libraries by an Agilent 2100 Bioanalyzer, RNA-seq was performed on an
Illmina HiSeq X-ten platform.

Reads mapping and SNVs identi�cation

Adaptor sequences were �ltered, and low-quality reads were removed using the FASTX-Toolkit (v 0.0.14).
Genomes and annotation �les of Sus scrofa (Sscrofa11.1) were downloaded from the ENSEMBL
database. The genome sequencing reads from the F0 pigs were mapped to reference genomes using
BWA-MEM (0.7.1) with default parameters; RNA-seq reads from the F1 pigs were mapped to reference
genomes using HISAT2 (v2.0.1) with default parameters. The SAM �les were sorted and converted to
BAM �les by SAMtools (v1.3.1). After reads alignment, the single-nucleotide variations (SNVs) were called
by SAMtools (v1.3.1) for each individual. Then, each SNV was annotated using snpEFF (v4.2). Any SNV
with a read-depth of less than 10 and a quality score of less than 25 was discarded.

Identi�cation of candidate imprinted genes

In each cross, the SNVs—which were different between two F0 parent pigs—were chosen for further
analysis, as the expression of two alleles in offspring could be de�ned. SNV phasing of F1 pigs from
RNA-seq data was performed based on the lists of the parent SNVs. Speci�cally, for each F1 individual, if
all of the phased SNVs as annotated by their parents’ SNVs at same position were from a single parent,
this SNV could be de�ned as monoallelically expressed. Otherwise, it could be de�ned as a biallelically
expressed SNV. For imprinted gene identi�cation, the SNVs located in exon–intron boundaries, UTR
region and X/Y chromosomes of F1 piglets were removed. Then, only the transcripts that possessed
monoallelically expressed SNVs were considered to be imprinted genes. In each cross, the intersection of
four offspring’s paternally expressed genes or maternally expressed genes were kept. The �nal imprinted
genes were obtained by �nding the intersection of paternally or maternally expressed genes between two
crosses.

Prediction of CpG islands and motifs in the upstream region of imprinted genes

The upstream sequences (–2000 to +200 bp) of the imprinted genes were selected to predict the CpG
islands using the Cpgplot software (https://www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/) with the
following parameters: observed/expected CpG ratio—0.6; minimum length of an island—200 nt; minimum
G+C content—50% [16]. The imprint-related motifs were predicted by DREME (5.0.5) with default
parameters (http://meme-suite.org/tools/dreme). All imprinted genes were considered to be members of
the positive group. The same number of biallelically expressed genes selected randomly were considered
to be members of the negative group. The motifs were discovered according to the upstream sequence of
each gene. The statistical signi�cance of each motif found in the positive group compared with the
negative group was determined by Fisher’s exact test. The signi�cance threshold for motifs was P < 0.05.

GO enrichment analysis
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A gene ontology (GO) enrichment analysis using the R package “GOstats” was performed on the
candidate paternally and maternally imprinted genes [17]. The “ontology” parameters of biological
process (BP), cellular component (CC) and molecular function (MF) were selected, and a “pvalueCutoff”
parameter of 0.05 was chosen. The interactions of imprinted genes were analyzed using the STRING
database. The interaction network was constructed using the Cytoscape software (3.7.1).

Results
Identi�cation of imprinted genes by high-throughput sequencing

Reciprocal crosses of Yorkshire and Min were constructed to characterize the imprinted genes related to
skeletal muscle development (Fig.1a). DNA-seq for F0 parents and RNA-seq for F1 progenies were
performed to genotype the SNV and detect allelic bias of transcripts. There were 275,027,760–
339,794,920 clean reads from DNA-seq and 174,931,928–208,251,498 clean reads from RNA-seq. The
Q30 was about 90–94% for both DNA-seq and RNA-seq. The GC content was 40–44% for DNA-seq and
51–53% for RNA-seq (Additional �le 1: Table S1).

DNA-seq and RNA-seq clean reads were aligned to the Sscrofa11.1 genome, and the aligned reads were
used to identify the SNV with SAMtools. The observed SNVs—heterozygous in the F1 piglets, but
homozygous in the F0 parents—were phased to determine the allele-speci�c expression (Fig.1b). A list of
genes as the phased SNVs that exhibited a complete paternal or maternal expression bias in a certain
transcript of an F1 individual were considered to be informative for further analysis. If all of the SNVs
located in a transcript fragment were from the same parent-of-origin allele, the gene containing this
fragment was selected. Then, the overlaps of the above genes among the four piglets in each cross were
preserved. As shown in Fig.2a, a total of 6038 genes with paternal SNVs and 3944 genes with maternal
SNVs were obtained in Y × M and 4665 genes with paternal SNVs and 6730 genes with maternal SNVs
were obtained in M × Y.

All of the SNVs in an imprinted gene should originate from the single parent simultaneously. Therefore,
the genes that processed both the paternal and maternal SNVs from the previous step were removed.
Only the SNVs that existed in the exon were kept; those located in the X/Y chromosome, untranslated
region (UTR), intron, and splicing sites between exon and intron were ignored. About 3,137 genes with
paternal SNVs and 1,043 genes with maternal SNVs were obtained in Y × M, while 1,427 genes with
paternal SNVs and 3,492 genes with maternal SNVs were obtained in M × Y (Fig.2b).

Finally, the intersection of genes with paternal SNVs (or maternal SNVs) between Y × M and M × Y were
reserved to eliminate monoallelic expression caused by the breed type. After this �lter step, we obtained
211 paternally imprinted genes and 417 maternally imprinted genes (Fig.2c and Additional �le 2: Table
S2).

Regulation and characteristics of imprinted genes
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Mutation of the DNMT gene family causes genome-wide de�ciencies in DNA methylation and alteration
in imprinted gene expression, suggesting that DNA methylation plays an essential role in the regulation of
imprinted gene expression [18]. We analyzed the CpG islands in the promoter regions of candidate
imprinted genes to predict the imprinting control region (ICR) of imprinted genes. A total of 162 imprinted
genes (50 paternally and 112 maternally imprinted genes) possessed CpG islands in the promoters (Fig.3
and Additional �le 3: Table S3).

Two or more imprinted genes are often found in clusters on a chromosome over a region spanning nearly
1 MB or more [19]. Some of the candidate imprinted genes in this study existed in clusters (Fig.4). A total
of 78 clusters—including 216 imprinted genes—were identi�ed in this study. However, none of the
imprinted genes matched known clusters (Additional �le 4: Table S4).

ZFP57—recruited by the methylated TGCCGC motif—is a regulator of genomic imprinting, which suggests
that the motif has an important role in the regulation of imprinted gene expression by DNA methylation
[20]. Imprint-related motifs were predicted within the upstream sequences of the candidate imprinted
genes in this study. About 38 imprinted-gene-speci�c motifs were obtained (Fig.5).

Functional analysis of imprinted genes for skeletal muscle development

To further understand the function of imprinted genes, a GO enrichment analysis of paternally or
maternally imprinted genes was performed (Fig.6). The signi�cant enrichment biological processes were
homophilic cell adhesion via plasma membrane adhesion molecules, ion transport and regulation of
postsynaptic cytosolic calcium ion concentration for paternally imprinted genes and immune response in
mucosal-associated lymphoid tissue, cell–cell recognition and DNA methylation or demethylation for
maternally imprinted genes (Additional �le 5: Table S5 and Additional �le 6: Table S6). However, only a
maternally imprinted gene of EPHB1 was found to be involved in the biological process of negative
regulation of skeletal muscle cell proliferation, which was related to skeletal muscle development.
Myoblasts undergo proliferation, differentiation and fusion processes to form multinucleated myo�bers.
Therefore, the imprinted genes related to the biological processes of cell proliferation, differentiation and
fusion were selected to illustrate their potential regulatory role in skeletal muscle development. As shown
in Fig.7, 41 maternally imprinted genes and 25 paternally imprinted genes participated in the above three
biological processes, some of which (e.g., E2F1, FBXO40, and WNT5A) are well known to play a role in
skeletal muscle development.

Discussion
RNA-seq has been used to identify novel imprinted genes in neonatal mouse brain from the AKR × PWD
reciprocal crosses [21]. The AKR allele proportion was de�ned as p1 or p2 in the PWD × AKR or AKR × 
PWD cross, respectively. The paternally imprinted genes were judged with a criteria of p1 0.5 and p2 0.5;
maternally imprinted genes with p1 0.5 and p2 0.5. In this study, Yorkshire and Min pigs were used to
construct reciprocal crosses for imprinted gene identi�cation. Unlike in inbred animal models such as
mice, individual differences among pigs are relatively large. Moreover, the porcine genome annotation
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information is incomplete compared with that of other animal models. Therefore, we combined DNA-seq
of F0 parents and RNA-seq of F1 reciprocal crosses to accurately trace the parent-of-origin
monoallelically expressed SNVs and analyze imprinted genes. Gender effects and related genes were
eliminated by using both male and female F1 individuals in each cross for sequencing and analysis and
removing the transcripts from the X/Y chromosome during imprinted gene identi�cation. The SNVs in the
UTR that were removed as polymorphisms in the 5’ UTR may have in�uenced the expression by variable
interaction with transcription factors; those in the 3’ UTR would affect mRNA stability and translation by
binding with miRNA. We used four replications in each cross for imprinted gene analysis to distinguish
between autosomal random monoallelic expression and parent-of-origin monoallelic expression. In each
cross, the breed-speci�c genes could not be distinguished from parent-of-origin imprinted genes, which
would be solved by keeping the intersection of parent-of-origin imprinted genes from both reciprocal
crosses. Finally, a total of 211 paternally imprinted genes and 417 maternally imprinted genes were
obtained. Wu et al. used DNA-seq of parental genomes and RNA-seq of offspring to identify porcine brain-
imprinted genes [22]. However, they obtained fewer imprinted genes than we did, which may be due to
fewer SNVs used in their study.

IGF2 is a well-known imprinted gene transcribed from the paternal allele in humans and rodents [23, 24].
IGF2 is also reported to have biallelic expression in chicken embryo [25]. We also found IGF2 to be
biallelically expressed in the F1 piglets. SLC22A2, FBXO40, CTNNA3 and IDO1 are known imprinted genes
that were also identi�ed in our reciprocally crossed piglets. SLC22A2 is from the IGF2R imprinted gene
cluster and is maternally expressed in the placenta but not imprinted in adult mouse kidney [26]. FBXO40
is imprinted and maternally expressed in the mouse placenta but not imprinted in E17.5 in the mouse
brain [27]. CTNNA3 is subject to genomic imprinting with maternal allele expression in human placental
tissue [28]. IDO1 is maternally expressed in mouse E9.5 placentae as the paternal allele is
hypermethylated [29]. According to our results, SLC22A2 and FBXO40 are maternally imprinted genes,
while CTNNA3 and IDO1 are paternally imprinted genes. The con�icting manner of expression of
SLC22A2 and FBXO40 to previous studies may be caused by tissue and temporal speci�city.

DNA methylation is a conserved epigenetic-silencing mechanism that functions by adding a methyl group
to cytosine residues in CpG islands. The region of differential methylation (DMR) is also found at most
imprinted locations and participates in the regulation of imprinted gene expression [30]. The CpG islands
in the promoters of the imprinted genes in this study were predicted to elucidate the potential regulation
of genomic imprinting. A subset of imprinted genes, including TDRD9, DPPA5, GFI1, MTTP, CDX1, WNT2,
ITGA2, TCF7, MAML2 and WNT5A, possessed CpG islands in their promoter, which showed
hypermethylation or hypomethylation of CpG islands from previous studies. The TDRD9 CpG island is
hypomethylated and has a high expression level in non-small cell carcinomas, whereas hypermethylation
will lead to nonexpression of TDRD9 [31]. The silencing of DPPA5 is associated with increased
methylation in its CpG island promoter in differentiated embryonic carcinoma cells [32]. Hypomethylation
at one CpG locus in the GFI1 promoter on the maternal side of the placenta is due to maternal smoking
[33]. The promoter of MTTP is rich in CpG islands, and its DNA hypermethylation causes a decrease in
mRNA expression levels in the livers of rats treated with a high-fat diet [34]. There is a typical CpG island
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located near the transcription start site of the CDX1 gene. Hypermethylation of the CDX1 promoter
reduces this gene’s expression in colorectal cell lines [35]. High levels of WNT2 promoter methylation exist
in placental tissue and are signi�cantly associated with reduced WNT2 expression [36]. The ITGA2 gene
contains CpG islands in the promoter, the hypomethylation of which is found in prostate tumors
compared with that of normal prostate tissue [37]. The upstream region of the TCF7 promoter shows
strongly reduced methylation in blood samples from patients with Down’s syndrome [38]. The DNA
methylation level at CpG sites of MAML2 promoters shows hypomethylation in cancer cells versus
normal cells [39]. The WNT5A promoter possesses a CpG island, the methylation of which could make it
silenced in several cell lines [40]. The expression of porcine imprinted genes with predicted CpG islands
located in the promoter may be mediated by DNA methylation.

Tandem-repeat motifs have been identi�ed in imprinted regions, which are involved in the regulation of
the epigenetic status of imprinted genes through differential methylation or their insulator role [41].
Previous studies have shown that ZFP57—a member of KRAB zinc-�nger protein family—can recognize a
hexameric motif and maintain genomic imprinting in embryonic stem (ES) cells [42]. CCCTC-binding
factor (CTCF) is a speci�c zinc-�nger protein that can bind to the CAGCCC motif and mediate the
expression of imprinted genes [43, 44]. In this study, the imprint-speci�c motifs in the promoter regions
were predicted. Two motifs—m18nc_AWTCAAA and m19nc_RTTGWT—were enriched in the imprinted
gene promoters and could be recognized by PBX1. PBX1 can bind to the ATCAATCAA motif; deletion of
PBX1 will lead to deregulation of imprinted genes in ES cells [45]. The PBX1 motif may be a candidate
element in the regulation of the expression of imprinted genes during skeletal muscle development.

To elucidate the roles of imprinted genes during skeletal muscle development, a GO enrichment analysis
was performed. The results showed that EPHB1—expressed from the paternal allele—was involved in the
regulation of skeletal muscle cell proliferation and differentiation. EPHB1 is expressed in postnatal
satellite cells and has a role in promoting self-renewal and reducing the activation and differentiation of
satellite cells [46]. The imprinted genes involved in the biological processes of cell proliferation,
differentiation and fusion were also analyzed to disclose the molecular mechanisms in the regulation of
skeletal muscle development. The interaction network suggested that more maternally imprinted genes
than paternally imprinted genes took part in the skeletal muscle development. Some of the above
mentioned maternally imprinted genes—including ADRA1D, E2F1, FBXO40, GHRH and WNT5A—have
been implicated in skeletal muscle development in previous studies. Silencing of ADRA1D in myoblasts
has a negative impact on myotube formation [47]. Constitutive expression of E2F1 is critical to the cell
cycle in myoblasts as it activates the expression of E2F1-dependent cell cycle genes [48, 49]. FBXO40 is
considered to be a muscle-speci�c gene and in�uences the growth rates and muscle mass of young mice
by regulating IRS1 [50]. GHRH has survival and antiapoptotic effects in myotubes by inhibiting TNF-α-
induced apoptosis and promotes muscle regeneration by inducing the expression of myogenin in TNF-α-
treated myotubes [51]. WNT5A—belonging to the Wnt family—can activate both MYF5 and MYOD [52].
Overexpression of WNT5A can also promote satellite-cell proliferation [53].
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Conclusions
In this study, a total of 628 imprinted genes were identi�ed in porcine skeletal muscles. The CpG islands
and motifs in the promoters of imprinted genes that may be involved in the regulation of imprinted gene
expression were predicted. Function analysis showed that more maternally imprinted genes were involved
in the regulation of skeletal muscle development than paternally imprinted genes. This study may
facilitate novel insights into the potential use of imprinted genes in pig breeding.

Abbreviations
FMP: fat meat percentage; CL:carcass length; BP:bone percentage; ABT:average backfat thickness;
TFT:thorax-waist fat thickness; BFT:buttock fat thickness; SNV:single nucleotide variations;
UTR:untranslated region; ICR:imprinting control region; DMR:region of differential methylation
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Figures

Figure 1

Pipeline for identi�cation of imprinted genes. (a) Crossing scheme used to generate reciprocal F1 piglets.
(b) schematic descriptions of the outline for detecting imprinted genes.
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Figure 2

Information used during the identi�cation of imprinted genes. (a) Overlap of genes with either paternal or
maternal SNVs among the four F1 individuals in each cross. (b) removing the genes containing the
paternal and maternal SNVs simultaneously in each cross. (c) imprinted genes were obtained by keeping
the intersection of genes with paternal or maternal SNVs between two crosses.
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Figure 3

CpG islands in the promoters of the imprinted genes

Figure 4

Imprinted genes tend to occur in clusters.
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Figure 5

Speci�c motifs in the promoters of imprinted genes.
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Figure 6

Gene ontology analysis of imprinted genes
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Figure 7

Interaction of imprinted genes related to skeletal muscle development. Rounded rectangles represent
candidate biological processes. Green nodes represent paternally imprinted genes. Red nodes represent
maternally imprinted genes. Circles indicate the imprinted genes not possessing predicted CpG islands.
Triangles indicated the imprinted gene possessing predicted CpG islands.
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