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Abstract 

Background  As a diverse and abundant class of endogenous RNAs, circular RNAs (circRNAs) participate in various 
biological processes including cell proliferation and apoptosis. Nevertheless, few researchers have investigated the 
role of circRNAs in muscle development in cultivated pigs.

Results  In this study, we used RNA-seq to construct circRNA expression profiles in skeletal muscle of Jinfen White 
pigs at the age of 1, 90, and 180 days. Among the 16,990 identified circRNAs, 584 circRNAs were differentially 
expressed. Moreover, the enrichment analysis of DE circRNA host genes showed that they were mainly involved in 
muscle contraction, muscle organ development and muscle system processes, as well as AMPK and cAMP-related 
signal pathways. We also constructed a circRNA–miRNA–mRNA co-expression network to find key circRNAs which 
many involved in the regulation of porcine skeletal muscle development through the competitive endogenous RNA 
(ceRNA) mechanism. It is noteworthy that circ_0018595/miR-1343/PGM1 axis may play a regulatory role in the devel-
opment of porcine skeletal muscle.

Conclusions  This study identified the circRNAs and present the circRNA expression profile in the development of 
pigs, revealed that DE circRNA host genes participate in different cell fates and enriched the porcine ceRNA network. 
Thus, this work will become a valuable resource for further in-depth study of the regulatory mechanism of circRNA in 
the development of porcine skeletal muscle.
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Background
Skeletal muscle is the main tissue of the animal body, 
and it has important functions in exercise, heat pro-
duction, maintenance of body shape, storage of pro-
tein, and protection of organs [1, 2]. Muscle fiber is the 

basic functional unit of skeletal muscle, and its quantity 
remains unchanged after the birth of mammals. The 
growth and development of skeletal muscle is achieved 
through the hypertrophy of existing muscle fiber [3]. In 
the process of myogenesis, skeletal muscle satellite cells 
gradually form mature muscle tissue after undergoing 
myoblasts, multinucleated myotubes, muscle fibers and 
other stages, and play an indispensable role in the growth 
of skeletal muscle [4, 5]. Regulation of the activity of myo-
genic stem cells involves many transcription factors, such 
as myoblast determination protein 1 (MyoD1), myogenin 
(MyoG), myogenic factor 5 (Myf5), and myogenic factor 
6 (Myf6), as well as other myogenesis-related regulatory 
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transcription factors, including the paired box 3 (PAX3), 
paired box  7 (PAX7), and myocyte enhancer factor 2 
(MEF2) families [6–9]. Among these, MyoD1 and Myf5 
are involved in the first stage of skeletal muscle develop-
ment, which promoting the proliferation and differentia-
tion of myogenic progenitor cells into myoblasts, while 
MyoG determines the generation of myotubes, and Myf6 
is involved in cell differentiation and cell fate [10–13]. 
Furthermore, the expression of MyoG is regulated by 
MRF4 and MyoD [14].

In addition to the above roles of transcription factors, 
a growing number of studies have established that non-
coding RNAs (ncRNAs) are also involved in the regula-
tion of myogenesis. These include microRNAs (miRNAs), 
long non-coding RNAs (lncRNAs), and circular RNAs 
(circRNAs), whose regulatory roles in the growth of 
skeletal muscle are gradually being revealed [15–17]. 
With the development of high-throughput sequencing 
technology, circRNA has received increasing attention 
in recent years. As the most recently emerging class of 
ncRNA, circRNA is essentially a closed RNA transcript 
that is produced by reverse splicing of precursor mRNA 
(pre-mRNA). The 3′ and 5′ ends are covalently linked, 
and they differ from their linear counterparts in the 
absence of a 5′ cap and polyadenylated [poly(A)] tail [18]. 
Moreover, circRNAs have been identified in most spe-
cies, and are generally expressed at low levels, but partly 
more abundantly than their host genes (also referred to 
as source genes) [19–21]. Compared with lncRNAs, cir-
cRNAs display highly conserved expression patterns and 
transcript sequences among species, and they are widely 
expressed in various tissues and organs [22, 23]. Much 
current research on circRNAs focuses on aspects of can-
cer, including cell proliferation, apoptosis, invasion, and 
chemoresistance [24–27].

The research on circRNA in skeletal muscle mainly 
focuses on the proliferation and differentiation of myo-
blasts. CircRBFOX2 and circFGFR2 can regulate the 
development of chicken myoblasts, which can sponge 
and negatively regulate miR-206 and miR-133a-5p 
respectively [28, 29]. CircFAM188B encoded a novel 
protein named circFAM188B-103aa that promoted 
the proliferation of chicken skeletal muscle satellite 
cells but suppressed differentiation [30]. CircFUT10 
sponge miR-133a leaded to inhibition of cell prolif-
eration and ultimately enhanced myoblastic differ-
entiation [31]. At present, the research on circRNA 
regulation of porcine skeletal muscle growth mainly 
depends on the in-depth mining of sequencing data. 
Sun constructed a pig skeletal muscle injury model and 
screened out the differentially expressed circRNA circ-
SCDE1. Because it is highly conservative in pigs and 
mice, C2C12 was used to verify the specific mechanism 

of circCSDE1 regulating the proliferation and differen-
tiation of myoblasts [32]. Ma identified and predicted 
circRNA in Duroc pigs with different daily weight gain 
[33]. Yan screened the highly conservative circFGFR2, 
and explained that circFGFR2 regulates myogenesis 
and skeletal muscle regeneration through feedback 
loop on C2C12 [34]. Jinfen White pigs are cultivated 
from four parental breeds, which have the advantages 
of good meat quality, strong resistance to stress, and 
rapid growth [35–37]. However, in Jinfen White pigs, 
the characteristic and mechanism of regulation by cir-
cRNAs at different growth stages are still unclear. Thus, 
further exploration is needed.

Therefore, in this study, RNA-seq data in the longissi-
mus dorsi muscle of Jinfen White pigs were sampled at 
three growth stages (9 samples: 1 d, 90 d and 180 d). We 
investigated the feature, expression and potential func-
tion of identified circRNAs in Jinfen White pigs and con-
structed a ceRNA network to find the key circRNAs in 
the development of pigs. This will advance our knowl-
edge of the feature and predicted function of the circR-
NAs during the developmental stages of pigs.

Results
Overview of sequencing data
To understand the expression characteristics of circRNA 
in porcine muscle at different developmental stages, we 
performed ribosomal RNA-depleted RNA-seq on muscle 
sampled at three time points. Firstly, we constructed nine 
non-coding RNA libraries named JFW_1d_1, JFW_1d_2, 
JFW_1d_3, JFW_90d_1, JFW_90d_2, JFW_90d_3, 
JFW_180d_1, JFW_180d_2, and JFW_180d_3. Secondly, 
we purified and sequenced the RNA using the Illumina 
paired-end RNA-seq method. For these libraries, an aver-
age of 100,961,956 raw reads were obtained from the 
platform, and after filtering, a final dataset of 100,294,750 
clean reads was obtained (Table  1). The JFW_180d_3 
group contained the greatest number of reads 
(106,567,824), and the JFW_1d_1 group had the least 
(91,942,766). The Q30 quality threshold (Phred quality 
score > 30) was met for 95.2% of the data. Taken together, 
these results confirmed that the sample and sequencing 
data generated in this study were of good quality and 
were reliable for subsequent bioinformatic analysis.

Characterization of circRNAs in porcine skeletal muscle
After mapping the clean data to the pig genome 
(Sus  scrofa11.1) using the find_circ and CIRI software, 
the intersection selected by the two software is used 
as the circRNAs for final identification. We identified 
a total of 16,990 highly credible circRNAs (expressed 
in at least three or more samples) from the nine librar-
ies, which were  transcribed from 4775 source genes 
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(summarized in more detail in Supplementary Table S1). 
In addition, we mapped the chromosomal distribution of 
these circRNAs, finding them to be transcribed from all 

chromosomes but with an uneven distribution (Fig. 1A). 
In agreement with other earlier work [38], we observed 
that the highest number of circRNAs originated from 

Table 1  Overview of RNA-seq results for each sample

Sample
name

Raw
reads

Clean
reads

Raw_bases
(G)

Clean_bases
(G)

Error rate
(%)

Q20
(%)

Q30
(%)

JFW_1d_1 92,655,706 91,942,766 13.9 13.79 0.02 98.62 95.72

JFW_1d_2 107,050,232 106,444,968 16.06 15.97 0.02 98.64 95.78

JFW_1d_3 104,392,040 103,814,406 15.66 15.57 0.02 98.58 95.45

JFW_90d_1 96,202,328 95,550,798 14.43 14.33 0.03 98.08 94.2

JFW_90d_2 106,311,518 105,563,842 15.95 15.83 0.02 98.56 95.75

JFW_90d_3 95,622,436 94,984,938 14.34 14.25 0.02 98.67 95.89

JFW_180d_1 94,853,354 94,375,978 14.23 14.16 0.03 97.81 93.78

JFW_180d_2 104,189,042 103,407,232 15.63 15.51 0.02 98.59 95.54

JFW_180d_3 107,380,946 106,567,824 16.11 15.99 0.02 98.40 95.04

average 100,961,956 100,294,750 15.15 15.04 0.02 98.44 95.24

Fig. 1  Features of identified circRNAs. A Chromosomal distribution of circRNAs from all samples. B Source distribution of circRNAs for each sample. 
C Length distribution of circRNAs for all samples
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chromosomes 1, 6, and 13 in this study (Fig.  1A). Fur-
thermore, since circRNAs are primarily derived from 
annotated exons [39], we also found that > 90% identi-
fied circRNAs in this study contained exon sequences 
(Fig. 1B). The length distribution of the predicted circR-
NAs showed that most of them were less than 1,000 nt in 
length (Fig. 1C), which was also consistent with previous 
reports [40].

Differential expression of circRNAs
To better understand the differences in circRNA expres-
sion patterns in pig muscle at 1, 90, and 180  days, we 
used DESeq software to identify DE circRNAs between 
sample pairs (i.e., JFW_90d vs. JFW_1d, JFW_180d vs. 
JFW_1d, and JFW_180d vs. JFW_90d). We also per-
formed hierarchical clustering analysis of the DE cir-
cRNAs. This revealed distinct differential expression 
patterns for the identified circRNAs between the three 
time points in muscle, with JFW_1d showing significant 
differences compared to the other two groups (Fig. 2A). 
In total, 584 DE circRNAs were detected using the above 
pairwise comparisons. The number of differentially 
expressed genes was 477, 63, and 255 for the JFW_180d 

vs. JFW_1d, JFW_180d vs. JFW_90d, and JFW_90d vs. 
JFW_1d comparisons, respectively (Fig. 2B). We further 
constructed a Venn diagram of the identified DE circR-
NAs in the three pairwise comparisons to find the shared 
circRNAs (Fig.  2C). The expression level of two kinds 
of circRNA (circ_0009188 and circ_0018581) increased 
significantly with age in the three growth stages of Jin-
fen White pigs. One of these, circ_0009188, is gener-
ated by circularization of two exons of tubulin tyrosine 
ligase-like 7 (TTLL7) and is 311 nt in length. The other, 
circ_0018581, arises through circularization of two exons 
of glutamate decarboxylase-like protein 1 (GADL1), and 
has a length of 608 nt.

Validation of DE circRNAs at different developmental 
stages of muscle
To validate the reliability of temporal circRNA expression 
profiles derived from RNA-seq data, divergent primers 
were designed for eight randomly selected DE circRNAs, 
and the expression levels of which were quantified by 
qRT-PCR (Fig. 3A). The results were consistent with the 
expression patterns of these circRNAs obtained through 
RNA-seq data. In addition, the expected size PCR 

Fig. 2  Expression and number of the DE circRNAs at different developmental stages. A Expression heatmap of DE circRNAs from samples at three 
different growth stages, with rows showing circRNAs and columns showing tissues. B The number of differentially expressed circRNAs in each 
comparison including JFW_90d vs. JFW_1d, JFW_180d vs. JFW_1d, and JFW_180d vs. JFW_90d groups. C Venn diagram showing the number of 
shared DE circRNAs among the three pairwise comparisons
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products were obtained by amplification using cDNA as 
the PCR template. The post-splice sites were verified by 
Sanger sequencing (Fig. 3B). These results suggested that 
the identified circRNAs in this study are credible.

Functional enrichment analysis of DE circRNA host genes
Previous studies have shown that circRNAs could regu-
late host gene transcription by competing with linear 
pre-mRNA splicing [41, 42]. To explore the potential 
functions of the identified 584 DE circRNAs in the devel-
opment of skeletal muscle, we performed GO and KEGG 
pathway enrichment analyses of their host genes [43]. 
Notably, we found that these host genes mainly have 

known roles in muscle biology, including muscle con-
traction, muscle organ development, muscle system pro-
cesses, and muscle structure development (Fig. 4A). The 
host genes CHD2, SMAD3, BMPR1A, HOMER1, DMD, 
and MYL2 are involved in muscle organ development; 
HOMER1, DMD, and ATP11A are involved in myotube 
differentiation; and NFATC1, BMPR1A, and PDCD4 are 
involved in the negative regulation of muscle cell dif-
ferentiation. The KEGG pathway enrichment analysis 
showed that the DE circRNA host genes were enriched in 
top 25 pathways, including skeletal muscle fiber-related 
signaling pathways, and the cAMP and AMPK signaling 
pathways and so on (Fig. 4B). PDE4B, NFATC1, PLCE1, 

Fig. 3  Validation of a subset of the putative circRNAs. A Validation of differential expressed circRNAs using qRT-PCR. B Representative examples of 
PCR products purified and sequenced to confirm circRNA junction sequences
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ATP2B4, PPP1R12A, and CAMK2B were enriched in the 
cAMP signaling pathway, and EEF2K, FBP2, PPP2CB, 
PFKFB1, and PRKAA2 were enriched in AMPK signal 
pathway.

Construction of a potential circRNA‑miRNA‑mRNA 
regulatory network
CircRNAs often act as miRNA molecular sponges to 
indirectly regulate the expression of miRNA target genes, 
thereby meaning that they participate in the related bio-
logical processes [44]. Therefore, we integrated miRNA 
and mRNA library data (The sequencing results obtained 
at the same time, the accession number is consistent with 
the circRNA) with the results from the present study to 
constructed a ceRNA network and identified key circR-
NAs associated with pork quality and regulation of cell 
proliferation and differentiation. This ceRNA network 
contained 229 circRNAs, 55 miRNAs and 143 mRNAs 
(Supplementary Table S2). Because the ceRNA network 
is too large, we notice the top 20 DE circRNAs with the 
most obvious up- or down-regulation profiles to present 
two ceRNA network maps (Fig.  5). In ceRNA network, 
circ_0018595 is predicted to function as a sponge for ssc-
miR-1343, which binds to the mRNAs transcribed from 
the PGM1, TNNT3, and IFNAR2 genes (Fig. 5A).

To explore the functional significance of mRNAs in the 
circRNA–miRNA–mRNA regulatory network, we per-
formed functional enrichment analysis on 143 targeted 
mRNAs. As a result the GO enrichment analysis showed 
that these target mRNAs were significantly enriched in 
pyruvate metabolism, hexose metabolism, striated mus-
cle contraction, glycolysis process, muscle system pro-
cess, and muscle contraction. More specifically, PGAM2, 
ALDOA, ACTN3, PKM, and GPI are involved in the pro-
cess of glycolysis, and ACTN3, PI16, WDR1 are involved 
in striated muscle development. It is worth noting that 
ACTN3 is also involved in the positive regulation of fast-
twitch skeletal muscle fiber contraction, skeletal muscle 
fiber development, skeletal muscle tissue growth, and 
other important processes (Supplementary Figure S1A). 
Furthermore, KEGG enrichment analysis showed that 
the same target mRNAs were mainly enriched in car-
bon metabolism, glycolysis/gluconeogenesis, and regu-
lation of the actin cytoskeleton. Specifically, PGAM2, 
ALDOA, GPI, and EFCAB7 are involved in glycolysis and 
gluconeogenesis, HOMER3 and PDPK1 are involved in 
the FOXO signaling pathway, and PDPK1, ITGA5, and 

ITGB4 are associated with the PI3K-AKT signaling path-
way (Supplementary Figure S1B). These results suggested 
that these circRNAs in the ceRNA network may play 
important role in the muscle development.

Experimental validation of circ_0018595
From the above network, we selected circ_0018595 for 
follow-up study, speculating that it might be involved in 
regulating growth and development of porcine skeletal 
muscle via the predicted circ_0018595/miR-1343/PGM1 
axis (Fig. 5A). Circ_0018595 is an exonic circRNA gener-
ated from exons 3 and 4 of STT3B. It was amplified from 
longissimus dorsi cDNA using specific divergent prim-
ers, and the product was subjected to Sanger sequencing 
to validate the ligation site (Fig. 6A). We also processed 
the total RNA extract with RNase R and performed 
qRT-PCR, revealing that circ_0018595 was more resist-
ant to RNase R than STT3B mRNA and 18S rRNA as 
expected (Fig.  6B). The circ_0018595 was expressed in 
various tissues, especially in lung, liver, skeletal mus-
cle, and kidney (Fig. 6C). We also examined the expres-
sion of circ_0018595 in muscle of Jinfen White pigs at 
1, 90, and 180 days, and found it was significantly asso-
ciated with developmental stage, with strong upregula-
tion between 1 and 90 days, and maintained at 180 days 
(Fig.  6D). Furthermore, the results of a nucleocytoplas-
mic separation assay showed that circ_0018595 is pri-
marily localized in the cytoplasm, which was consistent 
with its proposed role as a sponge for miRNAs (Fig. 6E). 
Finally, the RNAhybrid website found that circ_0018595 
and miR-1343 had potential binding sites, which was also 
found between miR-1343 and PGM1 mRNA transcript 
(Fig.  6F). The function and mechanism experiment of 
circ_0018595 in the skeletal muscle development will be 
carried out in the future work.

Discussion
CircRNAs are abundant in transcriptomes and partici-
pate in various biological activities by regulating tran-
scription, splicing, mRNA stability, and translation. At 
present, many studies have investigated circRNAs as 
potential therapeutic targets for various diseases [45, 46]. 
With the ongoing development of related research strate-
gies and methods, many biological functions of circRNAs 
in animals have also been emerging, and circRNAs have 
been found to regulate the proliferation and differentia-
tion of animal skeletal muscle cells by acting as ceRNAs 

Fig. 4  Functional analysis of the DE circRNAs-host genes. A Top 25 GO terms enriched for DE circRNA host genes from the three groups of 
pairwise comparisons. The y-axis presents the number of DE circRNA host genes in a category, while the x-axis shows the specific GO term. The 
red histogram represents biological processes, green histogram represents cellular components, and the blue histogram represents molecular 
functions. B Top 25 KEGG pathways enriched for DE circRNAs host genes from the three pairwise comparisons groups. The x-axis represents the rich 
factor (number of DE circRNAs enriched in the pathway / number of annotated pathway genes), while the y-axis shows the specific pathways

(See figure on next page.)
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Fig. 4  (See legend on previous page.)



Page 8 of 14Yun et al. BMC Genomics          (2023) 24:196 

Fig. 5  The parts of constructed circRNA–miRNA–mRNA (ceRNA) network. The ceRNA networks showing the top 20 DE circRNAs with the most 
significant upregulation (A) or downregulation (B) across the three muscle developmental stages in Jinfen White pigs
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and encoding small peptides [47]. For example, Shen 
et  al. [48], found that circTMTC1 can bind miR-128-3p 
and regulate expression of myostatin (MSTN), thereby 
inhibiting the proliferation and differentiation of chicken 
skeletal muscle satellite cells. Pigs are important farm 
animals that provide meat for humans and are often used 
for disease models in medical research. In 2017, Liang 
and coworkers constructed the first publicly available Sus 
scrofa circRNA database through analysis of nine organs 

of Guizhou pigs at three developmental stages [38]. Cur-
rent research on circRNAs in porcine skeletal muscle 
mainly relies on the mining and discussion of sequencing 
data, and the specific mechanisms of circRNA involve-
ment in skeletal muscle growth and fat deposition are 
rarely studied [49–51]. Here, we used RNA-seq to con-
struct circRNA expression profiles for Jinfen White pig 
skeletal muscle at three developmental stages (1, 90, and 
180 d). Compared with previous studies, our sequencing 

Fig. 6  Characterization of circ_0018595. A Verification of circ_0018595 as a circRNA. B qRT-PCR results showing the resistance of circ_0018595 
to RNase R digestion. C Expression levels of circ_0018595 in different tissues of Jinfen White pigs. D Expression changes of circ_0018595 in Jinfen 
White pigs at 1 d, 90 d, and 180 d. E Nuclear and cytoplasmic levels of circ_0018595 in porcine skeletal muscle satellite cells. F Modeled potential 
interactions between circ_0018595, PGM1, and miR-1343 generated using RNAhybrid. Note: In panels (C) and (D), uppercase letters are used to 
indicate extremely significant differences
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data are robust, with > 97% of bases meeting the Q20 
threshold.

RNA-seq is widely used in the study of circRNA in 
model animals and non-model animals. We use the 
library construction method of linear RNA for RNA-
seq identification. The circRNA detected by different 
software and algorithms is different. We use the inter-
section of circRNA predicted by find_circ and CIRC 
software can improve the accuracy of circRNA. This 
method has been used in mice [52], cattle [53], sheep 
[54], chicken [55] and other species [56]. We identified 
a total of 16,990 expressed circRNAs, which is much 
higher than the number reported in one recent study. We 
also analyzed the chromosomal distribution, composi-
tion, and length of these circRNAs. qRT-PCR confirmed 
the expression patterns derived from RNA-seq data for 
eight examples, further establishing the accuracy of our 
sequencing results, along with the developmental stage 
specificity of circRNA expression profiles. These find-
ings are also consistent with previous studies [49–51]. 
Our results therefore enrich the known porcine circRNA 
library and confirm that circRNAs are consistent across 
pig species. In addition, we identified a total of 584 circR-
NAs that were differentially expressed between the three 
developmental stages. This may be helpful in identifying 
circRNAs that regulate skeletal muscle growth and devel-
opment, and opening up new avenues of future explora-
tion to elucidate the specific mechanisms involved.

Usually, circRNAs are generated by back-splicing of 
pre-mRNAs. They have notable structural stability and 
spatiotemporal specificity, and can positively or nega-
tively regulate transcription of their parent genes [57]. 
We performed enrichment analysis on the host genes of 
all DE circRNAs identified in this study, and found that 
these host genes were mainly involved in the AMPK and 
cAMP signaling pathways. The AMPK signaling pathway 
is known as a regulator of oxidative metabolism in skel-
etal muscle, and it promotes the conversion of glycolytic 
muscle fibers into oxidative fibers [58, 59]. For example, 
in C2C12 myotubes, AMPK signaling drives expression 
of skeletal slow-twitch muscle fiber genes [60]. On the 
other hand, the cAMP signaling pathway affects protein 
synthesis rate, promotes skeletal muscle hypertrophy, 
and is expected to become a new target for the treatment 
of muscle mass loss during atrophic diseases [61–63]. 
Interestingly, more than one circRNA can be transcribed 
from a single gene due to alternative splicing mecha-
nisms. In this study, we found that Lim-domain only pro-
tein 7 (Lmo7) produced 15 circRNAs, but among these, 
only circ_0016243 and circ_0016253 had high expres-
sion levels, suggesting that these two novel circRNAs 
may play important roles in cell differentiation in Jinfen 

White pigs. LMO7 is essential for skeletal muscle devel-
opment and encodes a transcription factor that binds to 
the PAX3, MyoD, and Myf5 promoters to activate expres-
sion of key myogenic differentiation genes in C2C12 
cells [64]. Thus, downregulation of LMO7 was shown to 
inhibit myogenesis in chicken myoblasts [36]. In addi-
tion, circLMO7 (formed by circularization of exons 3–5 
of bovine LMO7), can target miR-378a-3p to inhibit 
the differentiation and apoptosis of myoblasts, and the 
sequence of bovine circLMO7 is completely different 
from that of porcine circ_0016243 and circ_0016253 in 
our study [65].

As mentioned above, circRNAs can act as miRNA 
sponges to regulate the expression of target genes, 
through the ceRNA mechanism. We constructed a cir-
cRNA-miRNA-mRNA co-expression network using 
high-throughput sequencing of mRNA and miRNA 
expression network data. For some of the miRNAs in this 
ceRNA network, a role in regulating proliferation and 
differentiation of skeletal muscle satellite cells has already 
been reported in other animals. These include miR-370 
[66], miR-214 [67], miR-133 [68], and miR-885 [69]. We 
predicted that circ_0000576 could act as a sponge for 
ssc-miR-15a, ssc-miR-98, and ssc-miR-885-3p, modulat-
ing the target genes of these miRNAs to regulate muscle 
growth and development. In addition, circ_0004213 is 
an exon-derived circRNA from the polypyrimidine tract 
binding protein 1 (PTBP1) gene, which itself encodes a 
splicing factor involved in regulatory processes related 
to cell differentiation, cell cycle and apoptosis, cell motil-
ity, cell metabolism, and the immune response [70]. We 
also predicted that circ_0004213 could target miR-370, 
which in turn targets α-actinin-3 (ACTN3). Involvement 
of miR-370 has been reported in many cellular func-
tions, including cell proliferation, migration, and dif-
ferentiation [66], while ACTN3 encodes the sarcomeric 
α-actinin-3 protein that is a component of the Z line in 
mammalian skeletal muscle fibers [71].  We also identi-
fied circ_0018595, which is generated by cyclization of 
exons 3–4 of STT3B and is predicted to bind miR-1343. 
This miRNA is involved in cell proliferation and apop-
totic processes, as well as affecting the pluripotency of 
stem cells. In the ovaries of highly fertile sows, miR-1343 
suppresses expression of transforming growth factor-β 
receptor type 1 (TGFBR1) to inhibit pig granule cell 
proliferation and promote apoptosis, thus affecting sow 
fecundity [72]. Furthermore, miR-1343 specifically binds 
to the 3´UTR of Orthodenticle homeobox 2 (OTX2) and 
inhibits endogenous OTX2 expression in pig pluripotent 
stem cells (piPSCs), enhancing the expression of pluripo-
tency genes and thus maintaining piPSCs pluripotency in 
pigs [73]. Finally, we chose to focus specifically on PGM1, 
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which has the highest expression level in porcine lon-
gissimus dorsi and biceps femoris. It is involved in the 
glycolytic pathway, which may be related to pork qual-
ity and productivity [74, 75], since reducing the propor-
tion of glycolytic fibers in porcine longissimus dorsi can 
slow down the rate and extent of muscle pH decline after 
slaughter [76]. Thus, PGM1 may be involved in regulat-
ing skeletal muscle growth and lipid deposition. Given 
these considerations, the circ_0018595/miR-1343/PGM1 
axis may play a key role in the growth and development 
of skeletal muscle in Jinfen White pigs.

We also have some limitations of this study. All cir-
cRNAs and their target miRNAs or mRNAs were pre-
dicted computationally, and the specific mechanisms of 
these circRNAs in regulating skeletal muscle still require 
experimental verification. A series of complex potential 
mechanisms, such as circRNAs interacting with proteins, 
regulating parental gene transcription, and participating 
in protein coding, which remain to be explored.

Conclusion
This study identified and revealed the expression pro-
file and potential role of circRNA in the longissimus 
dorsi muscle of Jinfen White pigs by using RNA-seq 
data. Based on enrichment analysis, the host genes of 
DE circRNA are mainly AMPK and cAMP pathway. In 
the constructed ceRNA network, a new axis in the net-
work circ_0018595/miR-1343/PGM1 may participate 
in the regulation of skeletal muscle growth. In conclu-
sion, we have identified a series of candidate circRNAs, 
which have potential regulatory effects on the growth 
and development of porcine skeletal muscle and provide 
important references for future research.

Methods
Experimental animals and samples
All experimental animals and procedures in this experi-
ment were approved by the Institutional Animal Care 
and Use Committee of Shanxi Agricultural Univer-
sity (Shanxi, China). The 9 Jinfen White pigs used in 
the experiment came from Datong Pig Breeding Farm 
(Shanxi, China) and were raised under standard con-
ditions without restriction on feeding and drinking. 
Three heads per group (denoted as samples JFW_1d_1, 
JFW_1d_2, JFW_1d_3; JFW_90d_1, JFW_90d_2, 
JFW_90d_3; JFW_180d_1, JFW_180d_2, JFW_180d_3) 
were sacrificed by corona and neck exsanguination on 
days 1, 90, and 180, respectively. Tissues such as heart, 
liver, spleen, lung, kidney, pancreas, longissimus dorsi 
and subcutaneous fat were quickly collected and immedi-
ately snap-frozen in liquid nitrogen, and stored at -80 °C 
for later use.

Library preparation and RNA sequencing
Total RNA was isolated and purified using the Trizol 
reagent (Takara, Japan), following the manufacturer’s 
instructions. The concentration and purity of isolated 
RNA samples were tested by electrophoresis and further 
examined with a nucleic acid analysis system (Experion 
System, Bio-Rad, USA). The A260/A280 ratio was between 
1.9 and 2.1, indicating that the extracted RNA samples 
were of good quality. Sequencing was done by Beijing 
Novogene, using the Illumina HiSeq 2500 sequencing 
platform for two-end (pair-end), high-throughput 
sequencing (2 × 150  bp), and the amount of sequencing 
data (clean reads) per library was about 10 Gb.

Identification of differentially expressed circRNAs
To obtain high quality clean reads for subsequent bioin-
formatic analysis, raw data were filtered to remove low 
quality reads, adapter contamination, high unknown base 
content, and all rRNA-mapping reads. The Q20 and Q30 
scores of the clean reads were calculated simultaneously, 
and circRNAs were then identified by aligning clean 
reads to the pig reference genome (Sscrofa 11.1) using 
find_circ and CIRI. The true expression levels of junction 
reads and circRNAs extracted from the sequencing data 
were affected by other factors, such as sequencing depth. 
Therefore, in order to accurately estimate true circRNA 
expression levels, the readcount data for predicted circR-
NAs were corrected using the TPM method. The filtered 
sequences were compared with the pig reference genome, 
the genomic features of each identified circRNA were 
analyzed, then the wider genomic and sequence charac-
teristics of circRNAs in Jinfen White pigs were analyzed; 
mainly including the distribution among chromosomes, 
genomic location, and exon number of circRNAs.

Gene Ontology (GO) and pathway enrichment analysis 
(KEGG)
Using GO analysis (http://​www.​geneo​ntolo​gy.​org/) and 
KEGG pathway enrichment analysis (https://​www.​kegg.​
jp/), the host genes of DE circRNAs at the three growth 
and developmental stages were categorized in order to 
understand their biological functions. In the GO analy-
sis, using the pig reference genome as background, the 
host genes were mapped to different functional entries. 
Thereafter, the enrichment significance of each entry was 
expressed as the corrected q-value, where entries with 
P < 0.05 were considered to be significantly enriched. In 
the KEGG pathway enrichment analysis, the hypergeo-
metric test was applied—again using the pig reference 
genome as the analysis background—to screen the sig-
nificantly enriched pathways (P < 0.05) for the host genes, 
with the results plotted as a bubble chart.

http://www.geneontology.org/
https://www.kegg.jp/
https://www.kegg.jp/
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Target miRNA and gene prediction, and network analysis
To reveal functional interactions between ncRNAs and 
mRNAs, we used circRNA–miRNA interaction network 
analysis to construct a competing endogenous RNA net-
work. Here, the public project TargetScan 7.0 (http://​www.​
micro​rna.​org/​micro​rna/​home.​do) and miRanda software 
were used to predict potential regulatory relationships 
between circRNA, mRNA, and miRNA. Cytoscape (http://​
cytos​cape.​org/) was used for network visualization.

Quantitative Reverse Transcription Polymerase Chain 
Reaction (qRT‑PCR)
Total RNA was extracted from the nine muscle samples 
used in the RNA-seq experiments, then reverse tran-
scribed using PrimeScript ® RT Master Mix (Takara, 
Japan) with divergent primers designed using Premier 3.0 
(including qRT-PCR primers and PCR primer-specific 
alignment by NCBI Primer-BLAST). Details of primers 
used in this study are listed in Supplementary Table S3. 
The expression of each circRNA, as well as other param-
eters, was detected using a CFX96 quantitative PCR 
instrument (Bio-Rad). The relative expression of target 
circRNAs was calculated using the 2−ΔΔCt method.

Circularization site verification of circRNA
Eight selected circRNAs were amplified by PCR using the 
designed qRT-PCR primers and the longissimus dorsi 
cDNA as template. Then, 2% agarose gel electrophoresis 
and Sanger sequencing of the PCR products were used to 
confirm reverse splicing of each circRNA by identifying 
the junction sequence.

RNase R enzyme digestion test
To test the circular nature of selected circRNAs, total 
RNA from porcine longissimus dorsi tissue was treated 
with RNase R enzyme (Epicentre) followed by qRT-PCR 
analysis.

Statistical analysis
Data processing and production of graphics were carried 
out using SPSS and GraphPad Prism 6 software. To test 
for statistically significant differences between two aver-
ages, data were analyzed by Student’s t test, and P < 0.05 
was considered to indicate statistical significance .
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