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Abstract

development.

miR-499-3p, thus participating in AMPK signaling.

Background: Circular RNAs (circRNAs) are a novel class of endogenous ncRNA, which widely exist in the
transcriptomes of different species and tissues. Recent studies indicate important roles for circRNAs in the
regulation of gene expression by acting as competing endogenous RNAs (ceRNAs). However, the specific role of
circRNAs in myogenesis is still poorly understood. In this study, we attempted to systematically identify the
circRNAs involved in myogenesis and analyze the biological functions of circRNAs in chicken skeletal muscle

Results: In total, 532 circRNAs were identified as being differentially expressed between pectoralis major (PEM) and
soleus (SOL) in 7-week-old Xinghua chicken. Among them, a novel circRNA (novel_circ_002621), generated by
PTPN4 gene, was named circPTPN4 and identified. circPTPN4 is highly expressed in skeletal muscle, and its
expression level is upregulated during myoblast differentiation. circPTPN4 facilitates the proliferation and
differentiation of myoblast. Moreover, circPTPN4 suppresses mitochondria biogenesis and activates fast-twitch
muscle phenotype. Mechanistically, circPTPN4 can function as a ceRNA to regulate NAMPT expression by sponging

Conclusions: circPTPN4 functions as a ceRNA to regulate NAMPT expression by sponging miR-499-3p, thus
promoting the proliferation and differentiation of myoblast, as well as activating fast-twitch muscle phenotype.
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Background

Chicken is the second most consumed meat in China,
and the meat production performance of chicken deter-
mines its commercial value. While increasing the yield,
improving the quality of chicken is the direction that
poultry breeders have been working hard on. Recently, it
has come to light that the composition of myofiber types
has an important relationship with muscle quality [1, 2].
The discovery of genetic regulatory factors involved in
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skeletal muscle development is of great significance to
chicken production.

Gene is the carrier of genetic information, carrying
various biological processes of life. The product, such
as peptide or protein molecules, plays a key role in it
[3]. However, protein-encoding genes only account
for a small portion (~2%) of the genome, while more
than 98% of the genomic loci are transcribed to non-
coding RNAs (ncRNAs) [4]. Skeletal muscle is the lar-
gest tissue in the body, which comprises about 40%
of the total body mass. The development of skeletal
muscle is closely related to growth and health, and is
directly regulated by multiple genetic factors. Notice-
ably, recent studies have found that ncRNAs play crit-
ical roles in it [5, 6].
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Circular RNAs (circRNAs) are a novel class of en-
dogenous ncRNA with a covalently closed loop, which
widely exist in the transcriptomes of different species
and tissues [7, 8]. Compared with linear RNA (such as
long noncoding RNA), circRNA has higher structural
stability and conservation. It is becoming increasingly
clear that circRNAs can widely be involved in a series of
biological processes by acting as a miRNA sponge, par-
ticipating in regulating the expression of its own linear
RNA in different ways, coding protein, and deriving
pseudogenes [9-12]. Although, more and more cir-
cRNAs have been found by high-throughput sequencing,
the mechanism of circRNA regulation involved in skel-
etal muscle development is still poorly understood.

MicroRNAs (miRNAs) are endogenous noncoding
single-stranded RNA molecules of 18-22nt long that
are capable of degrading or inhibiting target mRNAs by
perfect or imperfect pairing with the 3" untranslated re-
gion (3" UTR) of the target mRNA to regulate post-
transcriptional gene expression [13, 14]. Recent study
has found that miR-499-3p could suppress retinal cell
proliferation while promote apoptosis to induce diabetic
retinopathy by enhancing activation of the TLR4 signal-
ing pathway [15]. In pigs, the expression of ssc-miR-499-
3p was significantly correlated to the expression of myo-
globin and pH, prompting its potential regulatory role in
skeletal muscle fiber transformation and meat quality
traits [16]. However, the exact biological function of
miR-499-3p in skeletal muscle development has not been
reported yet.

Nicotinamide phosphoribosyltransferase (NAMPT) is
the rate-limiting enzyme which catalyzes the conversion
of nicotinamide and phosphoribosyl-pyrophosphates to
nicotinamide mononucleotide in the mammalian nico-
tinamide adenine dinucleotide (NAD") synthetic salvage
pathway [17, 18]. Recently, numerous studies have indi-
cated that NAMPT is able to modulate processes in-
volved in the pathogenesis of obesity and related
disorders by influencing the oxidative stress response,
apoptosis, lipid and glucose metabolism, inflammation
and insulin resistance [19]. But little is known about
how NAMPT functions in skeletal muscle development.

In this study, to systematically identify the circRNAs
involved in skeletal muscle development, pectoralis
major (PEM) and soleus (SOL) in 7-week-old Xinghua
chicken were used for circRNA sequencing (circRNA-
seq). Based on this result, a novel circRNA (novel_circ_
002621), generated by the PTPN4 gene, was identified
and named circPTPN4. circPTPN4 is highly expressed in
skeletal muscle, and its expression upregulates with
myoblast differentiation. Functional studies demon-
strated that circPTPN4 promotes the proliferation and
differentiation of myoblast, as well as activates the fast-
twitch muscle phenotype. Furthermore, the mechanistic
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investigation revealed that circPTPN4 can function as a
competing endogenous RNA (ceRNA) by sponging miR-
499-3p, thus regulating the expression of NAMPT to
mediate the AMPK signaling.

Methods

Ethics statement

All animal experimental protocols were conformed to
“The Instructive Notions with Respect to Caring for La-
boratory Animals” issued by the Ministry of Science and
Technology of the People’s Republic of China, and ap-
proved by the Institutional Animal Care and Use Com-
mittee at the South China Agricultural University
(approval ID: 2021-C018).

Animals and cells

Seven-week-old Xinghua female chickens were hatched
from the Avian Farm of South China Agricultural Uni-
versity (Guangzhou, China). The chickens were eutha-
nized, and organs and tissues were collected after rapid
dissection, then immediately frozen in liquid nitrogen
and stored at — 80 °C.

Chicken primary myoblasts (CPMs) were isolated from
leg muscles of E11 (11-embryonic-day-old) chicken and
cultured as previously described [20]. Firstly, the muscle
tissues were dissected away from the skin and bone, and
then homogenized in a petri dish. To release single cells,
the suspension was digested with pancreatin for 20 min
at 37°C. After neutralization with complete medium,
single cells were collected by centrifugation at 500 x g.
Subsequently, serial plating was performed to enrich pri-
mary myoblasts and eliminate fibroblasts. Primary myo-
blasts were cultured in Roswell Park Memorial Institute
(RPMI)-1640 medium (Gibco, MD, USA) with 20% FBS,
1% nonessential amino acids, and 0.2% penicillin/
streptomycin. The purity of isolated primary myoblasts
was verified by immunofluorescence (Fig. S1).

To induce myogenic differentiation, the growth
medium was removed and replaced with differentiation
medium (RPMI-1640 medium [Gibco, MD, USA] con-
taining 2% horse serum) after myoblasts achieved 90%
cell confluence.

Circular RNA sequencing (circRNA-seq)

The pectoralis major (PEM; which is mainly composed
of fast-twitch fibers) and soleus (SOL; which has higher
proportion of slow muscle fibers) of 7-week-old Xinghua
chicken were used for circRNA-seq. After extraction,
total RNAs were treated with RNase R to degrade the
linear RNAs, and purified using RNeasy MinElute
Cleanup Kit (Qiagen, Walldorf, Germany). Next, strand-
specific library was constructed using VAHTS Total
RNA-seq (H/M/R) Library Prep Kit for Illumina follow-
ing the manufacturer’s instructions. Briefly, ribosome
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RNAs were removed to retain circRNAs. The enriched
circRNAs were fragmented into short fragments by
using fragmentation buffer and reverse transcripted into
c¢DNA with random primers. Second-strand cDNA were
synthesized by DNA polymerase I, RNase H, dNTP
(dUTP instead of dTTP) and buffer. Next, the cDNA
fragments were purified with VAHTSTM DNA Clean
Beads, end repaired, poly(A) added, and ligated to Illu-
mina sequencing adapters. Then UNG (Uracil-N-Glyco-
sylase) was used to digest the second-strand cDNA. The
digested products were purified with VAHTSTM DNA
Clean Beads, PCR amplified, and sequenced using Illu-
mina HiSeq™ 2500 by Gene Denovo Biotechnology Co.
(Guangzhou, China). The raw data of circRNA-seq were
deposited in the Sequence Read Archive (SRA) database
under accession no. PRINA751251.

Parental genes of differentially expressed circRNAs
were subjected to enrichment analysis of Gene Ontology
(GO) functions and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways.

Validation of circRNA

The circRNAs were validated using PCR with divergent
and convergent primers as previously described [21]. To
confirm the junction sequence of circRNAs, PCR prod-
ucts of divergent primers were gel purified and submit-
ted for Sanger sequencing at Tsingke Biotechnology Co.,
Ltd. (Beijing, China). To check the sensitivity of circRNA
to RNase R, quantitative PCR was also performed using
RNA samples with and without RNase R treatment.
Primers used for the validation of circRNA are summa-
rized in Table S1.

RNA extraction, cDNA synthesis, and quantitative real-
time PCR

Total RNA was extracted by using the TRIzol reagent
(TaKaRa, Otsu, Japan), following the manufacturer’s
protocol. Nuclear and cytoplasmic RNA fractionation
was performed by using the Paris kit (Ambion, Life
Technologies, Carlsbad, CA, USA) as recommended by
the supplier. The PrimeScript RT Reagent Kit with
gDNA Eraser (Perfect Real Time) (TaKaRa, Otsu, Japan)
was used to synthesize cDNA. Quantitative real-time
PCR was performed as described before [22]. And
primers used for quantitative real-time PCR are listed in
Table S1.

Plasmid construction and RNA oligonucleotides

For pGL3 luciferase reporter vectors construction, the
active region of PTPN4 gene promoter containing
FOXA2 binding site and FOXA2 binding site mutant
were amplified and cloned into the pGL3-Basic Vector
(Promega, Madison, W1, USA) by using Xhol and Hin-
dllI restriction sites.

Page 3 of 15

For FOXA2 expression vectors construction, the cod-
ing sequence of FOXA2 was amplified by PCR, and then
subcloned into HindlIIl and Xhol restriction sites of the
pcDNA3.1-3xFLAG-C vector or cloned into the expres-
sion plasmid pcDNA-3.1 (Promega, Madison, WI, USA)
by using HindIIll and Xhol restriction sites.

For circPTPN4 overexpression vector construction, the
linear sequence of circPTPN4 was amplified and then
subcloned into EcoRI and BamHI restriction sites of the
pCD25-ciR vector (Geneseed Biotech, Guangzhou,
China) by using the Trelief” SoSoo Cloning Kit (Tsingke
Biotech, Beijing, China), following the manufacturer’s
protocol.

For pmirGLO dual-luciferase miRNA target reporter
vector, the segment sequences of circPTPN4 and NAMP
T 3" untranslated region (UTR) that contained the puta-
tive miR-499-3p binding sequence were amplified by
PCR, and then subcloned into Xhol and Sall restriction
sites in the pmirGLO dual luciferase reporter vector
(Promega, Madison, WI, USA). Mutant plasmids were
generated by changing the binding site of miR-499-3p
from GTGATGT to TGTCGTG.

miR-499-3p mimic, mimic negative control (NC), 3’
end biotinylated miR-499-3p mimic, 3" end biotinylated
mimic NC and small interfering RNA (siRNA) against
circPTPN4  were designed and synthesized by
Guangzhou RiboBio (Guangzhou, China).

The primers and oligonucleotide sequences used in
this study are listed in Tables S1 and S2.

Cell transfection

All transient transfections were performed with Lipofec-
tamine 3000 reagent (Invitrogen, Carlsbad, CA, USA) ac-
cording to manufacturer’s directions.

Dual-luciferase reporter assay

Dual-luciferase reporter assays were performed as previ-
ously described [23, 24]. For promoter activity assay, the
pGL3-basic vectors were co-transfected with pRL-TK as
a control. Firefly and Renilla luciferase activities were
measured at 48 h post-transfection using a Dual-GLO
Luciferase Assay System Kit (Promega, Madison, WI,
USA), following the manufacturer’s instructions. Lumi-
nescence was measured by using a Fluorescence/Multi-
Detection Microplate Reader (BioTek, Winooski, VT,
USA) and firefly luciferase activities were normalized to
Renilla luminescence in each well.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed by using the ChIP assay kit
(Beyotime, Shanghai, China) as recommended by the
supplier. Chromatin was immunoprecipitated with the
DYKDDDDK Tag (D6W5B) rabbit monoclonal antibody
(14,793, 1:50, Cell Signaling Technology, Inc., Boston,
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USA). The relative quantity of the immunoprecipitated
factor was calculated by qPCR.

5-Ethynyl-2"-deoxyuridine (EdU), flow cytometry, and cell
counting kit-8 (CCK-8) assay

For the EAU assay, primary myoblasts seeded in 24-well
plates were cultured to 50% density and then trans-
fected. Forty-eight hours after transfection, the cells were
fixed and stained with a C10310 EdU Apollo In Vitro
Imaging Kit (RiboBio, China; 50 umol/L) as previously
described [23]. A fluorescence microscope (DMi8; Leica,
German) was used to capture three randomly selected
fields to visualize the number of EdU-stained cells.

For the flow cytometry analysis of the cell cycle, myo-
blasts were seeded in 12-well plates. After 48 h transfec-
tion, the cultured cells in growth media were collected
and fixed overnight in 70% ethanol at — 20 °C. Cells were
analyzed by a BD AccuriCé6 flow cytometer (BD Biosci-
ences, San Jose, CA, USA) with the Cell Cycle Analysis
Kit (Thermo Fisher Scientific, USA), and the data were
processed using FlowJo software (7.6, Treestar Incorpo-
rated, Ashland, OR, USA).

For the CCK-8 assay, primary myoblasts were seeded
in a 96-well plate and cultured in growth medium. After
being transfected, the proliferation of the cell culture
was monitored at 12h, 24h, 36h, and 48 h using the
TransDetect CCK (TransGen Biotech, Beijing, China) as
recommended by the supplier. The data of absorbance
at 450 nm were read by an iMark™ Microplate Absorb-
ance Reader (Bio-Rad, California, USA).

Immunoblotting and immunofluorescence (IF)

Western blots were performed as previously described
[20]. The primary antibodies used were anti-MyHC
(B103, 0.5 pg/mL, DHSB, Iowa City, IA, USA), anti-
MYOD (ABP53067, 1:500, Abbkine, Wuhan, China),
anti-MYH1A (F59, 0.5ug/mL, DHSB, Iowa City, IA,
USA), anti-MYH7B (S58, 0.5 ug/mL, DHSB, Iowa City,
IA, USA), anti-NAMPT (bs-0272R, 1:500, Bioss, Beijing,
China), anti-p-AMPK (ABN-PAB12602, 1:2000, Abnova,
Taipei City, Taiwan, China), anti-AMPK (bs-1115R, 1:
500, Bioss, Beijing, China), anti-PGCla (66369-1-Ig, 1:
5000, Proteintech, IL, USA), and anti-pB-Tubulin
(A01030, 1:10,000, Abbkine, Wuhan, China). Protein-
Find Goat Anti-Mouse IgG (H+L), HRP Conjugate
(HS201-01, 1:1000, TransGen, Beijing, China) and Pro-
teinFind Goat Anti-Rabbit IgG (H + L), HRP Conjugate
(HS101-01, 1:500, TransGen, Beijing, China) were used
as a secondary antibody.

Immunofluorescence were performed using anti-
Desmin (bs-1026R, 1:100, Bioss, Beijing, China) and
anti-MyHC (B103, 2.5pg/mL, DHSB, lowa City, IA,
USA), as previously described [20]. A fluorescence
microscope (DMi8; Leica, Germany) was used to capture
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three randomly selected fields to visualize the area la-
beled with anti-MyHC.

Mitochondrial DNA (mtDNA) content assay

Total DNA was extracted by using the Tissue DNA Kit
(D3396, Omega, GA, USA) according to the manufac-
turer’s instructions. The amount of mitochondrial DNA
was determined by quantification of cytochrome c oxi-
dase subunit II (COX2). The nuclear-encoded f-globin
gene was used as internal controls. Primers used in this
study can be found in the Table SI.

Mitochondrial membrane potential and reactive oxygen
species (ROS) concentration assay

Mitochondrial membrane potential and ROS concentra-
tion were measured using the mitochondrial membrane
potential assay kit with JC-1 (C2006, Beyotime, Shang-
hai, China) and reactive oxygen species assay kit
(S0033S, Beyotime, Shanghai, China), according to the
manufacturer’s instructions.

Enzyme activities assays

The glycolytic capacity of myoblast was evaluated by the
activity of lactic dehydrogenase (LDH), while the oxida-
tive capacity of myoblast was evaluated by the activity of
succinate dehydrogenase (SDH). Enzyme activities were
measured by commercial assay kits (BC0685 and
BC0955) that were purchased from Beijing Solarbio Sci-
ence & Technology.

Biotin-coupled miRNA pull down assay

The 3" end biotinylated miR-499-3p mimic and mimic
NC were transfected into CPMs in T75 cell culture bottle.
At 48h after transfection, the cells were harvested and
then lysed in lysis buffer. The biotin-coupled RNA com-
plex was pull down, and then isolated as previously de-
scribed [25]. The abundance of circPTPN4 and NAMPT
in bound fractions was evaluated by quantitative PCR.

Statistical analysis

In this study, all experiments were repeated at least three
times, and results were represented as mean+ SEM.
Where applicable, the statistical significance of the data
was tested using independent sample -test or ANOVA
followed by Dunnett’s test. The types of tests and the P-
values, when applicable, are indicated in the figure
legends.

Results

Characterization of circRNAs in fast-twitch and slow-
twitch myofiber

In poultry, breast muscle is generally considered to be
composed of fast-twitch myofibers, while the leg
muscle has a higher proportion of slow-twitch fibers
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[24, 26]. To systematically identify circRNAs involved
in skeletal muscle development, we performed a
circRNA-seq to analyze differentially expressed cir-
cRNAs between PEM (which is mainly composed of
fast-twitch fibers) and SOL (which has higher propor-
tion of slow muscle fibers) in 7-week-old Xinghua
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which were mainly (more than 85%) distributed
among chromosomes 1 to 15, and W (Fig. 1A). Ac-
cording to their genomic locus, we found most of
them (~75%) originate from coding exon (Fig. 1B).
The length distribution of those circRNAs is relatively
concentrated, with most in the range of 0-2000 nt

chicken. A total of 8882 circRNAs were detected, (Fig. 1C).
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In total, 532 circRNAs were identified as being differ-
entially expressed between PEM and SOL in 7-week-old
Xinghua chicken (P<0.05; |log,FC|>1) (Table S3).
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showed upregulation in PEM, while 289 were increased
in SOL (Fig. 1D and E; Table S3). Recent studies have
found that the biogenesis of circRNA can competes with

Among the differentially expressed circRNAs, 243  pre-mRNA splicing, and intron or exon-intron circRNAs
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can regulate the transcription of their parental gene
[27-29]. Next, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analyses were performed for the parental genes of
differentially expressed circRNAs. The results showed
that these genes were mainly enriched in biological pro-
cesses such as cellular process, metabolic process, and
biological regulation, as well as participated in skeletal
muscle development related pathways including MAPK
signaling pathway, cGMP-PKG signaling pathway, PI3K-
Akt signaling pathway, and so on (Fig. 1F and G).
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circPTPN4 is a novel circRNA regulated by FOXA2

To further elucidate the regulation mechanism of cir-
cRNA involved in skeletal muscle development, a novel
differentially expressed circRNA, circPTPN4 (novel_circ_
002621; which was derived from exon 2-10 of PTPN4,
highly conserved in Meleagris gallopavo, Numida melea-
gris and Anser cygnoides) (Fig. 2A and S2; Table S4), was
served as a candidate. Firstly, genomic DNA (gDNA)
and ¢cDNA were used for the PCR reaction with conver-
gent and divergent primers to confirm the sequence and
the junction of circPTPN4. A single distinct band with
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the expected product size was only observed in cDNA
samples (Fig. 2B), and the real existence was detected by
Sanger sequencing (Fig. 2C). These results suggested
that the presence of back-splicing junctions but not gen-
omic rearrangement. Moreover, the RNase R tolerance
test showed circPTPN4 has more resistance than the lin-
ear mRNA control (Fig. 2D), which confirmed that
circPTPN4 is a real circRNA. Our circRNA-seq data
showed circPTPN4 was differentially expressed between
PEM and SOL in 7-week-old Xinghua chicken (Fig. 2E).
Similarly, the consistent result was found by quantitative
PCR (qPCR) (Fig. 2F). circPTPN4 was highly expressed
in breast and leg muscle (Fig. 2G), implying that it may
play an important role in skeletal muscle development.
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In addition, cell-fractionation assays demonstrated that
circPTPN4 is mainly present in the cytoplasm of chicken
primary myoblast (CPM) (Fig. 2H).

To explore the mechanism through which circPTPN4
is regulated at the transcriptional level, we further ana-
lyzed the core promoter region of PTPN4 (which is the
parental gene of circPTPN4), and found a potential bind-
ing site for FOXA2 (- 241 to - 228 bp). Dual-luciferase
reporter assay confirmed that the mutation of this site
leads to a decrease of the transcriptional activity (Fig. 2I
and S3A), while the transcriptional activity was increased
with FOXA2 overexpression (Fig. S3B). Moreover, results
of a chromatin immunoprecipitation (ChIP) assay con-
firmed that FOXA2 could physically bind to the core
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(See figure on previous page.)

Fig. 5 circPTPN4 represses mitochondria biogenesis and drives the transformation of slow-twitch to fast-twitch myofiber. (A to G) Relative
mitochondrial DNA (mtDNA) content (A), mitochondrial membrane potential (B), reactive oxygen species (ROS) production (C), relative mRNA
expression levels of glycogenolytic and glycolytic genes (D), relative enzymes activity of lactic dehydrogenase (LDH) and succinate
dehydrogenase (SDH) (E), relative mRNA expression levels of several fast—/slow-twitch myofiber genes (F), and relative protein expression of
MYH1TA and MYH7B (G) in circPTPN4 overexpression CPMs. (H to N) Relative mtDNA content (H), mitochondrial membrane potential (1), ROS
production (J), relative mRNA expression levels of glycogenolytic and glycolytic genes (K), relative enzymes activity of LDH and SDH (L), relative
mRNA expression levels of several fast—/slow-twitch myofiber genes (M), and relative protein expression of MYH1A and MYH7B (N) in CPMs with
circPTPN4 interference. In panels (G and N), the numbers shown below the bands were folds of band intensities relative to control. Band
intensities were quantified by ImageJ and normalized to B-Tubulin. Data are expressed as a fold-change relative to the control. In all panels,
results are shown as mean + SEM, the statistical significance of differences between means was assessed using independent sample t-test.

(*P < 0.05; **P < 001)

promoter of PTPN4 (Fig. 2]). Overexpression of FOXA2
upregulated the expression of PTPN4 and circPTPN4
(Fig. 2K). Collectively, these data revealed that
circPTPN4 is positively regulated by the FOXA2.

circPTPN4 facilitates the proliferation and differentiation
of myoblast
In order to assess the function of circPTPN4 in myogen-
esis, the overexpression vector of circPTPN4 was
constructed and transfected into CPM (Fig. S4A). The 5-
ethynyl-2'-deoxyuridine (EdU) staining demonstrated
that circPTPN4 overexpression significantly increased
EdU incorporation and promoted myoblast proliferation
(Fig. 3A and B). Flow cytometric analysis and cell count-
ing kit-8 (CCK-8) assay also showed that overexpression
of circPTPN4 significantly increased the number of S
phase cells (Fig. 3C), and improved myoblast viability
(Fig. 3D). Furthermore, circPTPN4 overexpression re-
pressed the expression level of cell cycle-inhibiting
genes, including CDKNIA and CDKNI1B, while increas-
ing the expression level of cell cycle-promoting genes
like PCNA (Fig. 3E). Conversely, the opposite result was
observed by circPTPN4 interference (Fig. 3F to J, and
S4B), indicating that circPTPN4 can facilitate myoblast
proliferation.

circPTPN4 expression was upregulated with myogenic
differentiation (Fig. 4A), which suggested that circPTPN4
may be involved in the process of myoblast differenti-
ation. To further investigate the potential function of
circPTPN4, immunofluorescence staining was per-
formed. Immunofluorescence staining showed that over-
expression of circPTPN4 increased the total areas of
myotubes and induced myotube formation (Fig. 4B to
D). In addition, the expressions level of myoblast differ-
entiation marker genes, including MyHC, MYOD, and
MYOG were significantly upregulated with circPTPN4
overexpression (Fig. 4E and F). On the contrary,
circPTPN4 interference decreased the total areas of myo-
tubes and inhibited myoblast fusion, as well as downreg-
ulated the expression of myoblast differentiation marker
genes (Fig. 4G to K).

circPTPN4 suppresses mitochondria biogenesis and
activates fast-twitch muscle phenotype

Skeletal muscle is a major player in regulating energy
homeostasis [30, 31]. As the main organelle of energy
metabolism, mitochondria are closely related to the de-
velopment of skeletal muscle [32, 33]. Next, we evalu-
ated mitochondrial content and function after
overexpression and inhibition of circPTPN4. circPTPN4
overexpression decreased mitochondrial DNA (mtDNA)
content and was accompanied by a decline of mitochon-
drial membrane potential (Fig. 5A and B). Meanwhile,
reactive oxygen species (ROS) production was signifi-
cantly increased after circPTPN4 overexpression (Fig.
5C). Inversely, circPTPN4 inhibition increased mito-
chondrial content and enhanced mitochondrial function
(Fig. 5H to J), illustrating that circPTPN4 suppresses
mitochondria biogenesis.

Skeletal muscle is comprised of heterogeneous myo-
fibers that differ in their physiological and metabolic
parameters [34]. Compared with slow-twitch (type [;
oxidative) myofibers, fast-twitch (type II; glycolytic)
myofibers have fewer mitochondria and higher activity
of glycolytic metabolic enzymes [35, 36]. Given that
circPTPN4 is highly expressed in fast-twitch myofiber
and repressed mitochondria biogenesis, we speculated
that c¢ircPTPN4 may function in the activization of
fast-twitch muscle phenotype. As expected, overex-
pression of circPTPN4 upregulated the expression of
glycogenolytic and glycolytic genes (Fig. 5D). The ac-
tivity of lactate dehydrogenase (LDH) was enhanced,
while the activity of succinate dehydrogenase (SDH)
was suppressed with circPTPN4 overexpression (Fig.
5E). circPTPN4 overexpression upregulated expres-
sions of multiple fast-twitch myofiber genes like
SOX6, TNNC2 and TNNT3, while suppressed slow-
twitch myofiber genes such as TNNCI1, TNNII and
TNNTI (Fig. 5F). More importantly, western blot re-
sults showed that overexpression of circPTPN4 pro-
moted  MYHI1A/fast-twitch  protein  level and
suppressed the expression level of MYH7B/slow-
twitch protein (Fig. 5G). On the contrary, the glyco-
lytic capacity of skeletal muscle was suppressed and
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the slow-twitch muscle phenotype was induced with
circPTPN4 interference (Fig. 5K to N).

circPTPN4 interacts with miR-449-3p to upregulate NAMPT
expression, thus inactivating AMPK signaling

In 2011, competitive endogenous RNAs (ceRNAs) were
first reported as endogenous sponges that can affect the
distribution of miRNAs on their targets, thereby impos-
ing another novel layer of posttranscriptional regulation
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[37]. Given that circPTPN4 is mainly present in the cyto-
plasm, we hypothesized that circPTPN4 may function as
a ceRNA to exert its biological function. The target miR-
NAs and genes of circPTPN4 were predicted on an
RNAhybrid software. Interestingly, miR-499-3p was
found to contain potential binding sites for both
circPTPN4 and NAMPT (Fig. 6A), suggesting that it may
mediate the regulation of NAMPT expression by
circPTPN4. Compared with PEM, the expression of miR-
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499-3p is higher in SOL (Fig. S5A). In contrast, NAMPT  with circPTPN4 and NAMPT was also verified by a

is highly expressed in PEM (Fig. S5B), which is consist-
ent with circPTPN4, further hinting that the interaction
of circPTPN4 with miR-499-3p and NAMPT. Dual-
luciferase reporter assays were carried out to confirm
whether miR-499-3p directly interact with circPTPN4
and NAMPT. The results showed that miR-499-3p bind
with both circPTPN4 and the 3" UTR of NAMPT (Fig.
6B to C). Furthermore, the interaction of miR-499-3p

biotin-coupled miRNA pull down assay (Fig. 6D). Over-
expression of miR-499-3p repressed the expression of
circPTPN4 and NAMPT (Fig. 6E). More importantly,
circPTPN4 overexpression upregulated the mRNA and
protein levels of NAMPT, whereas the expression of
NAMPT was suppressed with circPTPN4 interference
(Fig. 6F-I), explaining the targeted regulation of
circPTPN4 on NAMPT.
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Previous studies have shown that NAMPT is widely in-
volved in a series of biological processes by inactivating
AMPK signaling [38-40]. We further assessed the
AMPK signaling and found that circPTPN4 overexpres-
sion inhibited the phosphorylation of AMPK and down-
regulated the expression of PGCla (Fig. 7A).
Conversely, this pathway was activated with the interfer-
ence of circPTPN4 (Fig. 7B), suggesting that circPTPN4
may participate in AMPK signaling by regulating NAMP
T. Overexpression of circPTPN4 alleviated the inhibitory
effect of miR-499-3p on NAMPT expression (Fig. 7C). In
addition, the regulatory effects of circPTPN4 were weak-
ened after miR-499-3p overexpression (Fig. 7D to G), in-
dicating that the miR-499-3p/NAMPT/AMPK axis is
required for the function of circPTPN4.

Discussion

Due to the low quantity and expressive abundance, cir-
cRNAs were once considered to be an abnormal splicing
product of RNA or unique structure of pathogens, with
less attention [41, 42]. However, recent studies have
found that circRNA is universally present in archaea,
suggesting that it may have important biological func-
tions [43]. With the development of genome research,
more and more circRNAs are found in various cells and
tissues, which are widely present in eukaryotes [44—47].
In this study, a total of 532 circRNAs were identified as
being differentially expressed between PEM and SOL in
7-week-old Xinghua chicken. Among them, a novel dif-
ferentially expressed circRNA, circPTPN4, was served as
a candidate. circPTPN4 is highly expressed in fast-twitch
myofiber, and its expression upregulates with myoblast
differentiation, suggesting that it may play a significant
role in skeletal muscle development.

Myogenesis is a process including myoblast prolifera-
tion, differentiation and myotube formation and is con-
trolled by a series of myogenic regulatory factors. These
factors can regulate myoblasts to withdraw from the cell
cycle, express muscle-specific genes, and prevent the ex-
pression of other cell- or tissue-specific genes. Recently,
it is worth noting that circRNAs have also been demon-
strated to function in myogenesis [48—51]. Here, we
found that circPTPN4 promotes myoblast proliferation
and induces myogenic differentiation.

Skeletal muscle is composed of different types of myo-
fibers. Under certain conditions, different types of myofi-
bers can be transformed. Previous studies have found
that a total of 305 circRNAs were differentially expressed
between the oxidative muscle sartorius compared and
the glycolytic muscle pectoralis major in Chinese Qin-
gyuan partridge chickens. Among them, novel_circ_
004282 and novel_circ_002121 were speculated to play
important roles in regulating oxidative myofibers by
PPP3CA and NFATCI expression [52]. As a
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transcriptional coactivator, PGCla is a downstream ef-
fector of AMPK signaling, has been found to regulate
mitochondria biogenesis and the transformation of myo-
fiber type [53-55]. In the current study, we found that
circPTPN4 decreases mtDNA content and suppresses
mitochondria functions. Moreover, circPTPN4 improves
the glycolytic capacity of myoblast to activate fast-twitch
muscle phenotype, demonstrating that circPTPN4 is in-
volved in the transformation of myofiber type by inacti-
vating AMPK signaling.

Recently, a new pattern of gene expression has been
come up with regarding the interaction of RNA tran-
scripts, called ceRNA [37]. There is a great deal of re-
searches indicated that circRNAs can function as
ceRNAs to protect mRNAs by acting as molecular
sponges for miRNAs, thereby modulating the de-
repression of miRNA targets and imposing an additional
level of post-transcriptional regulation [46, 49, 50]. In
this study, using in silico analysis, we found miR-499-3p
contains binding sites for circPTPN4 and NAMPT. The
interaction of miR-499-3p with circPTPN4 and NAMPT
was further validated by dual-luciferase reporter assay
and biotin-coupled miRNA pull down assay. circPTPN4
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Fig. 8 Model of circPTPN4 functions as a ceRNA to regulate NAMPT
expression by sponging miR-499-3p, thus promoting the proliferation
and differentiation of myoblast, as well as activating fast-twitch

muscle phenotype
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regulates NAMPT expression to function in AMPK sig-
naling. In addition, our rescue experiment showed that
the biological functions of circPTPN4 were weakened
with miR-499-3p overexpression, explaining that the
miR-499-3p/NAMPT axis is required for the function of
circPTPN4.

Conclusions

In conclusion, we demonstrated that circPTPN4 is a
novel circRNA, which is highly expressed in fast-twitch
myofiber and is positively regulated by transcription fac-
tor FOXA2. Mechanistically, circPTPN4 can function as
a ceRNA to regulate NAMPT expression by sponging
miR-499-3p, thus promoting the proliferation and differ-
entiation of myoblast, as well as activating fast-twitch
muscle phenotype (Fig. 8). Our findings provide a solid
foundation for the understanding of the mechanisms
and regulatory networks of myogenesis, and will contrib-
ute to the development of further research.
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