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Abstract
Myogenesis, the process of skeletal muscle formation, is a highly coordinated multi-
step biological process. Accumulating evidence suggests that long non-coding RNAs 
(lncRNAs) are emerging as a gatekeeper in myogenesis. Up to now, most studies on 
muscle development-related lncRNAs are mainly focussed on humans and mice. In 
this study, a novel muscle highly expressed lncRNA, named lnc23, localized in nucleus, 
was found differentially expressed in different stages of embryonic development and 
myogenic differentiation. The knockdown and over-expression experiments showed 
that lnc23 positively regulated the myogenic differentiation of bovine skeletal muscle 
satellite cells. Then, TMT 10-plex labelling quantitative proteomics was performed 
to screen the potentially regulatory proteins of lnc23. Results indicated that lnc23 
was involved in the key processes of myogenic differentiation such as cell fusion, 
further demonstrated that down-regulation of lnc23 may inhibit myogenic differen-
tiation by reducing signal transduction and cell fusion among cells. Furthermore, RNA 
pulldown/LC-MS and RIP experiment illustrated that PFN1 was a binding protein of 
lnc23. Further, we also found that lnc23 positively regulated the protein expression 
of RhoA and Rac1, and PFN1 may negatively regulate myogenic differentiation and 
the expression of its interacting proteins RhoA and Rac1. Hence, we support that 
lnc23 may reduce the inhibiting effect of PFN1 on RhoA and Rac1 by binding to 
PFN1, thereby promoting myogenic differentiation. In short, the novel identified 
lnc23 promotes myogenesis of bovine skeletal muscle satellite cells via PFN1-RhoA/
Rac1.
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1  | INTRODUC TION

Myogenesis is an extremely complex and delicate process driven by 
many regulatory factors such as paired box families (Pax3/7), myo-
genic regulatory factors (Myogenin, MyoD, Myf5 and MRF4/6) and 
myocyte enhancer factor 2 (MEF2) family proteins1-3; these factors 
collectively regulate the expression of muscle-specific genes and to 
control skeletal muscle development. Skeletal muscle satellite cells, 
as the stem cells of skeletal muscle, are located between skeletal 
muscle myofibre membrane and basal lamina membrane.4,5 The ac-
tivation, proliferation, migration, alignment, fusion and differentia-
tion of skeletal muscle satellite cells to form contractible and beating 
multinucleate myotubes is very crucial for myogenesis.6-8 Increasing 
evidence indicating that non-coding RNAs (ncRNAs) are widely in-
volved in the process of myogenesis.9,10

Long non-coding RNAs (lncRNAs) are a class of RNA transcripts 
(>200 nt) with weak or no protein coding potential. With the mys-
terious functions of lncRNAs gradually be unveiled, accumulating 
evidence shed light that various lncRNAs regulate skeletal mus-
cle myogenesis in a direct or indirect manner. LncRNAs can act as 
a molecular sponge to competitively bind microRNAs (miRNAs) or 
proteins to regulate skeletal muscle development. LncMD can act 
as competing endogenous RNA (ceRNA), competing with IGF2 and 
binding miR-125b to weak its inhibitory effect on IGF2, promot-
ing the differentiation of bovine skeletal muscle satellite cells.11 
LncRNAs regulate skeletal muscle development by mediating epi-
genetic regulation. For example, MyoD induces lncRNA Dum, the 
upstream transcriptional product of Dppa2, to recruit a variety of 
DNA methyltransferase Dnmts to the CpG site of the Dppa2 pro-
moter region, leading to the silencing of the neighbouring gene 
Dppa2 by cis action, and forming a MyoD-Dum-Dppa2 regulatory 
axis, thus positively regulating myoblast differentiation and muscle 
regeneration.12 LncRNAs also affect skeletal muscle development 
by regulating the splicing, stability and abundance of target mRNAs. 
For example, lncRNA Msx1 AS, transcribed from the anti-sense 
chain of Msx1, interferes with the splicing process of pre-mRNA 
and blocks the expression of Msx1 protein by binding to pre-mRNA 
transcribed by Msx1, thus promoting myoblast differentiation.13 In 
addition, lncRNAs encode micropeptides to regulate skeletal mus-
cle development. A research evinced that lncRNA-Six1 can encode 
a 7.26 kD micropeptide, which is enriched in the promoter region of 
Six1 gene as a key regulatory factor, while lncRNA-Six1 targets and 
cis-regulates the expression of Six1 gene through the micropeptides 
and then positively regulates the proliferation and development 
of chicken muscle cells.14 It seems that lncRNAs are emerging as a 
gatekeeper of skeletal muscle development. However, most studies 
of lncRNAs focussed on humans and mice.15 Actually, although nu-
merous lncRNAs have been detected in bovine skeletal muscle,16-19 
only a rare lncRNAs was identified as a molecular switch in bovine 
muscle development. Thus, to accelerate elucidating the mechanism 
in regulating bovine myogenic differentiation and provide a new tar-
get reference for cattle molecular breeding, we concentrated on the 
identification of bovine skeletal muscle-related lncRNAs.

Profilin (PFN) is a highly conserved actin-binding protein, which 
was widely found in eukaryotes and four subtypes have been found 
in mammals, including PFN1, PFN2, PFN3 and PFN4.20-22 PFN1 
contains three functional domains, including actin-binding domain, 
phosphatidylinositol-4,5-bisphosphate (PIP2) binding domain and 
poly-l-proline (PLP) binding domain.23,24 Actin-related protein-2/3 
complex (Arp2/3 complex) is a core participant in actin polymeriza-
tion, and Arp2/3-mediated actin polymerization plays an important 
role in myoblasts fusion.25 PFN1 competitively binds to filament 
barbed ends with capping protein, and PFN1 inhibits actin-based 
cell movement mediated by Arp2/3 complex in a concentration-
dependent manner.25 By binding to its ligand PIP2, PFN1 inhibits 
the formation of inositol triphosphate (IP3) and diacylglycerol (DG) 
and prevents the release of Ca2+.26 At the same time, PIP2 and actin 
have the same binding site on PFN1, which results in PFN1 unable to 
form a complex with actin after binding to PIP2, further regulating 
actin polymerization/depolymerization and mediating cytoskeleton 
remodelling.20,27 During myogenesis, a series of nuclear movement 
events occur in the nucleus of myoblasts, including centration, align-
ment, spreading, peripheral migration and anchoring, which mostly 
depend on microtubule (MT), kinesin and dynein motors.28 It re-
ported that MTs, actin, and actin nucleators (formins and the Arp2/3 
complex) compete for PFN1,29 suggesting that PFN1 is involved in 
myogenesis. Besides, actin filaments (F-actin) formed by G-actin po-
lymerization is essential for myoblasts fusion to form myotubes.30 
A wide range of cytoskeleton remodelling occurs before and after 
the fusion of mouse myoblasts.31 Without proper actin cytoskeleton 
remodelling, F-actin accumulates between cell-cell contact areas, 
resulting in a decrease in fused myoblasts.30 Therefore, PFN1 plays 
a critical role in skeletal muscle development. Specifically, PFN1 af-
fects the remodelling of cytoskeleton to regulate myogenic differen-
tiation by Arp2/3 mediated actin kinetics. And, PFN1 also functions 
in the transmission of intracellular signals to regulate myogenic dif-
ferentiation via PIP2.

The small GTPase Rho family is a member of Ras superfamily. 
Human Rho subfamily includes more than 20 members such as RhoA, 
Rac1 and Cdc42, which are widely found in eukaryotic cells.32 As a 
molecular switch, small GTPase family members are widely involved in 
actin cytoskeleton assembly, cell adhesion, migration, proliferation and 
cell cycle, transcription factor activity and other biological processes.32 
It has been confirmed that small GTPase Rho family is a key regulator 
of actin dynamics and plays a crucial role in regulating the dynamic 
changes of cytoskeleton.33,34 For example, the activation of Rho, Rac 
and Cdc42 can induce cytoskeleton remodelling by regulating actin 
kinetics.35 RhoA, RhoB and RhoC can activate downstream ROCK to 
phosphorylate a series of actin cytoskeleton regulatory factors, and 
then regulate cytoskeleton remodelling and cell contraction.36 The 
downstream effect protein ROCK of RhoA can phosphorylate myosin 
and promote cell contraction, which is essential for cell proliferation.37 
In addition, mDia, another RhoA downstream effect protein, can acti-
vate SKP2 and inhibit p27kip, resulting in a transition of G1/S phase.38 
Meanwhile, RhoA and its downstream serum response factor (SRF) 
signalling pathway are also essential for skeletal muscle myogenesis. 
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As an indispensable regulatory of MyoD expression, SRF is activated 
by RhoA and strongly promotes myogenic differentiation.39,40 It is re-
ported that Rac1 can promote cell fusion, while the absence of Rac1 
strongly suppresses myoblasts fusion.41 In summary, small GTPase Rho 
family plays a key role in regulating the development of skeletal muscle.

In this study, we discovered and identified a novel highly ex-
pressed bovine muscle lncRNA–lnc23, which could promote the 
myogenic differentiation of bovine skeletal muscle satellite cells. 
Further studies demonstrated that PFN1 was a binding protein of 
lnc23, and we initially elucidated that lnc23 might regulate myogenic 
differentiation through affecting the role of PFN1 on RhoA/Rac1.

2  | MATERIAL S AND METHODS

2.1 | Tissue sample collection and preparation

The tissue samples were collected from a cattle farm in Fengzhen, Inner 
Mongolia, and met the national feeding standard NT/T815-2004. All 
procedures performed for this study were consistent with the National 
Research Council Guide for the Care and Use of Laboratory Animals. 
All animal experimental protocols were approved by the Institute of 
Animal Science of Tianjin Agricultural University and were carried out 
in strict ethical policy. All cattle had not experienced any diseases. 
Specifically, four types of skeletal muscle samples (scapular muscle, 
gluteus muscle, longissimus muscle and intercostal muscle) and other 
non-skeletal muscle samples (heart, liver, spleen, lung, kidney, small in-
testine and stomach) of Inner Mongolian black cattle were collected 
from 3-month-old foetus, 6-month-old foetus and 9-month-old neo-
natal calf. All samples were immediately frozen in liquid nitrogen and 
then stored at −80°C until analysis. And the gluteus muscle, scapular 
muscle, intercostal muscle and longissimus muscle from 3-month-old 
foetus, 6-month-old foetus and 9-month-old neonatal calf were se-
lected for high-throughput sequencing approaches.

2.2 | Cell isolation and culture

Bovine skeletal muscle satellite cells were isolated and cultured as 
previously described.42 In brief, the muscle tissues of the hind limbs 
from 5- to 6-month-old bovine foetuses were cut into small pieces, 
digested with 0.2% collagenase type II (Gibco, Grand Island, NY) at 
37°C for 1 hour and then centrifuged at 2000 × g for 10 minutes. 
The precipitates were continue digested with 0.25% trypsin (Gibco, 
Grand Island, NY) at 37°C for 30 minutes, and digestion was termi-
nated with serum containing medium. Cell suspension was succes-
sively filtered through 100, 200 and 400 mesh cell sieves. After this, 
the cells were centrifuged at 2000 × g for 10 minutes, resuspended 
in growth medium (GM) containing Dulbecco's modified Eagle's me-
dium (DMEM/High Glucose, Hyclone, Logan, Utah) with 20% foe-
tal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin liquid 
(Solarbio, Beijing, China) and cultured for 2-3 times with differential 
adhesion. To induce differentiation, the cells were cultured to 70% 

confluence in GM and followed by an exchange to differentiation 
medium (DM) containing DMEM with 2% horse serum (HS, Gibco) 
and 1% penicillin-streptomycin liquid to culture 24 hours, 48 hours 
and 72 hours.

2.3 | Total RNA isolation and quantitative real-time 
PCR (qRT-PCR)

Total RNA of tissues and cells was isolated using TRIzol reagent 
(Invitrogen, USA) following the manufacturer's protocol. In short, 
after tissues or cells were lysed, chloroform was added to sepa-
rate the organic and inorganic phases, followed by precipitation 
with isopropanol and ethanol in turn, and finally the RNA was dis-
solved in DEPC water. Then, the first strand cDNA was prepared 
using PrimeScript II 1st Strand cDNA Synthesis Kit (Takara, Dalian, 
China). qRT-PCR was performed using All-in-One™ qRT-PCR Mix 
(Genecopoeia, Guangzhou, China) in a LightCycler® 96 Instrument 
(Roche, Germany). With GAPDH mRNA as an endogenous control, 
the relative expression level of genes was calculated by the 2−ΔΔCt 
method. All primers used were listed in Table S1.

2.4 | Rapid amplification of cDNA ends (RACE)

5′ and 3′ RACE experiments were performed to obtain the full 
length of lnc23 using the SMARTer RACE cDNA Amplification Kit 
(Clontech, USA) according to the manufacturer's protocol. Total RNA 
was isolated from bovine skeletal muscle myotubes that had been 
differentiated for 2 days (DM2). The gene-specific primers used for 
RACE were listed in Tables S2 and S3.

2.5 | Generation of constructs and siRNA synthesis

The sense and anti-sense chains of lnc23 were, respectively, sub-
cloned into the EcoRV and XhoI sites of pcDNA3.1(+) vector 
(Miaoling Bio, Wuhan, China) to obtain the recombinant expression 
plasmids pcDNA-lnc23(+) and pcDNA-lnc23(−). To construct plas-
mids for in vitro translation, the sense strand of lnc23 was subcloned 
into the NheI site of pET-28a vector (Miaoling Bio, Wuhan, China) 
by seamless cloning; and the bovine FSH-β, as a positive control, 
was subcloned into pET-28a vector by EcoRI and HindIII restriction 
enzyme. All the primers sequences of gene cloning were listed in 
Table S4. All the siRNAs for gene knockdown and negative control 
(si-NC) were synthesized by RiboBio (Guangzhou, China), and the se-
quences were listed in Table S5.

2.6 | In vitro translation

Constructed recombinant plasmids pET-lnc23 and pET-FSH-β were, 
respectively, transformed into BL21 competent cells, then single 



     |  5991CHEN et al.

clones were selected to 1.5  mL liquid medium and incubated at 
37°C 200 rpm until the optical density value (600 nm) reached 0.6-
0.8. Next, isopropyl β-d-thiogalactoside (IPTG) was added to a final 
concentration of 0.5 mmol/L and induced to culture for 2-4 hours 
at 37°C 200 rpm. The samples were centrifuged at 18 000 × g for 
1 minutes, the sediments were suspended in 50-100 μL 10 mmol/L 
Tris-HCl (pH 8.0) and the supernatants were subjected to SDS-PAGE.

2.7 | Cell transfection

According to the manufacturer's protocol, the cells were transfected 
with siRNA or plasmid using Lipofectamine 3000 (Invitrogen, USA) 
when they were cultured to 60%-70% confluence in 96-well, 24-
well or 6-well plates. In all cell culture plates, the final concentra-
tions used for siRNA and plasmid, respectively, were 100 nmol/L and 
2.0 µg/mL. Finally, cells were collected for detection after transfec-
tion 24 hours and 72 hours.

2.8 | Western blot analysis

Bovine skeletal muscle cells were lysed in RIPA buffer (Solarbio, 
Beijing, China) supplemented with PMSF for total protein charac-
terization. Then, equal amounts of cells lysate were resolved by 
10% or 12.5% SDS-PAGE and transferred onto PVDF membranes 
(Millipore, USA). The membranes were blocked with 5% BSA for 
1 hour, incubated with primary antibody at 4°C overnight and then 
incubated with secondary antibody for 1 hour before detection. The 
fold change of protein was normalized to GAPDH for quantitative 
analysis by ImageJ software. The antibodies information was listed 
in Table S6.

2.9 | Nuclear and cytoplasmic fractionation

According to the previously described,43 the cytoplasmic and nu-
clear extracts from myoblasts and myotubes were stepwise sepa-
rated using NE-PER Nuclear and Cytoplasmic Extraction Reagents 
(Thermo Scientific, USA). In brief, the ice-cold CER I with RNase in-
hibitor was used to break cell membranes and release cell contents. 
After centrifugation, the supernatant, which is the cytoplasmic ex-
tract, was transferred to a clean pre-chilled tube to obtain cytoplas-
mic RNA. Then, the precipitate was washed 2-3 times with PBS to 
obtain nuclear RNA.

2.10 | Immunofluorescence staining

Bovine skeletal muscle cells were fixed in 4% paraformaldehyde 
for 30  minutes, permeabilized in 0.1% Triton X-100 for 20  min-
utes and blocked with 5% normal goat serum for 30 minutes at 
room temperature, and incubated with primary antibody at 4°C 

overnight. Next, the FITC-conjugated secondary antibody was 
added and incubated at 37°C for 1  hour in the dark, and the 
nuclear was then counterstained with DAPI. The immunofluo-
rescence images from five random fields were visualized and 
captured with an inverted fluorescence microscope at a magni-
fication of 200×.

2.11 | TMT 10-plex labelling 
quantitative proteomics

A total of 5 biological replicates were, respectively, set for two 
groups, group si-ASO-lnc23 and group si-NC. The cells were in-
duced differentiation for 2  days after transfection, then lysed in 
RIPA buffer (1× PBS (pH 7.4), 0.5% Sodium deoxycholate, 1.0% NP-
40 and 1.0% SDS solution) supplemented with PMSF. Then, the TMT 
10-plex labelling quantitative proteomics was performed to identify 
the difference proteins between the group si-ASO-lnc23 and group 
si-NC, and the potential regulatory protein of lnc23 was screened 
using Perseus 1.5.3.2 software. Group si (si-1-si-5) was, respectively, 
labelled by tags 126, 127C, 127N, 128C and 128N, while Group NC 
(NC-1-NC-5) was, respectively, labelled by tags 129C, 129N, 130C, 
130N and 131.

2.12 | In vitro transcription

The recombinant plasmid pcDNA-lnc23(+) and pcDNA-lnc23(−) 
were linearized by XhoI restriction enzyme to prepare the templates 
with T7 promoter for in vitro transcription. Biotin-labelled sense and 
anti-sense chains of lnc23 were transcribed in vitro using biotin-16-
UTP (Epicentre, USA) by T7 RNA polymerase. Then, the DNA tem-
plate in the system was eliminated with DNase I, followed by RNA 
purification and electrophoresis detection.

2.13 | RNA pulldown/LC-MS

The Pierce™ Magnetic RNA-protein Pull-Down Kit (Thermo 
Scientific, USA) was utilized to capture potential binding protein 
of lnc23. The biotin-labelled sense and anti-sense chains of lnc23 
were pretreated with RNA structure buffer (10 mmol/L Tris-HCl 
pH 7.0, 0.1 mol/L KCl, 10 mmol/L MgCl2), and then incubated with 
RNA capture buffer, magnetic beads and 1 U/mL RNase inhibitor 
for 2  hours at 4°C. Next, the bovine skeletal muscle cells from 
DM2 were lysed using IP lysis buffer supplemented with 1× pro-
tease inhibitor cocktail, incubated with RNA-beads complex for 
2  hours at 4°C. Subsequently, the RNA-Protein-beads complex 
was washed five times, mixed with protein loading buffer and in-
cubated at 100°C for 10 minutes. Finally, the supernatants were 
subjected to SDS-PAGE and LC-MS identification. The identified 
proteins were screened by protein contents in the molar fraction 
percentage.
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2.14 | RNA immunoprecipitation (RIP)

According to the manufacturer's protocol, RIP was performed using 
Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit (Sigma-
Aldrich, USA). In brief, the bovine skeletal muscle cells from DM2 were 
lysed using complete RIP lysis buffer supplemented with 1× protease 
inhibitor cocktail and 1 U/mL RNase inhibitor. The pretreated magnetic 
beads protein A/G and the primary antibody or IgG were incubated for 
30 minutes at room temperature. Then, the beads-antibody complex 
and cell lysates were incubated with rotating at 4°C overnight. The co-
precipitated RNAs were extracted with TRIzol reagent.

2.15 | Statistical analysis

All results are presented as the mean  ±  SEM. Statistical analyses 
of differences between groups were performed using two-tailed 
Student's t test or chi-square test and P < .05 was considered statis-
tically significant. *P < .05 and **P < .01. Protein content in the molar 
fraction percentage44 was calculated by the following formula:

3  | RESULTS

3.1 | Identification, characterization and expression 
pattern of lnc23

To enrich and expand the understanding of lncRNAs in bovine skeletal 
muscle development, the gluteus muscle, scapular muscle, intercos-
tal muscle and longissimus muscle from three representative embry-
onic development periods, 3-month-old foetus, 6-month-old foetus 
and 9-month-old neonatal calf were selected and performed high-
throughput sequencing (Data not published). A total of 63 509 lncRNAs 
were identified, of which 180 lncRNAs were specifically co-expressed 
in muscle tissues of three representative periods under the condition 
of adjusted P-value <.05 (Figure  S1A). Then, the cluster analysis of 
180 co-expressed lncRNAs showed that the expression of lncRNAs 
was different in the three periods, indicating that these lncRNAs might 
play an important role in bovine muscle development (Figure  S1B). 
Considering the low abundance characteristic of lncRNAs, the stand-
ard of RPKM > 5 in each period was used for filtering and 4 lncRNAs 
were screened (Figure S1A). Among them, there are three bases ex-
actly overlapping between the 3′ end of TCONS_00137442 and the 5′ 
end of TCONS_00139622. After splicing them together, it was found 
that it can be completely aligned to chromosome 23 of the bovine 
genome. Therefore, TCONS_00137442 and TCONS_00139622 were 
considered to be the same lncRNA and named lnc23.

5′ and 3′ rapid amplification of cDNA ends (RACE) were per-
formed to identify the full-length sequence of lnc23. For 5′-RACE, 
the extended 1106  bp by the primer GSP1-A was determined to 
be the 5′ terminal sequence of lnc23 (Figure 1A). For 3′-RACE, no 

fragments could be amplified by SMARTer method. And three pairs 
walking primers also failed to amplify the complete sequence at 3′ 
end of lnc23, although it has extended 3397 bp (Figure 1B). Then, 
the 5′ and 3′-RACE results were spliced and obtained a 4001 nt frag-
ment, which could be completely aligned to chromosome 23. Thus, 
we only carried out subsequent studies with the obtained lnc23 frag-
ment of 4001 nt in length (GenBank Accession ID: BankIt2343098 
bta_lnc23 MT721869). Genome localization analysis showed that 
lnc23 is located on chromosome 23 of the bovine genome, the up-
stream genes are miR-133b and miR-206, and its downstream gene 
is PKHD1 (Figure 1C). Some lncRNAs have the ability to encode mi-
cropetides. Therefore, the coding potential calculator (CPC) online 
tool (http://cpc.cbi.pku.edu.cn/) was used to predict the coding po-
tential of lnc23. The result showed that lnc23 had low coding poten-
tial (−0.977347) and a small open reading frame (ORF) (Figure 1D). 
Then, an in vitro translation experiment was performed to ascertain 
this prediction. Results showed no evidence of protein product from 
lnc23, while the positive control bovine FSH-β was proved as a pro-
tein coding gene with encoding a ~14 kD protein (Figure 1E), which 
further supported its non-coding property. To determine the sub-
cellular location of lnc23, total RNA, nuclear RNA and cytoplasmic 
RNA were extracted from bovine satellite cell-derived myoblasts 
and myotubes. With the GAPDH and pre-GAPDH mRNA were, re-
spectively, as cytoplasmic and nuclear iconic gene, the RT-PCR and 
qRT-PCR suggested that lnc23 was all predominantly located in nu-
cleus of myoblasts and myotubes (Figure 1F,G).

From 11-12 weeks of the embryo (~3 months old) to birth, the 
tissues and organs of vertebrates are formed and further differ-
entiated, and the foetal growth reaches its peak during this stage. 
Therefore, the tissue expression profiles at different developmental 
stages were performed to reveal whether lnc23 was implicated in 
myogenesis. Specifically, the expression of lnc23 was detected by 
qRT-PCR in various tissues from 3-month-old foetus, 6-month-old 
foetus and 9-month-old neonatal calf. Results showed that the 
expression of lnc23 was prominently high in the muscle tissues of 
6-month-old foetus, while lowly expressed in 3-month-old foetus 
and 9-month-old neonatal calf, that is lnc23 was highly expressed at 
the peak of cattle foetal growth and development, suggesting that 
lnc23 may participate in the regulation of skeletal muscle develop-
ment and muscle formation in cattle (Figure 1H). To gain more in-
sights, the expression level of lnc23 during myogenesis was assessed 
by qRT-PCR. Results demonstrated that the expression of lnc23 is 
time-dependent and reached the peak on the 2 days of induced dif-
ferentiation (DM2) (Figure 1I), suggesting that lnc23 may have a role 
in the regulation of myogenesis.

3.2 | Lnc23 promotes the differentiation of 
bovine myoblasts

To unveil the role of lnc23 in myogenesis of bovine skeletal mus-
cle satellite cells, nuclear specific interference RNA si-ASO-lnc23 
was designed and synthesized for lnc23 knockdown, and the 
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recombinant plasmid pcDNA-lnc23 was constructed for lnc23 
over-expression, which successfully constructed the lnc23 loss-of-
function and gain-of-function model with 83% decrease and more 
than 17 367-fold increase of lnc23 expression level in GM, and pro-
duced 35% reduction and more than 1144-fold increase of lnc23 
expression level in DM2, respectively (Figure  S2A,B). The results 
showed that knockdown of lnc23 inhibited the differentiation pro-
cess of bovine skeletal muscle satellite cells, while over-expression 
of lnc23 promoted differentiation process of bovine skeletal muscle 
satellite cells (Figure S2C). Hence, we speculated that lnc23 plays an 
important role in the differentiation of bovine myoblasts. To ascer-
tain ours posit, the qRT-PCR and Western blot were employed and 
exhibited that down-regulated lnc23 resulted in a drastic decrease 
in mRNA (Figure 2A) and protein (Figure 2B) expression level of cell 
differentiation-related markers MyoG and MyHC in DM2. On the 
contrary, over-expression of lnc23 brought about a significant eleva-
tion of mRNA (Figure 2C) and protein (Figure 2D) expression level 
of MyoG and MyHC in DM2. This suggests that lnc23 may function 
in the cell differentiation of bovine myoblasts. To further verify the 
effect of lnc23 on cell differentiation, the myotubes MyHC immuno-
fluorescence staining was performed in DM2. Results demonstrated 
that the number of myotubes (Figure 2E) and quantitative myotube 
fusion index (Figure  2F) were reduced when lnc23 was knocked 
down, while the reciprocal experiment gave rise to the opposite re-
sults (Figure 2E,G). As anticipated, lnc23 has been confirmed to play 
a key role in myogenic differentiation. Taken together, our experi-
ments suggested that lnc23 positively regulates the differentiation 
of bovine myoblasts to involve in skeletal muscle myogenesis.

3.3 | Quantitative proteomics analysis of lnc23 
potentially regulated proteins

As aforementioned, lnc23 plays an essential role in regulating the 
differentiation of bovine skeletal muscle satellite cells. To further 
elucidate its regulation mechanism, obtain the information of po-
tential regulatory proteins of lnc23 and shed light lnc23-related 
regulatory pathway, a TMT 10-plex labelling quantitative proteomics 
analysis was carried out on the basis of knocking down the expres-
sion of lnc23. Total proteins of group si-ASO-lnc23 and group si-NC 
in DM2 were qualitatively and quantitatively analysed by colloidal 

Coomassie staining. Results showed that the total protein bands 
of all samples were clear and evenly distributed, and the mass was 
more than 100 μg, which met the requirements of proteomics iden-
tification (Figure 3A).

A total of 5295 proteins were identified by quantitative pro-
teomics (Figure 3B), and each protein containing at least one unique 
peptide. Quantitative proteomics data were analysed by Perseus 
1.5.3.2 software. In order to make the samples obey normal dis-
tribution, 127C tagged si-2 and 130C tagged NC-3 were excluded, 
respectively. Firstly, all the data were converted by log2, and two-
sample t test was performed after filtering out the invalid values. 
Among them, 1134 proteins were detected by t test, that is, 1134 
proteins were differently expressed (P  <  .05) between group si-
ASO-lnc23 and group si-NC. With the ratio of si-ASO-lnc23/si-NC 
as the Fold Change, and the cut-off value of 0.446 as a screening 
criterion for further differentially expressed proteins (DEPs) at 95% 
confidence, thus all proteins with Fold Change > 1.363 were sig-
nificantly up-regulated while all proteins with Fold Change < 0.734 
were significantly down-regulated. Finally, a total of 312 DEPs were 
screened, including 51 significantly up-regulated proteins and 261 
significantly down-regulated proteins (Figure  3B), which were re-
garded as potential regulatory proteins of lnc23. Then, the cluster 
analysis of 312 DEPs revealed that all samples were clustered into 
two groups, si-ASO-lnc23 and si-NC, indicating that the samples 
were homogeneous and the data were neat (Figure 3C). In addition, 
18 proteins with a large difference and two down-regulated pro-
teins, KBTBD10 and TPM1, were selected from 312 DEPs to ver-
ify the reliability of quantitative proteomics at mRNA and protein 
level, respectively. The results were consistent with quantitative 
proteomics (Figure S3), suggesting that proteomics results were ac-
curate and reliable, and can be used as an important reference for 
future research.

Protein-protein interaction (PPI) analysis of 312 DEPs by STRING 
database revealed four major protein-protein interaction networks 
(Figure  3D), including the muscle contraction-related proteins; cell 
adhesion, cell motility, fibre formation, extracellular matrix and other 
cell fusion-related proteins; ubiquitination, methylation and other 
protein modification-related proteins; and RNA binding-related pro-
teins (Figure 3D). Among them, most of muscle contraction and cell 
fusion-related proteins were down-regulated, while most of protein 
modification and RNA binding-related proteins were up-regulated. 

F I G U R E  1   Characterization and expression pattern of lnc23. (A) 5′-RACE of lnc23 in bovine skeletal muscle cells. GSP1-A and GSP1-B are 
the gene-specific primers (GSPs) of 5′-RACE. (B) 3′-RACE of lnc23 in bovine skeletal muscle cells. GSP2-A, GSP2-B and GSP2-C are the gene-
specific walking primers of 3′-RACE. (C) Genome localization schematic of lnc23. Lnc23 is located on chromosome 23 of the bovine genome, 
the upstream genes are miR-133b and miR-206, and its downstream gene is PKHD1. (D) Prediction of coding potential using CPC Program. 
Both lnc23 and MEG9 were predicted to be non-coding RNA and found that lnc23 had a small open reading frame (ORF), while GAPDH was 
identified to code for protein. (E) In vitro translation system showed no evidence of protein product from lnc23, while the positive control 
bovine FSH-β could encode a ~14 kD protein. (F-G) The subcellular location of lnc23. Total RNA, nuclear RNA and cytoplasmic RNA were 
extracted from proliferation cells (Myoblasts) and differentiated cells of 2 d (Myotubes). With the pre-GAPDH and GAPDH, mRNAs were, 
respectively, used as nuclear and cytoplasmic iconic gene, the RT-PCR (F) and qRT-PCR (G) showed that lnc23 was predominantly located in 
nucleus. (H) Tissue expression profile of lnc23. The qRT-PCR was performed to detect the expression of lnc23 in heart, liver, spleen, lung, 
kidney, scapular muscle, gluteus muscle, longissimus muscle, intercostal muscle, small intestine and stomach, of which were all from 3-mo-
old foetus, 6-mo-old foetus and 9-mo-old neonatal calf. (I) Time series expression profile of lnc23. The bovine myoblasts and myotubes from 
GM, DM1, DM2 and DM3 were used for detecting lnc23 expression by qRT-PCR
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PPI analysis suggesting that down-regulated lnc23 might inhibit 
myogenic differentiation by attenuating signal transmission and cell 
fusion between cells and cells or extracellular matrix. This further 
demonstrated the key regulatory role of lnc23 in myogenic differen-
tiation. To further explore the function of 312 DEPs and their regu-
lation pathways, GO and KEGG analysis were performed by DAVID. 
GO enrichment analysis showed that 312 DEPs were significantly 
enriched in skeletal muscle contraction, actin filament organization, 
myofibril assembly and positive regulation of myotube differentia-
tion and so on in biological process (Figure 4A); and molecular func-
tion mainly included Ca2+ binding, tropomyosin binding, actin binding 
and microfilament motor activity (Figure 4B); in cellular component, 
these DEPs mainly belonged to Z disc, extracellular matrix, myosin 
complex and focal adhesion (Figure 4C). In addition, KEGG enrich-
ment analysis showed that 312 DEPs were significantly enriched in 
regulation of actin cytoskeleton, focal adhesion, ECM-receptor in-
teraction and calcium signalling pathway (Figure 4D). Both GO and 
KEGG analysis suggested that the proteins which involved in skeletal 
muscle growth and development-related signal pathways had been 
significantly changed after down-regulation of lnc23, which further 
supported the important role of lnc23 in myogenic differentiation.

3.4 | RNA pulldown captures lnc23 binding protein

Quantitative proteomics has found 312 potential regulatory proteins 
of lnc23. To delve into the mechanisms of lnc23 regulating myogenic 
differentiation, RNA pulldown was performed to narrow the study 
scope and obtain the proteins directly associated with lnc23. With 
10% input and the anti-sense chain of lnc23 were, respectively, as 
a positive control and a negative control, 12% SDS polyacrylamide 
gel electrophoresis (SDS-PAGE) and coomassie blue staining showed 
that the proteins captured from the sense and anti-sense chain of 
lnc23 had an evident difference at around 48 kD (Figure 5A). Then, 
the captured proteins were identified by LC-MS. A total of 857 and 
947 proteins were, respectively, identified from the sense and anti-
sense chain of lnc23, of which 140 proteins specifically bound to the 
sense chain of lnc23 and were deemed as lnc23 potential binding 
proteins (PBPs) (Figure 5B).

We also performed GO and KEGG analysis of lnc23 PBPs. 
Results exposed that lnc23 PBPs were remarkably enriched in 
ATP-dependent chromatin remodelling, alternative mRNA splicing, 
Arp2/3 complex-mediated actin nucleation and so on in biolog-
ical process (Figure  5C). And molecular function mainly included 
poly (A) RNA binding, nucleotide binding, RNA binding and actin 
filament binding (Figure 5D). In cellular component, these proteins 
mainly belonged to extracellular exosome, focal adhesion and 

Arp2/3 protein complex (Figure  5E). Besides, KEGG enrichment 
analysis evinced lnc23 PBPs were markedly involved in spliceo-
some and protein export (Figure  5F). Synergistic analysed above 
results and quantitative proteomics, we suggested that lnc23 
PBPs were involved in the process of myogenic differentiation 
through affecting cell fusion via Arp2/3 complex-mediated actin 
nucleation. Furthermore, the domain analysis was employed using 
DAVID to determine the structural commonality of lnc23 PBPs 
and demonstrated that these proteins contained domains such as 
nucleotide-binding domain and RNA recognition motif (RRM) do-
main (Figure 5G,H).

3.5 | Analysis and identification of lnc23 candidate 
binding proteins

The interesting proteins were selected from lnc23 PBPs by the 
threshold of protein molar percentage more than 0.1%. A total 
of 10 proteins were screened as lnc23 candidate binding pro-
teins (Figure  6A). PPI analysis of these 10 proteins showed that 
there was an interaction among TPM1, PFN1, LOC101904481 
(ENSBTAG00000038232) and ENO1 (Figure  6B). Among them, 
TPM1 was a down-regulated differential protein identified by quan-
titative proteomics, and its protein content was the highest in lnc23 
PBPs. Therefore, comprehensively consider the results from quanti-
tative proteomics, protein content and PPI analysis, TPM1 and PFN1 
with high protein content and interaction with each other were se-
lected as lnc23 candidate binding proteins for further study.

To determine the binding of lnc23 to TPM1 and PFN1, RIP ex-
periment was performed for reverse verification. With higher im-
munoprecipitation efficiency, RT-PCR and qRT-PCR revealed that 
lnc23 was highly enriched in PFN1 immunoprecipitates, and the 
fold enrichment was 31.4 times compared with the negative control 
IgG (Figure 6C-E). However, the immunoprecipitation efficiency of 
TPM1 was lower, and the fold enrichment of lnc23 also was low in 
TPM1 immunoprecipitates (Figure 6F-H). In summary, we supported 
that PFN1, not TPM1, was a binding protein of lnc23. Therefore, the 
following study took PFN1 as the research object to continue ex-
ploring the synergistic regulation mechanisms of lnc23 and PFN1 in 
the myogenic differentiation of bovine skeletal muscle satellite cells.

3.6 | Lnc23 accelerate myogenesis of bovine 
skeletal muscle satellite cells via PFN1

In previous quantitative proteomics, we found that down-regulated 
lnc23 had no remarkable effect on the protein expression level 

F I G U R E  2   Lnc23 promotes the differentiation of bovine myoblasts. Knockdown experiment of lnc23 resulted in a decrease in mRNA (A) 
and protein (B) expression level of cell differentiation-related markers MyoG and MyHC. (C-D) While, the over-expression of lnc23 increased 
the mRNA and protein expression level of MyoG and MyHC. (E) The MyHC immunofluorescence staining of myotubes in DM2 showed that 
the number of myotubes was reduced and increased when lnc23 was knocked down and over-expressed (scale bars 100 μm), (F-G) and the 
quantitative myotube fusion index has the same results



     |  5997CHEN et al.

F I G U R E  3   Analysis of TMT 10-plex labelling quantitative proteomics. (A) Colloidal coomassie stain of samples. (B) The statistics of total 
proteins and differential expressed proteins (DEPs) were screened by Student's t test (P < .05). (C) Cluster analysis of 312 DEPs by Perseus 
1.5.3.2 software. All data were normalized using the average of the group NC (Ave.NC). The group si and group NC were clustered into one 
group, respectively. (D) Protein-protein interaction (PPI) analysis of DEPs by STRING
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of PFN1. To illuminate the mechanism of lnc23 cooperating with 
PFN1 in regulating myogenic differentiation, the effect of lnc23 on 
PFN1 was detected both at mRNA and protein levels, respectively. 
Down-regulated lnc23 significantly elevated the mRNA expression 
level of PFN1 in DM2 (Figure  7A), but did not affect the protein 
expression level of PFN1 (Figure  7B). Reciprocally, up-regulated 
lnc23 significantly decreased the mRNA expression level of PFN1 
in GM (Figure 7C); it also had no dramatic effect on the PFN1 pro-
tein (Figure  7D). These results were consistent with the quantita-
tive proteomics, which further proved the credibility of proteomics 
data. Hence, we speculated that lnc23 may affect the expression 

of PFN1 at transcriptional level, but not its translation. At the same 
time, we also investigated the effect of down-regulating PFN1 on 
cell differentiation. With a 60% decrease in PFN1 mRNA (Figure 7E), 
the mRNA expression level of MyoG and MyHC was significantly el-
evated in DM2 (Figure 7F), indicating that PFN1 negatively regulated 
myogenic differentiation.

We have confirmed that lnc23 binds to PFN1, but does not affect 
its protein level. Given that, we posited that lnc23 might influence the 
binding of PFN1 interaction proteins. PPI analysis of PFN1 revealed that 
PFN1 interacted with RhoA, RhoC and Rac1 of small GTPase Rho family 
members (Figure 8A). Interestingly, RhoA and Rac1 played a prominent 

F I G U R E  4   GO and KEGG analysis of differential expressed proteins. GO and KEGG analysis of differential expressed proteins were 
performed using DAVID. The enrichment items or pathways were filtered with P < .05. Only the top 20 items or pathways with the most 
significant enrichment were displayed using R 3.63 software
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role in myogenic differentiation such as cell cycle, actin kinetics and 
cell fusion. Further study demonstrated that the protein level of RhoA 
was significantly decreased after down-regulating lnc23, and the Rac1 
protein showed a descending trend (Figure 8B). On the contrary, up-
regulated lnc23 produced a remarkable increase in Rac1 protein level 
and an elevated tendency on RhoA protein level (Figure 8C). Evidencing 
that lnc23 positively regulating the protein expression of RhoA and 
Rac1. Further study found that the mRNA levels of RhoA and Rac1 were 
drastically elevated after down-regulating PFN1 (Figure 8D), indicating 
that PFN1 may negatively regulate the expression of its interacting pro-
teins RhoA and Rac1. Above results illustrated that lnc23 could mediate 
the mRNA level of PFN1 to regulate the protein expression of RhoA 
and Rac1. Taken together, we speculated that lnc23 may reduce the in-
hibiting effect of PFN1 on RhoA and Rac1 by binding to PFN1, thereby 
promoting myogenic differentiation.

4  | DISCUSSION

Accumulating evidence suggests that lncRNAs are emerging as a 
gatekeeper of the proliferation and differentiation of skeletal mus-
cle satellite cells.45-47 However, lncRNAs have the characteristics of 
complex mechanism, diverse modes of action and low conservation. 
With positive regulation on bovine skeletal muscle satellite cells, 
lncMD is conservative in humans, mice and dogs, which belongs to 
a rare interspecific conservative lncRNA.11 A bovine muscle-specific 
lncRNA lnc133b could promote cell proliferation and inhibit cell dif-
ferentiation whether lnc133b was down-regulated or up-regulated.48 
In current study, lnc23 was screened from high-throughput sequenc-
ing of three representative periods of skeletal muscle development 
and found that down-regulated lnc23 inhibited cell differentiation, 
while up-regulated lnc23 promoted cell differentiation. Hence, we 

F I G U R E  5   Identified proteins by RNA pulldown and their bioinformatics analysis. (A) SDS-PAGE after RNA pulldown. 10% input and the 
anti-sense chain of lnc23 were, respectively, as a positive control and a negative control. (B) Identified proteins by RNA pulldown/LC-MS. 
A total of 857 proteins were identified from the sense chain of lnc23 and 947 proteins were identified from the anti-sense chain of lnc23, 
of which 140 proteins specifically bound to the sense chain of lnc23. (C-F) GO and KEGG analysis of lnc23 potential binding proteins by 
DAVID. The enrichment items or pathways were filtered with P < .05. For more items or pathways, only the top 20 with the most significant 
enrichment were displayed using R 3.63 software. (G-H) Domain analysis of lnc23 potential binding proteins by DAVID. The enrichment 
items were filtered with P < .05. The significantly enriched items were displayed using R 3.63 software

F I G U R E  6   Screening and verifying 
of lnc23 binding proteins. (A) Candidate 
binding proteins of lnc23 at protein 
content (mol%) > 0.1%. (B) Protein-protein 
interaction analysis of lnc23 candidate 
binding proteins by STRING. (C) Detection 
the IP efficiency of PFN1 by Western blot. 
10% input and IgG were, respectively, as 
a positive control and a negative control. 
(D) Detection the enrichment of lnc23 
in PFN1 immunoprecipitates by RT-PCR. 
(E) Detection the fold enrichment of 
lnc23 in PFN1 immunoprecipitates by 
qRT-PCR. (F) Detection the IP efficiency 
of TPM1 by Western blot. 10% input 
and IgG were, respectively, as a positive 
control and a negative control. (G) 
Detection the enrichment of lnc23 in 
TPM1 immunoprecipitates by RT-PCR. 
(H) Detection the fold enrichment of 
lnc23 in TPM1 immunoprecipitates by 
qRT-PCR
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supported that lnc23 positively regulated the differentiation of bo-
vine skeletal muscle satellite cells.

One of the mechanisms of lncRNAs is to exert regulatory effects 
by binding to proteins. For example, lncRNA MALAT1 competes with 
SIRT1 to bind DBC1, releasing SIRT1 and enhancing its deacetylation 
activity, deacetylating p53 and inhibiting the transcription of p53 
downstream genes, thereby promoting cell proliferation and inhib-
iting cell apoptosis.49 Thus, we investigated the mechanism of lnc23 
on regulating myogenic differentiation via analysing the proteins 
regulated by lnc23. Firstly, lnc23 was down-regulated and the po-
tential regulatory protein of lnc23 was analysed by quantitative pro-
teomics. Then, lnc23 binding protein was captured by RNA pulldown 
technique and identified by mass spectrometry to screen the lnc23 
candidate binding protein. The combination of lnc23 and its candi-
date binding protein was determined by RIP experiment. Finally, we 
explored the molecular mechanism of lnc23 and its binding proteins 
synergistically regulating the myogenic differentiation of bovine 
skeletal muscle satellite cells. Based on the results of quantitative 

proteomics and RNA pulldown, TPM1 and PFN1, which have high 
protein content and interaction with each other, were selected as 
interested proteins. In our study, TPM1 was identified as a down-
regulated protein by quantitative proteomics, and its protein content 
was the highest in lnc23 PBPs, which was considered the most likely 
binding protein of lnc23. Unexpectedly, RIP experiment showed that 
the fold enrichment of lnc23 in TPM1 immunoprecipitates was only 
2.7 times compared with the negative control IgG, which may be 
due to the poor specificity of TPM1 polyclonal antibody. In addition, 
it also may be the difference between lysis conditions and physio-
logical conditions resulting in false-positive results in RNA pulldown 
experiment. Compared with TPM1, the fold enrichment of lnc23 in 
PFN1 immunoprecipitates was 31.4 times as much as IgG, suggest-
ing that lnc23 binds to PFN1.

Further studies demonstrated that lnc23 affected the mRNA ex-
pression level of PFN1 but not its protein level. And PFN1 negatively 
regulated the myogenic differentiation and its interaction proteins 
RhoA and Rac1 in mRNA level. In addition, lnc23 positively regulated 

F I G U R E  7   Effect of lnc23 on PFN1, and PFN1 on myogenic differentiation. (A) Down-regulated lnc23 significantly elevated the mRNA 
expression level of PFN1 in DM2, (B) but did not affect the protein expression level of PFN1. (C) Up-regulated lnc23 significantly decreased 
the mRNA expression level of PFN1 in GM (D); it also had no dramatic effect on the PFN1 protein. (E) Knockdown experiment resulted in 
a 60% decrease in PFN1 mRNA expression level (F) and produced a significant increase in mRNA expression level of cell differentiation-
related markers MyoG and MyHC in DM2
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the mRNA expression levels of RhoA and Rac1. It has been reported 
that RhoA positively regulates the expression of MyoD through SRF 
and β-catenin/TGF, thereby promoting myogenic differentiation.50,51 
Interestingly, quantitative proteomics revealed that two subtypes 
of TGF, TGFB1 and TGFB2, were significantly down-regulated after 
knocking down lnc23, which further suggesting lnc23 and its binding 
protein PFN1 may synergistically regulate the myogenic differentiation 
through RhoA mediated β-catenin/TGF signalling pathway. Moreover, 
Arp2/3 regulates myogenic differentiation by mediating actin polymer-
ization.25 And Rac1 mediates the polymerization of filamentous actin 
and results in lamellipodium formation and membrane ruffling at the 
leading edge of migrating cells.33 In addition, an experiment of Rac1 
mutant mice has demonstrated that Rac1 promotes cell fusion by re-
cruiting vinculin and cytoskeleton protein to the contact area between 
cells and cells, while the absence of Rac1 strongly suppresses the 
aggregation of Arp2/3 complex and myoblasts fusion.41 In our study, 
RNA pulldown captured ARPC5 was a subunit of Arp2/3 complex, 
which showed a descending tendency in quantitative proteomics al-
though the difference was not significant. Meanwhile, ARPC1A was 
another subunit of Arp2/3 complex, which was significantly decreased 
in quantitative proteomics, suggesting that lnc23-PFN1-Rac1 may 
regulate myogenic differentiation through actin polymerization me-
diated by Arp2/3 complex. Taken together, we speculated that lnc23 

may regulate the myogenesis of bovine skeletal muscle satellite cells 
mainly through two ways. Specifically, lnc23 weakens the inhibitory 
effect of PFN1 on RhoA by binding to PFN1 and promotes the ex-
pression of RhoA protein, thereby promoting myogenic differentiation 
by positively regulating the expression of MyoD through SRF and β-
catenin/TGF signalling pathways (Figure 9). Also, lnc23 attenuates the 
inhibitory effect of PFN1 on Rac1 by binding to PFN1 and promotes 
the expression of Rac1 protein, thereby promoting myogenic differ-
entiation via accelerating actin polymerization and cell fusion medi-
ated by Arp2/3 complex (Figure 9). However, it should be pointed out 
that lnc23-PFN1-RhoA/Rac1 axis is speculated based on the current 
research reports and experimental results, including quantitative pro-
teomics, which is lack of certain experimental support. The detailed 
mechanism that lnc23 and PFN1 synergistically regulate these two sig-
nalling pathways would be verified in the future study.

More interestingly, the activity of small GTPase also is very critical 
for myogenic differentiation. The activity of Rac1 was high in prolifer-
ating myoblasts whereas decreased in differentiated myoblasts, fur-
ther study indicating that Rac1 suppresses myogenic differentiation 
by preventing myoblasts from completely withdraw cell cycle.52,53 
Although the activity of RhoA is necessary for myogenic differentia-
tion, the down-regulation of RhoA activity is essential for the with-
drawal of cell cycle, the expression of muscle differentiation genes and 

F I G U R E  8   Effect of lnc23 on PFN1 interacting proteins. (A) Protein-protein interaction (PPI) analysis of PFN1 interacting proteins by 
STRING. (B) Down-regulated lnc23 inhibited the protein expression level of RhoA, while Rac1 protein level showed a descending trend. (C) 
Up-regulated lnc23 promoted the protein expression level of Rac1, while RhoA protein level presented an elevated tendency. (D) The mRNA 
expression levels of RhoA and Rac1 were all significantly increased after down-regulating PFN1. Note: The Western blot bands of RhoA 
and Rac1 came from the same polyvinylidene difluoride membrane as KBTBD10 and TPM1 in Figure S3, so GAPDH band was same
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the myotube fusion.54,55 Thus, to comprehensively delineate the syn-
ergistic mechanism between lnc23 and PFN1, we will also delve into 
the effect of lnc23 on small GTPase activity in the future.

Altogether, we discovered and identified a novel bovine muscle 
highly expressed lncRNA–lnc23, which could promote myogenic dif-
ferentiation. Further study demonstrated that PFN1 was a binding 
protein of lnc23, and we initially elucidated that lnc23 might pro-
mote the myogenesis of bovine skeletal muscle satellite cells via 
PFN1-RhoA/Rac1.

5  | CONCLUSION

The novel identified lnc23 positively regulates the myogenesis of bo-
vine skeletal muscle satellite cells via lnc23-PFN1-RhoA/Rac1 axis. 
In detail, lnc23 attenuates the inhibitory effect of PFN1 on RhoA/
Rac1 by binding to PFN1 and promotes the protein expression of 
RhoA/Rac1, thereby accelerating myogenic differentiation. In short, 
lnc23 promotes skeletal muscle myogenesis via PFN1-RhoA/Rac1. 
Nevertheless, there are still some limitations in this study. In general, 
this study is mainly focussed on the cellular level, our conclusion is just 
the tip of the iceberg, and the detailed mechanism of lnc23 cooperat-
ing with PFN1 in regulating myogenic differentiation is still a mystery. 
Thus, more evidence, especially animal experiments, is needed to sup-
port the current conclusion.
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