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Introduction

As one of the most abundant tissues in organisms, the  
skeletal muscle is mainly responsible for maintaining move-
ment and shape and performing secretory functions.1,2 The 
typical structural and functional integrity of skeletal mus-
cles correlates with innervation, nerve conduction, nerve 
impulses, and metabolic processes within muscle cells.3,4 
Accumulating evidence shows that the damage or poor 
development of skeletal muscles is associated with vari-
ous disease states, including denervation-induced muscle 

atrophy, cancer cachexia, endocrine dysfunction, and meta-
bolic diseases.5–8 The skeletal muscle can be generated via a 
multistep and complex process, including myogenic precur-
sor recruitment, cell proliferation, cell fusion, and myotube 
differentiation.9–11 Existing studies show that the generation 
of skeletal muscles is related to the transcription and expres-
sion of myogenic regulator factors (MRFs) at the epigenetic 
level.12 For instance, myogenic differentiation factor (MyoD), 
myogenin (Myog), and myogenic regulatory factor 4 (MRF-4)  
play crucial roles in the processes of myogenesis and mus-
cle differentiation.13–15 Therefore, exploring the regulatory 
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Abstract
In recent years, an increasing number of studies have reported that long non-coding 
RNAs (lncRNAs) play essential regulatory roles in myogenic differentiation. In this 
study, a specific LncRNA XLOC_015548 (Lnc000280) was identified. However, 
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gene editing cell models. In this study, relevant sequences were obtained according 
to the RNA-seq results. Subsequently, XLOC_015548 knockdown and over-
expression lentiviral vectors were constructed, and the C2C12 myoblast cell line was 
transfected to prepare the XLOC_015548 gene-edited myoblast model. The in vitro 
analysis revealed that over-expression of XLOC_015548 significantly promoted the 
proliferation and differentiation of myoblasts and the formation of myotubes, whereas 
the opposite result was obtained in the knockdown group. XLOC_015548 regulated 
myogenic differentiation and affected the expression of myogenic differentiation 
regulators such as Myod, myogenin, and MyHC. Regarding the signaling pathway, 
we found that XLOC_015548 correlated with the phosphorylation level of MAPK/
MEK/ERK pathway proteins. And the degree of phosphorylation was positively 

correlated with the protein expression of myogenic differentiation regulators. In conclusion, a new gene-edited myoblast model was 
constructed based on the lncRNA regulator XLOC_015548. The in vitro cell experiments verified that XLOC_015548 had regulatory 
effects on muscle growth and myoblast differentiation. These findings provide a laboratory foundation for the clinical application of 
lncRNAs as regulatory factors in the treatment of disuse muscle atrophy.
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Impact Statement

For the first time, we have provided a complete and 
exhaustive study of the proliferation and differen-
tiation of myoblasts affected by long non-coding 
RNA (lncRNA) XLOC_015548 in this article. We 
have reported related mechanisms (e.g. MAPK 
pathways, effects of proliferation and differentiation 
of myoblasts, and forming myotubes) and found 
that the expression of phosphorylated proteins of 
MEK/ERK was comparable to that of cells treated 
with MEK-specific inhibitors. We have also dis-
cussed in depth the promising prospect of target-
ing lncRNA XLOC_015548 in anti-disuse muscle 
atrophy therapy.
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effects of myogenic regulators is of great significance to 
protect the remaining muscles and alleviate muscle atrophy 
after skeletal muscle injuries.

Abundant epigenetic studies have confirmed the pres-
ence of various non-coding RNAs (ncRNAs) in skeletal 
muscles, including long non-coding RNAs (lncRNAs) with 
a length of more than 200 bp, which are involved in the pro-
cess of myogenic regulation and play crucial roles in muscle 
development.16,17 As the first muscle-specific lncRNA dis-
covered, Linc-MD1 in the cytoplasm can positively regu-
late myogenic differentiation.18 Linc-YAM1, which is related 
to YY1, is a critical negative regulator of myogenesis and 
can be observed in the nucleus and cytoplasm of myogenic 
cells.19 The knockdown of YAM1 in C2C12 myocytes and 
myotubes could increase the number of multiple myogenic 
markers, and the downregulation of YAM1 could overcome 
the inhibitory effect of the transcription factor YY1 on myo-
genic differentiation.20 Other lncRNAs, such as MUNC, can 
act as positive regulators of myogenesis and regulate myo-
genic differentiation through different mechanisms. They 
can directly upregulate the expression of endogenous muscle 
differentiation factors, including Myod, Myog, and Myh3 
genes.21 Similarly, lncMyod, located upstream of the MYOD1 
gene, can promote myogenesis and muscle differentiation.22 
These findings suggest that lncRNAs play essential roles in 
biological myogenesis. In summary, given the notable regu-
latory effect of lncRNAs on myogenesis, their use to regulate 
myogenic regulators and achieve the purpose of preserving 
muscles and alleviating muscle atrophy may be assumed.

Our research team construct a mouse model of denerva-
tion-induced gastrocnemius muscle atrophy after peripheral 
nerve injuries and use RNA-seq technology to analyze the 
biological effect of ncRNAs on the transcriptome of skeletal 
muscle atrophy.23 According to the expression difference and 
abundance, 73 lncRNAs are found to be statistically different 
in the process of muscle atrophy. Among them, XLOC_015548 
(Lnc000280) shows the ideal expression abundance and the 
most significant expression difference as per the sequencing 
results (Supplementary File 1). XLOC_015548 is also sub-
jected to pathway enrichment analysis through the KEGG 
database, and the results show that it is closely related to the 
mitogen-activated protein kinase (MAPK) signaling pathway 
(Supplementary Files 2–6). To our knowledge, no research 
has examined the correlation between XLOC_015548 and 
the MAPK pathway. Previous studies have revealed that 
MAPKs are a class of phosphatases widely distributed in 
tissues and encoded by mammalian genes, mainly through 
the dephosphorylation of threonine and tyrosine residues. 
Since the discovery of the MAPK family, researchers have 
carried out extensive explorations into the expression and 
function regulation of MAPKs in different cells, tissues, and 
organs. Among them, the extracellular signal–regulated 
kinase (ERK) is one of the most characteristic members of 
the MAPK family, and its functions are related to cell aging, 
apoptosis, proliferation, and differentiation.24 The activa-
tion of ERKs is closely related to a major signaling axis of 
RAF-MEK-ERK.25 In recent years, it has been demonstrated 
that ERK1/2 phosphorylation can upregulate the expression 
of Myod and promote the proliferation and differentiation 
of myoblasts.26 Based on that, XLOC_015548 may be a key 

target related to muscle atrophy and may regulate myogenic 
differentiation through the MAPK/Myod signaling path-
way. Its specific effect is also under verification and explo-
ration by our team. Therefore, this study was conducted to 
explore the effect of XLOC_015548 on myoblasts by inducing 
XLOC_015548 to infect C2C12 myoblasts in vitro with the 
assistance of lentiviral vector technology.

Materials and methods

C2C12 cell culture and U0126 treatment

The mouse myoblast cell line C2C12 (Procell Life Science 
& Technology Co., Ltd., Wuhan, China) was routinely 
resuscitated and inoculated in a 10-cm petri dish. The cells 
proliferated in the complete culture medium of 10% fetal 
bovine serum (VOLUME fraction) + 1% streptomycin and 
penicillin + DMEM (Dulbecco’s Modified Eagle Medium). 
Subsequently, the cells were cultured in a cell incubator 
with 5% CO2 (volume fraction) at 37°C, and the medium 
was replaced every 48 h. When the degree of cell prolifera-
tion and fusion reached about 80%, the cells were cultured 
at a ratio of 1:3. Next, the cultured C2C12 cells continued to 
proliferate and were cultured under the same conditions. 
To induce C2C12 myoblasts to differentiate into myotubes, 
when the cell fusion reached 50–60%, the complete medium 
was discarded and replaced with differentiation containing 
2% horse serum + 1% streptomycin and penicillin + high-
glucose DMEM culture medium. The medium was replaced 
every 24 h for 6 days to induce differentiation. According to 
the manufacturer’s instructions, 1 μg/mL U0126 was pre-
pared to maintain the concentration for 48 h. After the above 
treatment, the residual agent was removed by routinely rins-
ing the cells with phosphate-buffered saline (PBS) two to 
three times.

Construction and transfection of the XLOC_015548 
over-expression and knockdown lentiviral vector 
system

Lentiviruses were designed according to the gene sequence 
of XLOC_015548.23 The viral vector HBLV-m-Lnc000280-
shRNA1-ZsGreen-PURO was constructed with the pHBLV-
U6-MCS-CMV-ZsGreen-PGK-PURO interference vector. The 
HBLV-m-Lnc000280-Null-ZsGreen-PURO over-expression 
vector was constructed with the pHBLV-CMV-MCS-EF1-
ZsGreen-T2A-puro vector. Subsequently, the primers were 
annealed with two restriction enzyme sites, namely, BamH 
I and EcoR I, to synthesize double-stranded DNA. Then, T4 
DNA ligase was used to transform the double-digested vec-
tor and the annealed double-stranded DNA into competent 
cells. Next, the positive clones were identified with polymer-
ase chain reaction (PCR). After sequencing, the plasmid was 
extracted for subsequent experiments after identification. 
After 293T cells were transfected for 5 days, the fluorescence 
cells in the diluent of each virus were observed under a fluo-
rescence microscope. The packaged lentiviral particles were 
collected as per titer (TU/mL) = number of cells × percentage 
of positive clones × multiplicity of infection (MOI) × virus 
dilution × 103 TU/mL. The C2C12 cells were divided into 
the negative control group, the XLOC_015548 knockdown 
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group, the positive control group, and the XLOC_015548 
over-expression group. After that the cells were transfected 
with an MOI of 20×. After 12–24 h of incubation, the pro-
liferation medium was replaced, and the first passage was 
carried out after 72 h of culture. Then, 2 mg/mL puromycin 
was added to select stable transfectants. After 72 h, the cells 
were photographed under a fluorescence microscope and 
collected for subsequent experiments.

Green fluorescent protein

To identify whether the target cells could be successfully 
transfected with the XLOC_015548 over-expression and 
knockdown lentiviral vector system, the expression of green 
fluorescent protein (GFP) in cells transfected with lentiviruses 
for 24–96 h was observed using fluorescence microscopy.

Cell proliferation assay (EdU)

After being transfected with knockdown empty lentiviruses, 
XLOC_015548 knockdown lentiviruses, over-expressed 
empty lentiviruses, and XLOC_015548-over-expressed len-
tiviruses, the cells in each group were inoculated in six-well 
plates (5000 cells/well). The EdU solution (C10310-3 kit; 
RIBBIO, Guangzhou, China) was added to the plate and 
incubated for 12 h, followed by fixation and other treatment 
procedures. The cells were then stained with DAPI and 
observed with fluorescence microscopy.

Calcein-AM/PI staining experiment

The cells were inoculated in 96-well plates at a density of 
3 × 104 cells per well in an incubator with 5% CO2 at 37°C. 
After 24 h of incubation, the culture medium was drawn and 
washed with PBS two to three times. According to the man-
ufacturer’s instructions, the viability of cells was detected 
with the Calcein/PI Cell Viability/Cytotoxicity Assay Kit 
(Beyotime; Cat: C2015M, Shanghai, China). Subsequently, 
the cells were observed and photographed under an 
inverted fluorescence microscope, and the survival rate 
was calculated as per the following formula: cell survival 
rate (%) = (Calcein-AM + cell number)/(Calcein-AM + cell 
number + PI + cell number) × 100%.

Cell Counting Kit-8 assay

After being transfected with small interfering RNA (siRNA), 
the cells were first seeded into 96-well culture plates at 
5 × 103 cells per well and then incubated for 24, 48, and 72 h. 
Cell Counting Kit-8 (CCK-8) solution (Beyotime; Cat: C0038) 
10 μL/well was added and cultured in an incubator for 1 h. The 
absorbance of each well at a wavelength of 450 nm was meas-
ured with a plate reader to reflect the cell proliferation activity.

Myotube contractility test

According to a previous study, cell contractility can be quan-
tified using carbachol to stimulate muscle cells and continu-
ously capture cell images at intervals.27 After being treated 
with the differentiation medium for 6 days, the cells were 
stimulated with 200 μM carbachol (Macklin, C13124182, 
carbamylcholine chloride). Five high-quality images of the 
cells were taken consecutively at 2-min intervals during 

carbachol stimulation. The difference in integrated optical 
density (IOD) of the first and subsequent images was mainly 
caused by myotube contractions. Therefore, the average IOD 
of the differential image can be used to represent the contrac-
tion index (i.e. contraction index = {∑(|IOD5-IOD4| + IOD4-
IOD3| + |IOD3-IOD2| + IOD2-IOD1|)}/4). In the formula, 
IOD1 to IOD5 represent the average IOD values of the first to 
fifth images, respectively. IODs were analyzed with Image-
Pro Plus (Media Cybernetics, Rockville, MD, USA).

Immunofluorescence

The cells were fixed in 4% paraformaldehyde for 15 min and 
permeabilized with 0.5% Triton X-100 for 15 min at room 
temperature. Then, they were blocked with 5% bovine serum 
albumin (BSA) for 30 min at room temperature and incu-
bated overnight with anti-myosin heavy chain (MyHC) pri-
mary antibodies (Invitrogen, PA5-31466, 1:50, Waltham, MA, 
USA) at 4°C with gentle shaking. After being washed three 
times with PBS for 10 min, the cells were exposed to second-
ary antibodies (CST, 1:100). The nuclei were counter-labeled 
with DAPI. Immunofluorescence images were displayed on 
a fluorescence microscope (Q500MC; Leica Image Analysis 
System, Germany).

SiRNA transfection

The C2C12 cells were seeded at a density of 5 × 105 cells per 
well of six-well plates. Cells were transfected with siRNA tar-
geting mouse XLOC_015548 or with negative control siRNA 
(GenePharma, Shanghai, China) using the Lipofectamine 
3000 reagent (Invitrogen) based on kit instructions and incu-
bated for 12 h. Knockdown efficiency was determined using 
quantitative polymerase chain reaction. The sequences of the 
siRNAs targeting XLOC_015548 were as follows: siRNA#1 
sense, 5′-GCAUUUGAACCCUUUCAAATT dTdT-3′; anti-
sense, 3′-dTdT UUUGAAAGGGUUCAAAUGCTT-5′. 
siRNA#2 sense, 5′-GCCCUUGUCAUUUAGCUAATT dTdT-
3′; antisense, 3′-dTdT UUAGCUAAAUGACAAGGGCTT-5′. 
siRNA#3 sense, 5′-GCAUGGCCAUAAUGACAATT dTdT-
3′; antisense, 3′-dTdT UUGUCAUUAUGGACCAUGCTT-5′.

Real-time quantitative PCR (RT-qPCR)

After being treated with the differentiation medium for 
3 days, the total RNA was isolated with RL solution reagents 
(Beibei Biotechnology Co., Ltd., Hebei, China). According 
to the experimental procedure, 1 μg RNA was reversely 
transcribed with the PrimeScript RT Kit (Takara, Liaoning, 
China). The synthesized cDNA (complementary DNA) was 
diluted at a dilution of 1:5, and then reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) was 
performed with a fast real-time PCR system. The relative 
abundance of RNA was determined using SYBR PreMix Ex 
Taq II (Takara) and the LightCycler480PCR system accord-
ing to the manufacturer’s instructions. The temperature was 
set as follows: 95°C for 30 s, followed by 40 cycles of 95°C 
for 5 s and 60°C for 30 s. Each RT-qPCR was performed in 
a 10 μL reaction mixture. The primer sequences were as fol-
lows: for GAPDH, 5′-AGGTCGGTGTGAACGGATTTG-3′ 
(forward) and 5′-GGGGTCGTTGATGGCAACA-3′ (reverse); 
for Myod, 5′-GCTCTGATGGCATGATGGATT-3′ (forward) 
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and 5′-GCGGTGTCGTAGCCATTCT-3′ (reverse); and for 
XLOC_015548, 5′-CCTCAGCAGACCCTGACTGTAG-3′ 
(forward) and 5′-CAGTGGCTGTCTTAGTCCATCTCA-3′ 
(reverse).

Western blot analysis

After being treated with the differentiation medium for 
6 days, the cells were prepared with lysis buffer (Beyotime). 
After the protease inhibitors and phosphatase inhibitors 
were supplemented, the cells were sonicated and centri-
fuged at 12,000g and 4°C for 30 min. The supernatant was 
collected, and protein quantification was performed using 
the bicinchoninic acid (BCA) assay. According to different 
groups, 35 μg protein was separated on 10% SDS-PAGE 
(sodium dodecyl sulfate-polyacrylamide gel electropho-
resis) gel and transferred to polyvinylidene difluoride 
membranes. The membranes were blocked with 5% BSA in 
Tris-buffered saline with Tween (TBST) for 45–90 min on a 
low-speed shaker. Then, they were incubated overnight with 
Myod1 antibodies (ABclonal; A0671, 1:1000, Wuhan, China), 
MEK1/2 antibodies (Abcam; ab178876, 1:1000, Cambridge, 
MA, USA), p-MEK1/2 antibodies (Abcam; ab278723, 
1:1000, Cambridge, MA, USA), ERK1/2 antibodies (Abcam; 
ab32537, 1:1000, Cambridge, MA, USA), p-ERK1/2 antibod-
ies (CST, 5683, 1:1000, Danvers, MA, USA), myogenin anti-
bodies (Abcam; ab124800, 1:1000, Cambridge, MA, USA), 
Myosin Heavy Chain 1 (MYH1) antibodies (Thermo Fisher 
Scientific; PA5-31466, 1:1000, MA, USA), vinculin antibod-
ies (Fine Biotech; FNab09799, 1:1000, Wuhan, China), and 
β-actin antibodies (ABclonal; A2319, 1:5000, Wuhan, China) 
at 4°C. The next day, they were incubated with horserad-
ish peroxidase–conjugated secondary antibodies at room 
temperature for 1 h. The protein bands were detected with 
the ECL Hypersensitive Chemiluminescence Substrate Kit 
(Biosharp Biotechnology Co., Ltd., Beijing, China).

Statistical analysis

SPSS 21.0 was used to perform the statistical analysis, and 
Graphpad Prism 9.0 was used for image production. All data 
were analyzed with a t-test, and the results were expressed 
as mean ± standard deviation. P < 0.05 indicated that the 
difference is statistically significant.

Results

Construction of the XLOC_015548 gene editing  
cell model

After lentiviral transfection, the GFP level was determined 
from 24 to 96 h. There was a significant expression of GFP 
in the knockdown empty control group, the XLOC_015548 
knockdown lentivirus group, the over-expression empty 
control group, and the XLOC_015548 over-expression 
lentivirus group (Figure 1(A)). In addition, RT-qPCR was 
performed to evaluate the mRNA expression level of 
XLOC_015548, as shown in Figure 1(B). Compared with the 
corresponding control groups, the XLOC_015548 knock-
down group showed lower RNA expression levels, whereas 
the XLOC_015548 over-expression group showed high RNA 
expression levels in the cells (P < 0.05). Based on the above 

observations, the target genes were successfully transfected 
into C2C12 myoblasts.

Detection of XLOC_015548 gene abundance and 
siRNA transfection efficiency

The C2C12 cells were transfected with XLOC_015548 
siRNA#1, siRNA#2, siRNA#3 to downregulate the expres-
sion of the XLOC_015548 gene. The mRNA levels in the 
negative control siRNA and normal cell groups were signifi-
cantly higher than those in the C2C12 cells transfected with 
XLOC_015548-siRNA (Figure 1(C)).

Effects of XLOC_015548 on cell viability and 
proliferation

To investigate the effect of XLOC_015548 on the viability and 
proliferation of C2C12 myoblasts, the live/dead cell double 
staining kit (Calcein-AM/PI) was used to detect apoptosis, 
and the EdU assay and CCK-8 were performed to meas-
ure cell proliferation. The results of Calcein-AM/PI staining 
showed that the over-expression of XLOC_015548 reduced 
the apoptosis of myoblasts, and these myoblasts had a higher 
survival rate compared with the negative control group 
(Supplementary File 7). The EdU assay results indicated that 
over-expression of XLOC_015548 promoted the proliferation 
of myoblasts. Compared with the negative control group, 
the knockdown of XLOC_015548 induced opposite results 
in terms of cell viability and proliferation (Figure 1(E) and 
Supplementary File 7) (P < 0.05). The CCK-8 results showed 
that after being transfected with XLOC_015548 siRNA, the 
growth rates of C2C12 cells slightly declined (Figure 1(F)).

Effects of XLOC_015548 on myotube activity and 
contractility

After the differentiation medium treatment for 6 days, 
C2C12 cells were fused to form typical multinucleated 
myotubes (Figure 2(A)). To further investigate the effect of 
XLOC_015548 on myotube formation during in vitro myo-
genesis, the number of myotubes was observed with fluores-
cence microscopy (Figure 2(B)). The results suggest that the 
knockdown of XLOC_015548 could significantly inhibit the 
differentiation of C2C12 cells, which can be manifested as the 
downregulated expression of MyHCs and a decrease in the 
number of positive myotubes. In addition, the over-expres-
sion of XLOC_015548 promoted the differentiation of C2C12 
cells, increased MyHC immunostaining, and increased the 
number of myotubes (Figure 2(C) and (D)) (P < 0.05). To 
examine cell contractility, the cells were treated with 200 μM 
carbachol, and C2C12 myotubes contracted significantly 
(Figure 2(E)). The comparative analysis results indicated 
that C2C12 myotubes in the XLOC_015548 over-expression 
group exhibited more significant contractile activity, whereas 
those in the XLOC_015548 knockdown group showed oppo-
site results (Figure 2(F) and (G)) (P < 0.05).

Positive effects of XLOC_015548 on myogenic 
differentiation

RT-qPCR was performed to determine the mRNA expres-
sion of Myod, a key factor in myogenic differentiation.  
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Figure 1.  Construction of the XLOC_015548 gene editing cell model and the effect of XLOC_015548 on cell viability and proliferation. (A) After lentiviral 
transfection, the GFP level of the cells in each group was observed using a fluorescence microscope. (B, C) The mRNA expression of XLOC_015548 in each 
group was determined using RT-qPCR. (D, E) The EdU assay was performed to identify the survival rate and proliferation ability of the cells in each group after 
lentiviral transfection. (F) CCK-8 was used to detect the growth rates of C2C12 cells. Each experiment was repeated three times, and the data were expressed as 
mean ± standard deviation. Scale bars, 100 μm. *P < 0.05; **P < 0.01.
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Figure 2.  Effects of XLOC_015548 on myotube activity and contractility. (A) The differentiation medium promoted the fusion of cells in each group to form myotubes. 
(B–D) The immunofluorescence assay was used to detect the positive rate of MyHC in the myotubes after differentiation in each group. (E–G) The myotube 
contraction assay was performed to detect the contractility and activity of the myotubes. Each experiment was repeated three times, and the data were expressed as 
mean ± standard deviation. Scale bars, 100 μm. *P < 0.05; **P < 0.01.
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It was found that the mRNA expression of Myod was upreg-
ulated in the XLOC_015548 over-expression lentivirus group 
compared with the control group (Figure 3(G)), whereas the 
opposite result was obtained in the XLOC_015548 knock-
down lentivirus group (Figure 3(A)) (P < 0.05). This suggests 
that XLOC_015548 may affect myocyte differentiation by 
upregulating the expression of Myod. To further explore the 
effect of XLOC_015548 on myogenic differentiation, western 
blot analysis was performed. The results were consistent 
with those of RT-qPCR (Figure 3(D) and (E)). XLOC_015548 
can upregulate the expression of Myod mRNA and protein. 
Besides, in XLOC_015548-siRNA groups, we examined 
other myoblast-related proteins which saw a downtrend 
(Figure 4(A), (D) to (F)). Therefore, the expression level of 
XLOC_015548 played a positive role in myogenic differentia-
tion (Figure 3(J) and (K)) (P < 0.05).

Effects of XLOC_015548 on promoting myogenic 
differentiation through phosphorylation of the 
MAPK signaling pathway

In the KEGG database, the pathway enrichment results 
indicated that XLOC_015548 was closely related to the 
MAPK signaling pathway. To explore the specific effect of 
XLOC_015548 on the MAPK signaling pathway, the expres-
sion of phosphorylated proteins of MEK1/2 and ERK1/2 
in the MAPK pathway was detected (Figure 3(D) and (J)). 
The results indicated no significant difference in the total 
protein of MEK1/2 and ERK1/2 between the XLOC_015548 
over-expression group and the control group. However, 
the expression of the phosphorylated protein of MEK1/2 
and ERK1/2 showed an upward trend (Figure 3(B), (C), 
and (F)), whereas the opposite result was obtained in the 
XLOC_015548 knockdown group (Figure 3(H), (I), and (L)) 
(P < 0.05) and XLOC_015548-siRNA groups (Figure 4(A) to 
(C)). In addition, after U0126 treatment (Figure 4(G)), the 
expression of the phosphorylated protein of MEK1/2 and 
ERK1/2 in the XLOC_015548 knockdown group showed 
a downward trend compared with the control group with-
out U0126 treatment (Figure 4(J) to (L), and the expression 
level of relevant proteins was similar to that of the control 
group with U0126 treatment (P < 0.05). It can also be found 
that the expression of Myod and Myog decreased in the 
XLOC_015548 knockdown group or the control group after 
U0126 treatment compared with the control group with-
out U0126 treatment (Figure 4(H) and (I)) (P < 0.05). In the 
XLOC_015548 over-expression group treated with U0126, 
the expression of Myod was comparable to that in the control 
group (P < 0.05).

Discussion

Some studies show that three common factors can cause 
skeletal muscle atrophy: (1) chronic diseases, (2) disuse dis-
eases (metabolism, denervation, and other conditions after 
fractures), and (3) sarcopenia. Although researchers have 
investigated skeletal muscle atrophy extensively, specific 
mechanisms remain unclear.28–31 Disuse skeletal muscle atro-
phy would undergo a process of chronic imbalance between 
the synthesis and breakdown of muscle proteins. Muscle 
atrophy gradually leads to a significant decline in skeletal 

muscle mass and function by accelerating the protein degra-
dation process, which, in turn, causes muscle fiber atrophy 
and loss. Some injuries or diseases often impose a phase 
of muscle disuse on the body, during which accelerated 
skeletal muscle atrophy and loss of functional strength can 
result in adverse consequences.32 Muscles, bones, and nerves 
are indispensable components of orthopedic diseases, and 
they play a central role in the prophylaxis and treatment 
of these diseases. Avoiding skeletal muscle atrophy, which 
is an important link in the rehabilitation of nerve and bone 
injuries, is significant. As demonstrated in numerous stud-
ies, the decline in skeletal muscle mass and function is prone 
to osteopenia, which, in turn, leads to osteoporosis. When 
skeletal muscle atrophy is accompanied by osteoporosis, 
there is an increased risk of falls, fractures, and even death. 
Meanwhile, the normal structure between muscle fibers and 
nerves in the neuromuscular system will also be destroyed in 
the pathological state of skeletal muscle atrophy. Therefore, 
after fracture healing and nerve repair, skeletal muscle atro-
phy will affect the quality of life and the effects of rehabilita-
tion.33–35 Based on these, conducting further explorations 
into the pathogenesis of skeletal muscle atrophy for the clini-
cal treatment of orthopedic diseases is necessary.

In skeletal muscle disuse diseases, taking denervated 
muscles as an example, the target muscles with damaged 
nerve endings will undergo structural, biochemical, and 
physiological changes, and about 80% of the muscle mass 
will be lost, which will eventually induce apoptosis and 
muscle atrophy. Over time, these muscles at nerve endings 
lose their receptivity to regenerated motor axons because 
of necrosis of muscle fibers, hyperplasia of connective tis-
sue, concurrent failure of myocyte regeneration capacity, and 
massive loss of myocytes.36,37 In some studies, specific lncR-
NAs related to muscle differentiation have been identified 
through animal experiments. After Lnc-Mg is specifically 
knocked out in mice, the muscles of mice are atrophied, and 
exercise tolerance is lost. After the specific over-expression 
of Lnc-Mg, the muscles in mice become more hypertrophic.38 
In a previous study by our team, the atrophic gastrocnemius 
muscle of denervated mice was analyzed using the RNA-
seq assay. A total of 73 differentially expressed lncRNAs 
were identified. Among these, a downregulated lncRNA 
XLOC_015548 was selected in the atrophic gastrocnemius 
muscle. However, there have been no reports on the effect 
of XLOC_015548 on myogenic differentiation. To verify 
whether XLOC_015548 can affect myogenic differentiation 
in muscle cells, the XLOC_015548 lentiviral vector was con-
structed in this study to conduct in vitro experiments.

For the first time, an XLOC_015548 gene editing cell model 
was successfully constructed in this study by transfecting 
XLOC_015548 knockdown and over-expression lentiviruses 
into myoblast C2C12 cells in an attempt to explore the effect 
of XLOC_015548 on myocyte proliferation and myoblast  
differentiation. Through the EdU assay and Calcein-AM/PI 
staining assay, we assume that XLOC_015548 increased the 
proliferation ability of C2C12. However, the ratio of dead 
cells to live cells of cells infected with XLOC_015548 lentivi-
rus was low, indicating that the infection of XLOC_015548 
lentivirus would not cause a large number of cell death 
and would not affect the biological activity of myoblasts. 



476   Experimental Biology and Medicine   Volume 248   March 2023

Figure 3.  XLOC_015548 promoted the differentiation of myoblasts. (A, G) RT-qPCR was performed to determine the mRNA expression of Myod in each group. 
(B–D and H–I) Western blot analysis was conducted to identify the protein expression of Myod and MEK/ERK signaling pathway in lentivirus infection groups. Each 
experiment was repeated three times, and the data were expressed as mean ± standard deviation. *P < 0.05; **P < 0.01.
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Figure 4.  XLOC_015548 activated the MAPK/MEK/ERK signaling pathway and promoted myogenic differentiation. (A–F) The expression of phosphorylated proteins 
of MEK1/2 and ERK1/2 in the MAPK pathway and myoblast-related proteins were detected using western blot analysis in XLOC_015548-siRNA groups. (G–L) After 
treatment with 1 μM U0126, the expression level of phosphorylated proteins of MEK/ERK or myogenic differentiation factors was detected using western blot analysis. 
Each experiment was repeated three times, and the data were expressed as mean ± standard deviation. *P < 0.05; **P < 0.01.
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It is feasible to use this method to construct gene editing 
cell model.

XLOC_015548 also plays a positive regulatory role in 
cell morphology and differentiation. To test the role of 
XLOC_015548 in differentiation, we observed cell morphol-
ogy and stimulated cell movement and contraction with 
carbachol. When cells were stimulated with carbachol, mor-
phologically larger myotube cells showed stronger contrac-
tility. By comparing cell morphology and contractility index, 
XLOC_015548 promotes myoblastic differentiation and 
myocyte fusion, increases myotube activity, and enhances 
contractile exercise ability.

At present, it is believed that the regulation mechanism of 
cell fusion is mainly related to the adhesion molecules and 
membrane protein structures on the cell membrane, such 
as P4-ATPase flippase subunit CDC50A and L-type amino 
acid transporter 1 (LAT1).39–41 As one of the characteristics 
of skeletal myogenic differentiation, the fusion of individual 
myocytes into multinucleated mature myotubes has also 
been shown to be regulated by genetic mechanisms distinct 
from myogenic differentiation. Some studies have found 
that small open reading frames (sORF) exist in lncRNA, 
and the sORF-encoded micropeptide may be related to cell 
fusion.42,43 In XLOC_015548, which we explored, there was 
also a unrecognized sORF that had a base sequence coin-
cidence with the gene encoding zonadhesin-like protein, 
encoding a conserved 46-amino-acid micropeptide (unpub-
lished data). Therefore, exploring the mechanism of XLOC 
promoting myoblast fusion and whether XLOC has the abil-
ity to encode micropeptides that promote myoblast fusion is 
worth further exploration in the future.

To identify the specific mechanism of XLOC in myoblast 
differentiation, lentivirus-infected cells were further investi-
gated in combination with MAPK/MEK pathway inhibitor 
U0126. As a MAPK/MEK inhibitor, U0126 can specifically 
inhibit MEK/ERK phosphorylation. Zhang et al.44 also dem-
onstrated that it could inhibit MEK/ERK phosphorylation 
in the MAPK pathway. Previous studies have shown that 
the MAPK signaling pathway is a key step in myogenesis, 
including ERK and P38, and its role in myogenesis has been 
extensively studied.45–48 Besides, various stimuli, such as 
inflammatory cytokines, tumor necrosis factors, and growth 
factors, can activate the MAPK pathway in satellite cells. 
In some studies, the inhibitors of the MAPK pathway are 
used to prevent the fusion of muscle cells into myotubes 
and the induction of muscle-specific genes,49 whereas some 
constitutively active mutants, such as the ectopic expres-
sion of MKK6, can be forced to activate the MAPK signaling 
pathway, which would induce the expression of myocyte dif-
ferentiation markers and the appearance of multinucleated 
myotubes.50 When Myod induction is blocked by the absence 
of MAPK signaling in cells, proliferation would be stopped 
in satellite cells.51 The MAPK pathway plays a key role in the 
generation and differentiation of normal muscle cells, and 
the activation of this pathway can promote and accelerate 
the proliferation and differentiation of muscle cells.52,53

Myod is a marker of early differentiation of myocytes, 
and Myog and MyHC are considered as markers of late 
differentiation. In this experiment, the expression levels 
of Myog and MyHC were decreased in the XLOC_015548 

inhibition group, while the expression level of Myod was 
increased in the over-expression group. Therefore, we 
believe that XLOC_015548 may achieve its effect on myo-
blast differentiation at the early and late stages of differen-
tiation. Skeletal muscle differentiation is a complex process 
involving different signaling pathways. In this study, we 
aimed to investigate whether XLOC_015548 could regulate 
the phosphorylation of MAPK signaling pathway–related 
proteins to positively affect the differentiation of myoblasts. 
We detected the MAPK pathway–related protein MEK/
ERK. Combined with the results of pathway enrichment 
in KEGG database, XLOC_015548 showed a strong correla-
tion with MAPK signaling pathway. It was observed that 
the degree of change of MAPK/MEK/ERK phosphoryla-
tion level was positively correlated with the level of cell dif-
ferentiation. Therefore, we deduce that XLOC_015548 can 
positively regulate myoblast differentiation by mediating 
MAPK signaling pathway and regulating the phosphoryla-
tion degree of MEK/ERK.

In summary, an XLOC_015548 gene editing model was 
constructed in this study for the first time, and lentivirus 
technology was used to realize the knockdown or over-
expression of key genes. The knockdown of XLOC_015548 
could inhibit the proliferation and differentiation of myo-
blasts, thereby inhibiting the formation of myotubes and 
aggravating muscle atrophy. This experiment also has some 
limitations. We used LV-shRNA and LV-over-expression sys-
tem, and there may be some biological compensation after 
long-term screening of puromycin. Therefore, in order to 
further explore the functional mechanism of XLOC_015548, 
we will further construct gene-edited mice and further 
elaborate them in in vivo experiments. As far as the present 
results are concerned, combining with previous RNA-seq 
results, it can be maintained that XLOC_015548 may pro-
mote myogenic differentiation through the MAPK signal-
ing pathway and ultimately affect skeletal muscle atrophy. 
These findings provide a novel treatment idea for improv-
ing disuse muscle atrophy, including denervation-induced 
muscle atrophy. A potential mechanism for muscle atrophy 
injuries was also revealed. In conclusion, the findings pro-
vide a laboratory foundation for the clinical application of 
lncRNAs as regulatory factors in the treatment of disuse 
muscle atrophy.
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