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ARTICLE INFO ABSTRACT
Keywords: The skeletal muscle is the largest organ in mammals and is the primary motor function organ of
IncRNA 4930581F22Rik the body. Our previous research has shown that long non-coding RNAs (IncRNAs) are significant

Skeletal muscle in the epigenetic control of skeletal muscle development. Here, we observed progressive upre-

Eiff;e;:taigzn gulation of IncRNA 4930581F22Rik expression during skeletal muscle differentiation. Knock-
ER%( - down of IncRNA 4930581F22Rik hindered skeletal muscle differentiation and resulted in the
/MAPK signaling

inhibition of the myogenic markers MyHC and MEF2C. Furthermore, we found that IncRNA
4930581F22Rik regulates myogenesis via the ERK/MAPK signaling pathway, and this effect could
be attenuated by the ERK-specific inhibitor PD0325901. Additionally, in vivo mice injury model
results revealed that IncRNA 4930581F22Rik is involved in skeletal muscle regeneration. These
results establish a theoretical basis for understanding the contribution of IncRNAs in skeletal
muscle development and regeneration.

1. Introducion

The skeletal muscle, constituting approximately 45 % of the total body weight, is the largest tissue in the human body [1]. They
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play crucial roles in the regulation of posture, autonomous movement, respiration, metabolism, and other fundamental aspects of
human existence [2]. Regenerative repair disorders following skeletal muscle injury present a significant challenge in the field of
regenerative medicine. Diseased skeletal muscles can seriously impair motor function and jeopardize life [3]. During normal muscle
regeneration, damaged muscle fibers are first cleared by inflammatory cells and then replaced by tissue-resident muscle stem cells
(MuSCs), known as satellite cells (SCs) [4]. Under the regulation of myogenic regulatory factors (MRFs), the activated satellite cells
undergo further differentiation and fusion to form multinuclear muscle tubes, ultimately giving rise to contractile myofibers. Studying
myoblast differentiation in vitro provides a robust model system to investigate the essential signaling mechanisms that regulate the
genetic network throughout myogenesis [5]. Therefore, understanding the differentiation and developmental functions of skeletal
muscles is essential for the advancement of human medicine.

The process of skeletal muscle regeneration depends on the highly coordinated expression of several genes. The dysregulation of
genes associated with regeneration may impede the regenerative capacity of muscle, thereby compromising its functionality [6,7].
These regulatory factors do not act independently, they form a complex regulatory network and signaling pathway to ensure the
orderly regulation of skeletal muscle development. Moreover, the MRFs and Myocyte Enhancer Factor 2 (MEF2) families have been
studied previously [8]. Myosin heavy chain (MyHC), a well-demonstrated marker of muscle type, is not expressed in myoblasts, but is
only expressed in differentiated myotubes. Myogenic differentiation 1 (MyoD) is a determinant of myogenesis initiation in the muscles
[9,10]. Myocyte enhancer factor 2A and 2C (Mef2A, Mef2C) are core transcription factors that have an important impact on skeletal
muscle fibers [11]. Collectively, these factors cooperatively orchestrates the balance between proliferation and differentiation.

The mitogen-activated protein kinase (MAPK) signaling pathway is a phosphorylated kinase signaling cascade that plays a pivotal
role in the long-term effective response of cells and regulates numerous cellular processes, including cell division, differentiation, and
release of inflammatory mediators [12,13]. Multiple genes participate in the signal transduction of the MAPK cascade [14,15]. Our
previous studies showed that the branching MAPK signaling pathways, c-Jun N-terminal Kinase (JNK)/MAPK, P38 mitogen-activated
protein kinase (P38)/MAPK, and Extracellular Regulated protein Kinase (ERK)/MAPK pathways are implicated during myogenic
development and muscle regeneration processes [16-18]. It has been established that inhibition of JNK/MAPK signaling promotes the
differentiation of C2C12 cells, while the inhibition of P38/MAPK signaling has the opposite effect [16]. ERK/MAPK signaling is
inhibited during skeletal muscle development, and inhibition of ERK1/2 promotes myogenesis [17]. Moreover, the method by which
these intricate signaling mechanisms collectively regulate the same biological processes need to be further investigated.

Previous research has shown the vital role of non-coding RNAs, such as microRNAs (miRNAs) and IncRNAs, in the development of
skeletal muscles [19]. LncRNAs play important roles in various biological functions including epigenetic modification [20,21] and
mRNA transcription, splicing, stability, and translation [22-24]. Functionally, IncRNAs can regulate the expression of nearby genes in
cis or the expression of distant genes in trans [25]. Recent studies have revealed the role of IncRNAs in maintaining muscle homeostasis
[19]. For instance, as one of the earliest identified IncRNAs, the regulation of H19 in skeletal muscle and myocardial development in
mammals have received considerable attention. H19 promotes skeletal muscle satellite cells by cis regulation, myogenic differentia-
tion, and muscle formation [26-29]. In our previous studies, the expression levels of IncRNA 4930581F22Rik, IncRNA Sap30bpos,
IncRNA Gm41609 and IncRNA Gm26737 have significantly changed during skeletal muscle differentiation. Notably, the IncRNA
4930581F22Rik is consistently highly expressed during skeletal muscle differentiation [30]. However, the precise function of the
IncRNAs remains unclear. The expression of 4930581F22Rik has rarely been reported and was recently found to be significantly
downregulated in liver tissues of mice infected with C. sinensis [31]. The method by which these intricate signaling mechanisms
collectively regulate the same biological processes need to be further investigated.

In the present study, we characterized the expression patterns and potential functions of IncRNA 4930581F22Rik. A gradual in-
crease in IncRNA 4930581F22Rik expression during skeletal muscle differentiation was observed. Knockdown of IncRNA
4930581F22Rik significantly inhibited muscle differentiation and the expression of myogenic markers. It was found that IncRNA
4930581F22Rik modulates the differentiation program by regulating the ERK/MAPK signaling pathway, which can be neutralized by
the ERK-specific inhibitor PD0325901. Additionally, in vivo mice injury model result revealed that IncRNA 4930581F22Rik is involved
in skeletal muscle regeneration. These results establish a theoretical basis for comprehending the role of IncRNAs in the development
and regeneration of skeletal muscles.

2. Materials and methods
2.1. Cell culture

The C2C12 mouse skeletal myoblast cell line was acquired from the Cellular Library of the National Collection of Authenticated Cell
Cultures (Shanghai, China). Cells were grown in growth medium (GM) containing Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco), 100 U/ml penicillin, 10 % fetal bovine serum (FBS, Gibco), and 100 pg/ml streptomycin (1 x penicillin-streptomycin) at 37 °C
and 5 % carbon dioxide in an incubator. C2C12 cells were cultured in 6-well plates at a concentration of 5 x 10°4 cells/ml per well.
Once the C2C12 cells reached about 90 % confluence, GM was then switched to the differentiation medium (DM) consisting of DMEM
with 2 % horse serum (HyClone, Australia). The cells were initially cultured for fewer than five passages.

2.2. Animals

C57BL/6J mice were obtained from GemPharmatech Co., Ltd (Nanjing, China) and were kept in pathogen-free cages at the animal
facility with controlled temperature, humidity, and ventilation. All animals handling and procedures were approved by the Animal
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Care and Use Committee of Jennio Biotech Co., Ltd. (No. 2023-A055). For conducting the mouse muscle injury and regeneration
experiment, 25 pl 10 pM of cardiotoxin (CTX, Merck Micropore, 217503) was injected into 6-week-old male tibialis anterior muscle
(TA), with 0.9 % saline as a control solution. The regenerating muscles were harvested three days post-injection. The collected muscles
were used for hematoxylin and eosin (H&E) staining, or were frozen in liquid nitrogen for subsequent protein or RNA extraction.

2.3. RNA transfection

We acquired small interfering RNA (siRNA) directed against IncRNA 4930581F22Rik and the respective negative control siRNA (si-
NC) from GenePharma Co., Ltd (Suzhou, China). Following the manufacturer’s instructions, the cells were subjected to reverse
transfection using Lipofectamine 2000 (Invitrogen). Briefly, the transfection complex containing siRNA was added to 12-well plates,
followed by seeding C2C12 cells at a density of 50,000 cells/well. The final concentration of siRNA for each transfection was 100 nM.
After transfection, C2C12 cells were incubated in growth medium for two days until they reached 90 % confluence, and then switched
to differentiation medium for three days. Subsequently, the cells were harvested for further analysis. The sequences of the siRNAs are
detailed in Table 1.

To suppress the ERK signaling pathway’s activity, 6 h after siRNA transfection, C2C12 cells were treated with 2 pM or 10 pM
PD0325901 (PD, Sigma-Aldrich), and the DMSO (Sigma-Aldrich) treated sample serving as the internal control.

2.4. RNA extraction and gqRT-PCR

Total RNA was isolated from the cells using TRIzol reagent (Invitrogen, #15596018). Subsequently, first-strand cDNA was syn-
thesized for PCR analysis utilizing HiScript III RT SuperMix for qPCR (+ gDNA wiper) (Vazyme, R323-01). The quantitative real-time
PCR was carried out employing ChamQ Universal SYBR qPCR Master Mix (Vazyme, Q711-02), with the GAPDH gene serving as the
internal control. Relative gene expression levels were determined by the 2722t method. Comparisons between the two groups were
performed by using the unpaired t-test. Primers synthesis for qRT-PCR in this study was provided by Shengon Biotech (Shanghai,
China). The sequences of the qPCR were detailed in Table 2.

2.5. Western blot

The cells were lysed in ice-cold radioimmunoprecipitation assay (RIPA) lysis buffer (Shanghai Wanhaotian Biotechnology) con-
taining a cocktail of phosphatase and protease inhibitors (Roche). Equal amounts of protein extract (20 pg) were separated using SDS-
PAGE, which were performed with a 10 % acrylamide separating gel and 4 % acrylamide stacking gel containing 10 % SDS. And then
transferred onto a nitrocellulose filter membrane. The cell membranes were blocked with 5 % skim milk for 1 h at room temperature
and incubated overnight at 4 °C in the corresponding primary antibodies (diluted to 1:2000 using primary antibody dilution (Beyo-
time)). The membranes were incubated with a secondary antibody (diluted 1:5000) for 1 h at room temperature for imaging. In the
current study, the following antibodies were used: antibodies for MyHC (R&D, MAB4470) were sourced from R&D, antibodies for
GAPDH (#2118), MEF2A (#9736), MEF2C (#5030), p-ERK (#4370S), ERK (#4695S), p-JNK (#4671S), JNK (#9258S), p-P38
(#45118), P38 (#9212S), and c-Raf (#9422) were purchased by Cell Signaling Technology. MyoG (sc-12732) and MyoD (sc-760) were
obtained from Santa Cruz. The protein ladder (molecular weight marker, MK) used in this study was purchased from Thermo Fisher
Scientific (#26619). Secondary antibodies against mouse (#7076s) and rabbit (#7074s) proteins were purchased from Cell Signaling
Technology. All proteins were detected using a chemiluminescent horseradish peroxidase (HRP) substrate (microwell, WBKLS0500),
and the chemiluminescence of the membrane was captured using a Bio-Rad luminescence imaging system. The gray value of each
image was quantified using an ImageJ analyzer. Results are presented as mean + SEM. Comparisons between the two groups were
performed using the unpaired t-test.

2.6. Luciferase reporter assays

C2C12 cells were plated in 96-well plates at a concentration of 2000 cells per well to investigate the impact of ERK signaling
pathway activity on IncRNA 4930581F22Rik knockdown cells. In the next day, the cells were transfected with siRNAs (si-NC, si- # 1,
si- # 2, and si- # 3), together with the reporter plasmid (ERK pathway reporter or control plasmid) using Lipofectamine 2000 reagent
(Invitrogen). Following this, the cells were cultured in growth medium for two days before switching to differentiation medium for the
subsequent three days. Subsequently, cell lysis was performed using passive lysis buffer, and luciferase activity was quantified utilizing
a Dual Luciferase Assay Kit (Promega). The transfection of siRNA and pathway reporter constructs was used in 96-well plates at

Table 1
Sequences of siRNAs.
sense antisense
si-NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
5i-4930581F22Rik-#1 GGAAUAGAAGUCCAUCCUUTT AAGGAUGGACUUCUAUUCCTT
$i-4930581F22Rik-#2 GGGACUCUCCAAUUCACAATT UUGUGAAUUGGAGAGUCCCTT

5i-4930581F22Rik-#3 GCAUAGGUGGAAGCUCUUUTT AAAGAGCUUCCACCUAUGCTT
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Table 2
qPCR primers.
Gene Name primer sequence (5'—3")
MHC MHC-RT-qF CGCAAGAATGTTCTCAGGCT
MHC-RT-gR GCCAGGTTGACATTGGATTG
Mef2C Mef2c-RT-qF ATCCCGATGCAGACGATTCAG
Mef2c-RT-qR AACAGCACACAATCTTTGCCT
MyoD MyoD-RT-qF CTACCCAAGGTGGAGATCCTG
MyoD-RT-qR CACTGTAGTAGGCGGTGTCGT
MyoG MyoG-RT-qF ATCCAGTACATTGAGCGCCTAC
MyoG-RT-qR GACGTAAGGGAGTGCAGATTGT
Ki67 Ki67-RT-qF GAGGAGAAACGCCAACCAAGAG
Ki67-RT-qR TTTGTCCTCGGTGGCGTTATCC
4930581F22Rik RT-4930581F22Rik-F GTGCAGAGACCACAGGACAA
RT-4930581F22Rik-R TTACAGGCGTGTACCACCAC
Sap30bpos RT-Sap30bpos-F ACATTGCCACTGTGCTCTGT
RT-Sap30bpos-R GCAACTGCAGTGCATCCATT
Gm41609 RT-Gm41609-F TGGTCATGATGTTTTGTGCAGG
RT-Gm41609-R GGCCCTTCTAGCCCAAAGTT
Gm29773 RT-Gm29773-F CTGTGTAGACCTGGCTGTCC
RT-Gm29773-R GTACACGCCTTCAATCGCAG
Gm41556 RT-Gm41556-F TCTGAGCATGAGACTCCTGTC
RT-Gm41556-R GAGGTGTCTCCATGCCTCAG
Gm26737 RT-Gm26737-F TTGTGGCGAGATCGGAGTG
RT-Gm26737-R TACCGCTCCAGGCTCCTAAC
GAPDH GAPDH-RT-qF CGTCCCGTAGACAAAATGGT
GAPDH-RT-qR TCAATGAAGGGGTCGTTGAT

concentrations of 100 nM/well and 50 ng/well, respectively. All luciferase assays were conducted a minimum of three times.
2.7. Data collation software, databases, and statistical methods

The experimental data underwent statistical analysis using Graphpad Prism (version 9). Charts were generated using Adobe
Photoshop CS5 and Adobe Illustrator. All quantitative results were presented as mean + SEM. The statistical significance of the dif-
ferences between two groups was determined through an unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. ns:
No significant difference.

3. Results
3.1. LncRNA 4930581F22Rik is gradually elevated and expression during skeletal muscle differentiation

LncRNA 4930581F22Rik is widely expressed in a variety of organs, localizes to chromosome 9 with a full length of 2402 nt, and
consists of six exons [32]. The expression of 4930581F22Rik is widely observed in various organs, particularly in the adult liver and
kidneys (Supplementary Fig. 1). To explore the expression pattern of IncRNA 4930581F22Rik during the process of skeletal muscle
differentiation, we utilized mouse C2C12 myoblasts as a model system to mimic skeletal muscle differentiation. C2C12 myoblasts
expanded in the presence of 10 % fetal bovine serum and started differentiated by withdrawal from 2 % horse serum. As previously
reported, significant changes in the cell phenotype were observed [30,33]. After three days of differentiation (D3), the cells were fused.
After five days of differentiation (D5), prominent myotube formation was evident (Fig. 1A). The RNA expression levels of key dif-
ferentiation markers such as MyHC, Mef2¢, MyoD, and MyoG, exhibited signature profiles throughout the differentiation of C2C12
myoblasts (Fig. 1B). In line with the RNA findings, a significant rise in MyHC and MEF2C protein expression was observed during this
progression (Fig. 1C and D, and Supplementary Fig. 2).

Subsequently, we examined the expression patterns of several IncRNAs, including 4930581F22Rik. The upregulation of IncRNA
4930581F22Rik, Sap30bpos, Gm41609, and Gm29773 during C2C12 differentiation was consistent with the findings of our previous
study. In particular, expression of IncRNA 4930581F22Rik gradually increased throughout the differentiation process, which
prompted us to further investigate its functional role (Fig. 1E).

3.2. Inhibition of IncRNA 4930581F22Rik impedes the process of skeletal muscle differentiation

To examine the effect of IncRNA 4930581F22Rik on skeletal muscle differentiation, we used three distinct siRNAs to knock down
IncRNA 4930581F22Rik. Following transfection, the cells were cultured in growth medium for two days and subsequently switched to
differentiation medium for another three days before being harvested for RNA extraction. RT-PCR analysis showed that all three
siRNAs successfully knocked down the IncRNA 4930581F22Rik (Fig. 2A). Morphological examination revealed that, compared with
the negative control (si-NC) cells, all three siRNAs effectively impeded muscle cell fusion (Fig. 2B). Inmunofluorescence staining of
MyHC also showed that myofilament morphology was not only shorter and tapered, but also significantly decreased after IncRNA



W.-C. Chen et al. Heliyon 10 (2024) 30640

Do D1 D3 D5

B MyHC Mef2C C MK DO D1 D3 D5
xx *x
—_— —
250 kDa —
10000 ok 8 * — MyHC
—_— — '
ek ns 130 kDa — L (~200 kDa)
§ 10004 —— S —
F [
g £ @ |Merc
5 100 3 4 55 kDa — (~55 kDa)
o s
2 2
- 5, 55kDa — [
: * 35kDa— & — d— v s | GAPDH
, . . (~37 kDa)
DO D1 D3 D5 DO D1 D3 D5
MyHC MEF2C
MyoD MyoG D - -
-
* - 15004 F— 80
" — . -
20 * 1000 **
— — 5 ok 5 6o i
* ok D —A -ﬁ
g 15 — g — g 1000 g
2 § 100 25 XS 40
5 5 o5 w g
& 1.0 5 g - g ~
g £ 500 2
g g 10 e G 20
2 0.5 e (4 ['3
0.0 1 0- 0
DO D1 D3 D5 D0 D1 D3 D5 DO D1 D3 D5 Do D1 D3 D5
E 4930581F22Rik Sap30bpos Gm41609 Gm29773 Gm26737
Fkkk *kk ns *k Fkkk
—_— A
Hekk Tkk ** Fkk **
4 10 25 i"—< 3 T 1.5 >**—<
xax xx —
53 § 8 520 § ]
2 2 2 2 2
g g 2 2 2 [ 1.0
5 5 ° 519 5 5
& 2 I I P} I}
g & 2 & 05 3 3
0 0 0.0 [} 0.0
D0 D1 D3 D5 D0 D1 D3 D5 D0 D1 D3 D5 D0 D1 D3 D5 D0 D1 D3 D5

Fig. 1. Expression pattern of IncRNA 4930581F22Rik during skeletal muscle differentiation. (A) Phase-contrast microscopy of differentiating C2C12
myoblasts in growth medium or 1, 3 or 5 days in the differentiation medium. (B) Quantitative real-time PCR analysis of skeletal muscle differ-
entiation markers MyHC, Mef2C, MyoD and MyoG at indicated differentiating time points during C2C12 myoblasts differentiation. (C) Western blot
analysis of skeletal muscle differentiation markers MyHC and MEF2C at indicated differentiating time points differentiation. GAPDH was used as a
loading control. The molecular weight of the targeting protein is indicated as the marker (MK) showed. (D) Quantification of protein expression
levels for skeletal muscle differentiation markers MyHC and MEF2C at indicated differentiating time points during C2C12 myoblasts differentiation.
(E) Quantitative real-time PCR analysis of the concerned IncRNAs at indicated differentiating time points during C2C12 myoblasts differentiation.
ns: no significant difference. Values were presented as means + SEM (n = 3). The statistical significance of differences between the two groups was
calculated using unpaired t-test.

4930581F22Rik downregulation (Fig. 2C). Statistical analysis also indicated that IncRNA 4930581F22Rik downregulation not only
inhibited myoblast differentiation, but also inhibited the fusion ability of myoblasts (Fig. 2D). These results indicated that IncRNA
4930581F22Rik promotes skeletal muscle differentiation.

3.3. Knockdown of IncRNA 4930581F22Rik impedes myogenic markers expression

To investigate the impact of IncRNA 4930581F22Rik on skeletal muscle differentiation, IncRNA 4930581F22Rik was knocked
down by three individual siRNAs. Following transfection, the cells were then collected to analyze RNA and protein expression levels,
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Fig. 2. Knockdown of IncRNA 4930581F22Rik impedes skeletal muscle differentiation. (A) Quantitative real-time PCR analysis evaluated the
knockdown efficiency of IncRNA4930581F22Rik with three different siRNAs. (B) The morphology changes of myoblasts that transfected with
siRNAs. (C) Effects of 4930581F22Rik knockdown on MyHC expression and myotube formation. Scale bar: 100 pm. (D) Effect on differentiation
index and fusion index after knockdown of 4930581F22Rik. ns: no significant difference. Values were presented as means + SEM (n = 3). The
statistical significance of differences between the two groups was calculated using unpaired t-test.
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evaluating the presence of myogenic markers MyHC, Mef2C, MyoD, and MyoG. Remarkably reduced RNA expression levels were
observed for each myogenic marker, particularly MyHC, which exhibited greater than 60 % decrease (Fig. 3A-D). Moreover, western
blot analysis confirmed a significant decrease in the protein expression levels of MyHC and MEF2C, consistent with the reduction RNA
levels. (Fig. 3E and F, and Supplementary Fig. 3). Thus, experimental results showed that the inhibition of IncRNA 4930581F22Rik led
to impaired skeletal muscle differentiation accompanied by decreased expression of key myogenic markers.

3.4. LncRNA 4930581F22Rik regulates skeletalmuscle differentiation through the ERK/MAPK signaling pathway

Subsequently, we attempted to elucidate the underlying mechanism by which IncRNA 4930581F22Rik deficiency impairs myo-
genesis. The MAPK signaling pathway is vital in living organisms and plays important roles in cell proliferation, differentiation, and
apoptosis. Our previous research has uncovered the crucial importance of the MAPK signaling pathway in maintaining the cell ho-
meostasis during skeletal muscle development. Therefore, we initially examined three branches of the MAPK pathway, ERK1/2, JNK,
and P38 signaling. Western blotting results showed that only the ERK1/2 pathway showed an obviously trend of change. Moreover,
analysis demonstrated a significant increase only in the phosphorylated-ERK (p-ERK) protein, with slightly alterations in total ERK
protein levels (Fig. 4A and B, and Supplementary Fig. 4A), while minimal changes were observed in the phosphorylated-JNK (p-JNK)
and phosphorylated-P38 (p-P38) proteins (Fig. 4C and D, and Supplementary Fig. 4B). These findings illustrate that ERK signaling may
be a dominant downstream signaling pathway regulated by IncRNA 4930581F22Rik.

3.5. Inhibiting ERK/MAPK signaling rescue the effects of IncRNA 4930581F22Rik on skeletal muscle differentiation

Furthermore, we examined the relationship between the IncRNA 4930581F22Rik and the ERK/MAPK pathway. We detected the

MyHC Mef2C MyoD MyoG
15 154 1 5m . 15
c § < " <
7] . » )
% 1.0 g 10 g 1.0 g 1.0
g 2 g g
i % w w
[] S o [
> 2 2 2
£ 0.5 k- 0.5 £ 05 £ 0.5
& [ & &
0.0- 0.0- 0.0- 0.0-
O D NP O D NP O DN D P O N O PO
9\"; é\& 9\&‘ é\& 6"‘\ é\& X é‘* R é\& é\& é\&t o}"\ o}& o}& o}&
E Si-NC Si-#1 Si-#2 Si-#3 MK F
— 250 kKDa MyHC MEF2C
MyHC | o e 1.5+ xn 15— .
(~200 kDa)
— 130 kDa P _
—sska § 5
GAPDH @ 1.0 8 1.0
(~37 kDa) [ s
—35kDa X9 &g
02 L=
2 = -
MK  Si-NCSi#1 Si-#2 Si-#3 5 059 5 08
2 14
['4
70 kDa —
55 kDa — | . S ‘4 MEF2C 0.0~ o0
a— (~55 kDa) R Y .'\;0 \&‘\ \&’P ,\35‘:
55 kDa — g 9 & & & 9 @
GAPDH
35 kDa — (~37 kDa)

Fig. 3. Knockdown of IncRNA 4930581F22Rik impairs the expression of myogenic markers. (A-D) Quantitative real-time PCR analysis was per-
formed to assess the expression levels of skeletal muscle differentiation markers MyHC, Mef2C, MyoD, and MyoG in myoblasts transfected with
siRNAs. (E) Western blot analysis was conducted to examine the protein levels of skeletal muscle differentiation markers MyHC and MEF2C in
myoblasts transfected with siRNAs. (F) Quantification of protein expression for skeletal muscle differentiation markers MyHC and MEF2C in
myoblasts transfected with siRNAs. GAPDH was used as a loading control. The molecular weight of the targeting protein is indicated as the marker
(MK) showed. Values were presented as means + SEM (n = 3). The statistical significance of differences between the two groups was calculated
using unpaired t-test.
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Fig. 4. IncRNA 4930581F22Rik regulates skeletal muscle differentiation through the ERK/MAPK signaling pathway. (A) Western blot analysis
reveals the protein expression levels of p-ERK and ERK in myoblasts transfected with siRNAs. (B) Quantification of protein expression for p-ERK and
ERK in myoblasts transfected with siRNAs. (C) Western blot analysis reveals the protein expression levels of p-JNK, JNK, p-38 and P38 in myoblasts
transfected with siRNAs. (D) Quantification of protein expression for p-JNK, JNK, p-38 and P38 in myoblasts transfected with siRNAs. GAPDH was
used as a loading control. The molecular weight of the targeting protein is indicated as the marker (MK) showed. ns: no significant difference. Values
were presented as means + SEM (n = 3). The statistical significance of differences between the two groups was calculated using unpaired t-test.

RNA expression levels, and found that the RNA expression levels of MAPK1 and MAPKS3 corresponding to ERK1 and ERK2 did not
change (Fig. 5A). The c-Raf expression, a key upstream signaling molecule in the ERK/MAPK pathway, was notably increased
following the depletion of IncRNA 4930581F22Rik (Fig. 5B and C, and Supplementary Fig. 5A). In addition, we investigated the
activation of the ERK1/2 signaling pathway upon IncRNA 4930581F22Rik deprivation, and the reporter results significantly improved
(Fig. 5D). To investigate the impact of inhibiting the ERK signaling pathway on cell differentiation following the suppression of IncRNA
4930581F22Rik, we exposed the siRNA-transfected cells to the ERK-specific inhibitor PD0325901. ERK phosphorylation indicated that
the activity of ERK signaling was significantly inhibited. Comparing with si-NC cells, the IncRNA 4930581F22Rik-deprivating cells
with no significant changes in the expression of myogenic markers MyHC and MEF2C under treated with 2 pM PD0325901. These
findings suggested that the ERK signaling pathway inhibitor PD0325901 inhibited the siRNA-mediated upregulation of ERK signaling
at 2 pM concentration, thus counteracting the downregulation trend of MyHC and MEF2C (Fig. 5E, Supplementary Fig. 5B, and
Supplementary Fig. 6). When the siRNA-transfected cells were treated with 10 pM PD0325901, the protein expression levels of the
MyHC and MEF2C were significantly increased (Fig. 5F and G, and Supplementary Fig. 5C). The PD0325901 concentration of 10 pM of
ERK signaling pathway inhibitor not only inhibited the siRNA-mediated up-regulation of ERK signaling, but also reversed the
downregulation of MyHC and MEF2C, showing an upregulation trend. Consistent with the fact that IncRNA 4930581F22Rik promotes
skeletal muscle differentiation, the ERK1/2 signaling pathway inhibited skeletal muscle differentiation. Therefore, these findings
indicate that IncRNA 4930581F22Rik play roles in the differentiation of skeletal muscle by influencing the ERK/MAPK signaling
pathway.

3.6. LncRNA 4930581F22Rik is involved in skeletal muscle injury

We examined the expression profile of IncRNA 4930581F22Rik during acute skeletal muscle regeneration after CTX injection to
further investigate the function of IncRNA 4930581F22Rik in vivo. The right TA muscle was injected with CTX to induce muscle injury,
whereas the left TA muscle was injected with an equal volum of saline to act as a negative control (Fig. 6A). Regeneration of adult
muscle is supported by the activation of infiltrating macrophages and subsequent MuSCs. During the repair process, immune cells,
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Fig. 5. A negative regulation between IncRNA 4930581F22Rik and ERK/MAPK pathway. (A) Quantitative real-time PCR analysis was performed to
assess the expression levels of MAPK1 and MAPK3 in myoblasts transfected with siRNAs. (B) Western blot analysis shows the expression levels of c-
Raf protein in myoblasts transfected with siRNAs. (C) Western blot analysis shows the expression levels of c-Raf protein in myoblasts transfected
with siRNAs. (D) Luciferase reporter assay showing the effects of IncRNA 4930581F22Rik knockdown on the activity of ERK1/2 signaling pathway.
(E) Western blot analysis of ERK, p-ERK, MyHC, and MEF2C in myoblasts transfected with siRNAs that were treated with 2 yM PD0325901 or
DMSO. (F) Western blot analysis of ERK, p-ERK, MyHC and MEF2C in myoblasts transfected with siRNAs that were treated with 10 yM PD0325901
or DMSO. (G) Relative expression in F were calculated. The molecular weight of the targeting protein is indicated as the marker (MK) showed. ns: no
significant difference. Values were presented as means + SEM (n = 3). The statistical significance of differences between the two groups was
calculated using unpaired t-test.

especially macrophages, enter the damaged skeletal muscle, releasing cytokines, chemokines, and growth factors in the affected area.
By activating MuSCs, altering the microenvironment, clearing cellular debris, and promoting regeneration. To assess the early stage of
regenerated skeletal muscle tissues, mice were injected with CTX, and TA muscle were collected on day three. Histological analysis of
the muscle through H&E staining revealed significant necrosis following CTX treatment, confirming the successful establishment of the
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Fig. 6. LncRNA 4930581F22Rik is implicated in the early stages of muscle injury repair. (A) Construct a muscle injury repair model (n = 5 mice). A
muscle injury repair model is established by injecting saline into the left tibialis anterior muscle of mice, while CTX is injected into the right tibialis
anterior muscle. (B) Immunohistochemistry results of injured muscle on day 3. (C) The RNA expression levels of IncRNA 4930581F22Rik, Ki67,
MAPK1, and MAPK3 were measured after muscle injury. Values were presented as means &= SEM (n = 3). The statistical significance of differences
between the two groups was calculated using unpaired t-test.

injury and regeneration models (Fig. 6B). Expression of IncRNA 4930581F22Rik and Ki67 was measured by qPCR. The expression of
IncRNA 4930581F22Rik in the CTX injection group was significantly upregulated, indicating its involvement in regeneration. Ki67
serves as a proliferation marker and is highly expressed in the CTX injection group, with approximately 18-fold upregulation, indi-
cating that MuSCs proliferated rapidly at this stage. Muscle regeneration post-injury involves complex processes. RNA expression
levels of MAPK1 and MAPK3 demonstrate an upregulation trend, suggesting their involvement in muscle differentiation and regen-
eration. (Fig. 6C). Discrepancies between in vivo and in vitro results are often observed. This can be attributed to the complex early-
stage muscle regeneration architecture, which involves various processes such as MuSC activation, myoblast proliferation, and
myotube formation. The data suggests a possible link between the IncRNA 4930581F22Rik and the early stages of muscle regeneration.

4. Discussion

Skeletal muscle is the most abundant tissue and protein reservoir. It not only governs movement but also plays a pivotal role in
regulating respiration, ingestion, energy expenditure, glucose metabolism, amino acid utilization, lipid homeostasis, and maintenance
of an optimal quality of life. Therefore, skeletal muscle regeneration is of paramount concern in the field of regenerative medicine.
During myogenesis, proliferation and differentiation are stringently regulated, and any disruption in these processes can lead to muscle
dysplasia [8]. In the present study, we demonstrated the expression pattern and potential function of IncRNA 4930581F22Rik in
skeletal muscle differentiation and regeneration. LncRNA 4930581F22Rik gradually increases during myogenesis, and its knockdown,
significantly impedes differentiation and impairs the expression of myogenic markers. Our findings revealed that IncRNA
4930581F22Rik modulates this process by regulating the ERK/MAPK signaling pathway. Additionally, our data indicates that IncRNA
4930581F22Rik isemerging as a potential player in the initial phase of muscle regeneration.

LncRNAs are a class of regulatory RNAs with diverse roles in cellular processes that participate in chromatin remodeling, gene
imprinting, post-transcriptional regulation, and post-translational processing. The functional and regulatory mechanisms of IncRNAs
remain unclear due to their poor conservation. Here, we elucidated the expression pattern and function of the little-studied IncRNA
4930581F22Rik in skeletal muscle, which is highly expressed in mouse liver and lung tissues. Its functions in skeletal muscle highlights
the development and regeneration of bioprocesses. Mechanism, we have demonstrated a potential relationship between IncRNA
4930581F22Rik and the ERK/MAPK signaling cascade in this study. ERK/MAPK signaling has been well studied in extracellular
stimulation response and cell proliferation. Complex interactions and cascading cytokines and signals, coordinate the balance between
proliferation and differentiation [34,35]. Skeletal muscles exhibit a remarkable adaptability to environmental stimuli. However,
prolonged immobility and aging can result in muscle atrophy, which subsequently leads to muscular weakness and a decline in quality
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of life. Consequently, the likelihood of illness and mortality significantly increases. Therefore, maintaining muscle homeostasis is of
great significance. Our findings expand our knowledge of noncoding RNA functions and noncoding RNA-mediated signaling pathways.
An increasing number of studies have uncovered the roles of IncRNAs in skeletal muscle development and myopathies, including
Duchenne muscular dystrophy, facial shoulder brachial muscular dystrophy, skeletal muscle hypertrophy, and amyotrophic lateral
sclerosis [36]. Skeletal muscleathophy and muscle regeneration defects are more and more severe health problems in aging societies
worldwide. However, effective prevention and treatment strategies are lacking. Moreover, the mechanisms regulating IncRNAs and
their functions in skeletal muscle regeneration remain largely unknown. We have elucidated how the IncRNA 4930581F22Rik
expression changes during differentiation and regeneration in this research. Moreover, investigating the influence of IncRNA
4930581F22Rik regulation network in muscle clinical samples could offer new perspectives for clinical diagnosis and treatment.

5. Conclusions

Thus, the present study demonstrates that upregulation of IncRNA 4930581F22Rik in myotubes promotes myogenesis via the ERK/
MAPK signaling pathway. Additionally, increased expression of IncRNA 4930581F22Rik in mice with cardiotoxin-induced muscle
injury, revealed that IncRNA 4930581F22Rik may play a roles in the early stages of muscle regeneration.
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