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Simple Summary: In this study, we investigated the function of GSK3} in the skeletal muscle satellite
cells (SMSCs) of sheep. The overexpression of GSK3 inhibited myotube formation and the expression
of MyoD, MyoG, MyHC1, and MyHC2a genes in sheep SMSCs. Additionally, inhibiting the activity of
GSK3p significantly promoted myotube formation as well as MyoD, MyoG, MyHC1, and MyHC2a
genes at mRNA levels. The present study provides evidence for studying the mechanisms involved
in the regulation of sheep SMSCs differentiation by GSK33.

Abstract: Glycogen synthase kinase 33 (GSK3p) has a vital role in the regulation of many cellular
processes. However, the role of GSK3f3 in muscle cell differentiation in sheep remains unknown. In
this study, we investigated the function of GSK3f in skeletal muscle satellite cells (SMSCs) of sheep.
An overexpression of GSK3p significantly inhibited myotube formation as well as the mRNA levels
of myogenic genes (MyoD, MyoG, MyHC1, and MyHC2a) in sheep SMSCs. SB216763 treatment had a
time-course effect on the phosphorylation levels of sheep GSK3f3. In addition, reducing the activity of
GSK3 lead to the promotion of sheep SMSCs differentiation as well as the mRNA levels of myogenic
genes (MyoD, MyoG, MyHC1, and MyHC2a). This study illustrated the function of GSK3p to inhibit
myogenesis in sheep SMSCs, which provided evidence for studying the mechanisms involved in the
regulation of sheep SMSCs differentiation by GSK33.
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1. Introduction

Glycogen synthase kinase 33 (GSK3{) was originally known as a vital enzyme in
glycogen metabolism biosynthesis [1,2]. Glycogen Synthase (GS) is an enzyme that is
involved in converting glucose to glycogen. Serine 9 phosphorylation of GSK33 leads to a
loss of GSK3 catalytic activity [3]. It is well accepted that GSK3{ acts as a key and negative
regulatory kinase of GS. IGF-1 can regulate the GSK33 activity through the phosphorylation
regulation of GSK3f3, and GS is the direct substrate of GSK33. With further study on
GSK3, it was demonstrated that GSK3f3 is not only an enzyme in glycogen metabolism
biosynthesis but also an important regulator of many cell signaling pathways [4]. In mice,
GSK3p phosphorylates PPAR« at the Ser73 site, thereby inhibiting PPARwx activity. This
leads to elevate blood glucose levels and severe liver steatosis [5]. Additionally, GSK3{3
reduces brown adipocyte thermogenesis by inhibiting MAPK to regulate thermogenic gene
expression [6]. GSK3{3 promotes the differentiation of human adipose-derived stem cells,
suggesting its potential to regulate stem cell differentiation [7]. Furthermore, a knockdown
of GSK3 induces the formation of multiple axons in neurons, whereas the overexpression
of GSK3p in neurons inhibits axon arborization [8]. These studies demonstrate that GSK3[3
regulates cell differentiation and metabolism.
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Skeletal muscle originates from the mesoderm, and its generation is initiated within
the soma by pre-muscular progenitors and skeletal myoblasts. The embryonic period is
dominated by the PAX7-mediated proliferation of muscle progenitors and muscle cell
fusion, whereas the postnatal differentiation of predominantly skeletal muscle satellite cells
(SMSCs) adds new myofibril results into the hypertrophy of individual muscle fibers [9].
Skeletal muscle is the largest tissue in livestock, comprising 35-60% body weight [10].
Skeletal muscle satellite cells are a type of muscle-derived stem cell with proliferative and
differentiation potential that are normally quiescent in adult animals. When stimulated by
exercise or muscle injury, satellite cells are activated and enter mitosis, where they undergo
cell division and give rise to myogenic progenitors, promoting muscle regeneration [11].
Additionally, skeletal muscle satellite cells have myogenic stem cell potential and are
activated into muscle cells, while myoblasts differentiate into myotubes under specific
conditions (such as skeletal muscle injury) [11]. The development of skeletal muscle and
the differentiation of SMSCs is regulated by multiple transcription factors [12]. Among
them, MyOD, MyOG, and MyHC genes regulate myotube formation and are markers of
SMSCs differentiation. [13].

GSK3p has an important regulatory role in satellite cell differentiation and develop-
ment. GSK3 knockout in mice leads to hypertrophic cardiomyopathy caused by excessive
cardiomyocyte proliferation [14]. GSK3f regulates MEF2 activity indirectly by regulating
the p38/MAPK pathway, and cardiac-specific GSK3[3 knockout mice result in the upregula-
tion of p38/MAPK activity [15]. IGF-I induces the phosphorylation of GSK3§, and then
the phosphorylation of GSK3 promotes MRF expression and muscle regeneration [16].
A sepsis-induced increase in muscle proteolysis can be effectively reversed by the mTOR
signaling pathway through the inhibition of GSK3p activity [17]. Low-dose lithium supple-
mentation enhances the muscle antifatigue capacity in mice by inhibiting GSK3{ [18]. The
inhibition of GSK3{ can increase the transcriptional activity of MYHC2a [19], probably by
phosphorylating NFAT and inhibiting its gene transcription in response to MYHC2a [20].
In addition, GSK3 is important for the regulation of muscle hypertrophy versus atrophy.
Myotube atrophy and myofibrillar protein loss are dependent on GSK3f3, and the inhibition
of GSK3p leads to skeletal myotube hypertrophy [21,22]. In addition, GSK3f3 promotes
myogenic differentiation and myoblast fusion through the Wnt/3-Catenin signaling path-
way [23]. These studies suggest that GSK3f3 may have an important regulatory role for
muscle development.

Skeletal muscle development is important in improving meat production in farm
animals. The muscle development of sheep directly affects meat production of sheep [24].
GSK3p exhibits a strong regulatory function for muscle cell differentiation. Our previous
study identified multiple and alternative forms of splicing and differential expression
patterns in the GSK3p gene [25]. In addition, the inhibition of GSK3f increased the binding
ability of PPARy to the NAMPT promoter of goat adipocytes and promoted the expression
of the NAMPT gene [26]. However, the role of GSK3p in the regulation of muscle cell
differentiation in sheep remains unknown. Therefore, it is important to understand the
regulation of GSK3f in sheep SMSCs. In this study, we investigated the function of GSK3{3
in the SMSCs of sheep. Gain-of-function experiments demonstrated that an overexpression
of GSK3p inhibited myotube formation and the expression of myogenic genes (MyoD,
MyoG, MyHC1, and MyHC2a) in sheep SMSCs. Use of SB216763 to inhibit GSK3f activity
significantly promoted myotube formation and increased the mRNA levels of key myogenic
genes (MyoD, MyoG, MyHC1, and MyHC2a). This study illustrates the ability of GSK3§
to inhibit myogenesis in sheep SMSCs, which provides evidence for investigating the
mechanism by which GSK3f3 regulates the differentiation of sheep SMSCs.

2. Materials and Methods
2.1. Ethics Approval

All research involving animals was conducted according to the approved protocols of
the Institutional Animal Care and Use Committee at the College of Animal Science and
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Technology, Sichuan Agricultural University, Sichuan, China, under the ethics approval
number: DKY-202000551.

2.2. Sheep SMSCs Isolation

Satellite cells were isolated from the longissimus dorsi of three Liangshan semi-fine
wool sheep on day 1 after birth using the pronase digestion method. Skeletal muscles
were excised and digested with 0.2% pronase and then placed in 37 °C water for 60 min.
Then, cells were separated from tissue fragments by centrifugation at 1000x g for 5 min,
followed by filtration through a 200 um and 50 pum Nytex filters. Sheep SMSCs were
cultured in DMEM and supplemented with 15% FBS at 37 °C with 5% CO;. For myogenic
differentiation, cells were induced with DMEM and 2% horse serum for 8 days. To caculate
the fusion index, the number of fusion nuclei (two or more nuclei per cell) was counted.
The fusion index (%) is the ratio of fusional nuclei to the total cell nuclei.

2.3. Plasmid Construct and Transfection

The ORF of the GSK3p gene was ligated to the Hind III and BamH I sites of the
pcDNA3.1(+) by T4 DNA Ligase (TaKaRa, Dalian, China). After sequencing, the plasmid
constructs (pcDNA3.1-GSK38) were obtained by the Endo-free Plasmid Mini Kit II (Omega
Bio-Tek, Norcross, GA, USA). After cells were grown to 80% confluence, a 4 ug recombinant
vector pcDNA3.1-GSK33 with 7.5 uL Lipofectamine™ 3000 (Invitrogen, Carlsbad, CA,
USA) were transfected into the cells of a 35 mm cell culture dish.

2.4. Cell Culture and GSK3 Inhibitor Treatment

To evaluate the role of time-course SB216763 in the regulation of mRNA expression
patterns of GSK3f3, when 90% confluence was observed, muscle satellite cells were serum
starved for 6 h, then 10 uM SB216763 was added for 0, 2, 4, and 8 days during myogenic
differentiation.

2.5. Quantitative PCR (gPCR)

Cells in six-well plate were harvested from each group on day 8 of differentiation
(n = 6) for gPCR analysis. The total RNA was extracted by RNAiso plus (Takara, Tokyo,
Japan). RNA concentration was quantified at 260 nm by a nucleic acid protein detector
(Bio-Rad, Hercules, CA, USA). An amount of 1 ug total RNA was used to synthesize cDNA
using a PrimeScript RT reagent kit. JPCR was conducted by a SYBR GreenlIqPCR kit
(Takara, Tokyo, Japan). The 2~ method was adopted to calculate the relative gene
expression level normalized to GAPDH. Primers are shown in Table S1.

2.6. Western Blotting

The total protein of the skeletal muscle satellite cells was extracted by a protein
extraction kit. The content of protein was determined by a BCA protein quantification
detection kit (Google Biotechnology, Wuhan, China) which was then separated by SDS-
PAGE and transferred to a PVDF membrane following immunoblotting with a primary
antibody against Ser9-GSK3{ (1:400, Santa Cruz, CA, USA). This antibody was used
to determine the phosphorylation level of Ser9-GSK3f and phosphorylation levels of
Ser9-GSK3f when normalized to GAPDH. The PVDF membrane was incubated with
the HRP-labeled goat anti-rabbit IgG (1:2000, Santa Cruz, CA, USA) for two hours and
visualized by an ECL chemiluminescence system.

3. Results
3.1. Overexpression of GSK3B Decreases Differentiation in Sheep SMSCs

To evaluate the effective overexpression of the GSK3 gene, we determined the mRNA
expression level of the sheep GSK3f gene. Compared with the control group, the GSK3
gene expression in muscle satellite cells transfected with the pcDNA3.1-GSK38 vector
was overexpressed roughly 60-fold, indicating that the pcDNA3.1-GSK3f vector was
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successfully transfected into muscle satellite cells and promoted the mRNA expression of
the sheep GSK38 gene (p < 0.01) (Figure 1A).
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Figure 1. GSK3p decreases myogenic differentiation in sheep SMSCs. (A) The expression level of
GSK3p in sheep SMSCs. Cells were transfected with the GSK3p overexpression vector (pcDNA3.1-
GSK3p). (B) Myotube formation was visualized by an inverted light microscope and (C) quantified
by measuring the fusion index at 8 days of differentiation. The fusion index (%) is the ratio of fusional
nuclei to the total cell nuclei within the same field of vision. p < 0.05 (*) and p < 0.01 (**) relative to
control (pcDNA3.1+).

Moreover, GSK3p overexpression strongly decreased the myogenic differentiation
of sheep skeletal muscle satellite cells (Figure 1B). GSK3f inhibited myotube formation,
and the fusion index was significantly decreased at 8 days of differentiation compared
with the control (p < 0.05) (Figure 1C). GSK3 overexpression significantly decreased
expression levels of MyoG at 8 days of differentiation (p < 0.05) (Figure 2A). In addition,
GSK3p overexpression robustly impaired expression of the MyoD gene at 2 and 4 days
of differentiation (p < 0.05) (Figure 2B). Additionally, expression levels of MyHCI and
MyHC2a were significantly decreased at 4 and 8 days of differentiation (p < 0.01) during
sheep SMSCs differentiation. (Figure 2C,D). These results suggest that an overexpression of
GSK3p can inhibit the differentiation and key myogenic gene expression of sheep SMSCs.

3.2. Different Effects of Time-Course SB216763 Treatment on the Phosphorylation Levels of GSK38
in Sheep SMSCs

SB216763 is an effective small molecule inhibitor and belongs to maleimide. It can
promote the phosphorylation of GSK3 ser9 to inhibit the activity of GSK33. We identified
the role of SB216763 in the regulation of the phosphorylation levels of sheep GSK33. As
shown in Figure 3, SB216763 treatment had a time-course effect on the phosphorylation
levels of sheep GSK3f3. After the SB216763 treatment, the phosphorylation levels of sheep
GSK3p were significantly upregulated (p < 0.05) at 2 days and reached the highest level
at 8 days of differentiation (p < 0.01). These results suggest that SB216763 increases the
phosphorylation of GSK3 during sheep SMSCs differentiation.

3.3. GSK3p Inhibition Promotes Differentiation of Sheep SMSCs

As shown in Figure 4A, GSK3f inhibition by SB216763 strongly promoted the myotube
formation of sheep SMSCs. The fusion index was significantly increased at D8 differentiation
compared with the control (p < 0.01) (Figure 4B). GSK3{3 inhibition significantly increased
expression levels of MyoG at 4 and 8 days of differentiation (p < 0.05) (Figure 4C). Additionally,
inhibiting activities of GSK3[3 were shown to robustly upregulate the expression levels of the
MyoD gene at 4 and 8 days of differentiation (p < 0.05) (Figure 4D). In addition, the expression
levels of MyHC1 and MyHC2a were significantly increased at 4 and 8 days of differentiation
(p < 0.01). (Figure 4E,F). These results suggest that the inhibiting GSK3 activity promotes
myotube formation and the expression of key myogenic genes in SMSCs.
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Figure 2. GSK3f decreases expression levels of myogenic genes in sheep SMSCs. (A-D) The expres-
sion levels of MyoG, MyoD, MyHC1, and MyHC2a genes. All data are expressed as mean & S.E.M.
(n=6).p<0.05(*) and p < 0.01 (**) relative to control (pcDNA3.1+).
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Figure 3. Effects of time-course SB216763 treatment on the phosphorylation levels of GSK3f3 in sheep
SMSCs. Cells were serum starved for 6 h, then SB216763 (10 uM) was added for 0, 2, 4, and 8 days.
(A) Phosphorylation of GSK3 (Ser9) was induced by SB216763 in sheep skeletal muscle satellite cells.
(B) Quantified results of western blots. p < 0.05 (*) and p < 0.01 (**) relative to 0d of differentiation.
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Figure 4. GSK3p inhibition promoted myotube formation of sheep skeletal muscle satellite cells.
(A) Myotube formation was visualized by an inverted light microscope and (B) quantified by mea-
suring the fusion index at 8 days of differentiation after SB216763 (10 uM) treatment for 8 days. The
fusion index (%) is the ratio of fusional nuclei to the total cell nuclei within the same field of vision.
(C-F) The expression levels of MyoG, MyoD, MyHC1, and MyHC2a genes. All data are expressed as
mean + S.EM. (n =6). p < 0.05 (*) and p < 0.01 (**) relative to control.

4. Discussion

GSK3p belongs to the serine-threonine kinases that regulate glucose homeostasis.
GSK3p can phosphorylate over a hundred substrates, and its phosphorylation at the Ser9
site can lead to its inactivation [27]. There are two isoforms of GSK3, of which GSK3 is
the most highly expressed and active isoform in skeletal muscle. GSK38 is a key regulator
enzyme in glycogen synthesis, and it can inhibit GS activity by phosphorylating GS, thereby
inhibiting glycogen synthesis [28]. In type 2 diabetes (T2D), the insulin-mediated decrease
in GS activity and glycogen synthesis is closely associated with an increase in GSK3f3 levels
in the muscle [29]. There is a large population of resident mesenchymal stem cells in fetal
muscle tissue, which differentiate into mature adipocytes. In addition, several molecules
that regulate the adipogenic or myogenic differentiation fates of cells were identified. For
example, a knockdown of EHMT1 in adipocytes leads to the demethylation of histone 3 ly-
sine 9 (H3K9me?2 and 3), inducing muscle differentiation in vivo [30]. Furthermore, the loss
of PRDM16 in brown preadipocytes leads to impaired brown adipocyte differentiation and
promotes muscle differentiation [31]. Our previous study showed that GSK33 promoted
the adipogenic differentiation of goat skeletal muscle satellite cells by activating the AMPK
pathway. Meanwhile, inhibition of GSK3f3 resulted in a significant downregulation in the
expression of adipogenic differentiation marker genes [32]. In the present study, GSK3/3
played a critical role in the differentiation of myoblasts in sheep. Gain-of-function experi-
ments demonstrated that GSK3 inhibited myotube formation in sheep SMSCs. Inhibiting
the activity of GSK3f3 significantly promoted myotube formation. These results demon-
strate that GSK3 is important for sheep SMSCs myogenic differentiation. Furthermore,
the distinct regulatory effects of GSK3f3 on the adipogenic and myogenic differentiation
of sheep SMSCs suggest its possible involvement in sheep SMSCs and differentiation
fate commitment.

Previous studies have demonstrated that skeletal muscle GSK3p knockout mice have
increased myonuclear proliferation in their regeneration of skeletal muscle [33]. GSK33 can
be phosphorylated through PI3-K/Akt in response to the insulin signaling pathway before
decreasing the transcription factor FOXO1 activity, thereby affecting mitogenesis in C2C12
cells [34]. Meanwhile, the GSK3p gene is inactivated by the PI3K/Akt pathway, which
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increased the expression of muscle cell differentiation marker genes and promoted muscle
cell differentiation [16,35]. An inhibition of GSK3f can activate the 3-Catenin-TCF complex
to promote human muscle progenitor differentiation, which is necessary for their cellular
differentiation [36]. Previous studies have reported a significant enrichment of MyoD on
day 2 of sheep SMSCs differentiation, while MyoG appeared significantly enriched after
day 4 of differentiation [37]. In this study, the overexpression of GSK3p decreased the
expression of MyoD, MyoG, MyHC1, and MyHC2a genes in sheep SMSCs after day 4 of
differentiation. These results indicate that GSK3f3 negatively regulates myogenic gene
expression and may play a regulatory role after day 4 of differentiation.

Previous studies show that SB216763 is an effective small molecule inhibitor and
belongs to maleimide. It increases the phosphorylation of GSK3f3 Ser9 by competing
with ATP [38,39]. SB216763 protects against aldosterone-induced cardiac and renal injury
by inhibiting the activity of GSK3f [40]. SB216763 inhibits the activity of GSK3f by
increasing Ser9 phosphorylation, thereby inhibiting the proliferation and migration of
squamous cancer cells [41]. Furthermore, the inhibition of GSK3f3 by SB216763 prevents
cardiomyocyte apoptosis by increasing the Ser9 phosphorylation of GSK3f [42]. SB216763
inhibits the activity of GSK3p and reduces the nuclear activity of the NFKB1 pathway,
which alleviates neuritis [43]. The chondrogenic differentiation of human MSCs, by adding
SB216763 to inhibit GSK34, significantly enhanced cartilage matrix production and the
expression of cartilage-specific genes [44]. These studies suggest that SB216763 is an
effective inhibitor when studying the function of GSK38. In this study, the treatment of
5B216763 in sheep SMSCs increased the Ser9 phosphorylation of GSK3f at 2 days and
reached the highest level at 8 days of differentiation, which inhibited GSK3f activity.
Additionally, inhibiting the activity of GSK3f increased the mRNA levels of myogenic
genes after day 4 of differentiation. These results illustrate that GSK33 inhibition promoted
sheep SMSC myogenic differentiation after day 4 of differentiation.

When skeletal muscle satellite cells are induced to myogenic differentiation in vitro,
the pre-differentiation phase is myotube formation mediated by MyoD, whereas the post-
differentiation phase is MyoG-mediated maturation and a confluence of myotubes [45].
Yang et al. found that the MyoD protein is mainly expressed during the first 24 h of skeletal
muscle satellite cell differentiation, whereas the MyoG protein is mainly expressed after day
1 of skeletal muscle satellite cell differentiation [37]. These studies suggest that myogenic
transcription factors are expressed at specific times of differentiation. In the present study,
GSK3p overexpression significantly decreased expression levels of MyoG at 8 days of
differentiation. In addition, GSK3 overexpression robustly impaired expression levels of
the MyoD gene at 2 and 4 days of differentiation. The regulation of myogenic transcription
factors by an overexpression of GSK38 is in agreement with previous studies. However,
5B216763 inhibited the activities of GSK3f3 and significantly increased the expression
levels of MyoG at 4 and 8 days of differentiation. Additionally, GSK3f inhibition robustly
upregulated expression levels of the MyoD gene at 4 and 8 days of differentiation. The
inhibition of GSK3f3, which mainly regulates myogenic transcription factors at the post-
stage of skeletal muscle satellite cells differentiation, still needs to be investigated.

5. Conclusions

In this study, we have identified the roles of GSK3f3 in sheep SMSCs differentiation.
The overexpression of GSK3p inhibited the differentiation of sheep SMSCs and decreased
the expression of key myogenic genes in SMSCs. In addition, SB216763 treatment had a
time-course effect on the phosphorylation levels of GSK3f3, suggesting that SB216763 is
an effective inhibitor for GSK3f in sheep SMSCs. Furthermore, inhibiting the activity of
GSK3f promoted sheep SMSCs differentiation and increased the mRNA levels of myogenic
genes after day 4 of differentiation. In conclusion, the present study indicates the function
of GSK3p to inhibit myogenesis in sheep SMSCs.
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