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Skeletal muscle is an essential tissue for maintaining the
body’s basic functions. The basic structural unit of skeletal
muscle is the muscle fiber, and its type is the main factor that
determines the athletic ability of animals. The O-linked N-
acetylglucosamine (O-GlcNAc) modification, a reversible pro-
tein post-translational modification, is involved in many
important biological processes such as gene transcription,
signal transduction, cell growth, and differentiation. Myogenic
differentiation factor (MyoD), the first discovered myogenic
regulatory factor, facilitates the transformation of fibroblasts
into skeletal muscle cells. In early laboratory studies, MyoD
was found to be modified by O-GlcNAcylation. However, the
regulatory effects and mechanisms of O-GlcNAcylation modi-
fication on MyoD in skeletal muscle development and differ-
entiation remain unclear. Therefore, our research was aimed at
exploring the mechanism of MyoD in skeletal muscle differ-
entiation under the influence of O-GlcNAcylation modifica-
tion, through O-linked N-acetyl glucosamine transferase
(OGT) or O-N-acetylaminoglucosidase manipulation, as well as
MyoD supplementation. During the differentiation of
C2C12 cells, O-GlcNAcylation of MyoD was found to be
mediated by OGT, through its interaction with MyoD. Addi-
tionally, OGT was found to antagonize with up-frameshift
protein 1 in inhibiting the ubiquitination-mediated degrada-
tion of MyoD via the K48 site, thereby regulating myotube
formation. In mouse skeletal muscle tissue, Ogt gene deletion
led to the differentiation of mouse skeletal muscle fibers from
fast-twitch muscle fibers to slow-twitch muscle fibers, whereas
this effect was mitigated by supplementation with exogenous
MyoD. These results enhance understanding of the regulatory
mechanisms of O-GlcNAcylation modification of MyoD in
muscle development and differentiation. Our findings also
muscle and

indicate potential therapeutic targets for

metabolism-related diseases.

Skeletal muscle consists of thousands of muscle fibers with
contractile properties. Myoblasts in animals undergo
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proliferation and hypertrophy, thereby forming muscle fibers
with multinuclear, contractile, and functional characteristics
(1). The heterogeneous nature of mammalian skeletal muscle
ensures flexibility; consequently, skeletal muscle can perform
various types of exercise (2), such as sustained endurance ex-
ercise or high-intensity racing exercise, and rapid and strong
contractions (3). The number and type of muscle fibers
composing skeletal muscle are highly conserved across species.
The number of muscle fibers is usually determined at birth
(4—6). With continuous growth and development of the body,
muscle fibers change in size and type (6). The growth and
development of skeletal muscle exhibit high plasticity in
response to various conditions and are regulated by a variety of
complex networks (7). Myogenic regulatory factors (MRFs)
(8—10) play key roles in the formation of muscle fibers and
regulate the transcription of muscle-specific genes (11). This
family encodes four muscle-specific transcription factors:
myogenic differentiation factor (MyoD), myogenin (MyoG),
myogenic factor 5 (Myf5), and myogenic regulatory factor
(MRF4), also known as Myf6 or herculin (12, 13). These
transcription factors regulate the proliferation and cell cycle
arrest of precursor cells, activation, and differentiation of
muscle-specific genes, thereby influencing the differentiation
of stem cells into muscle-derived lineage cells (14). The MRFs
family also regulates the level of myosin heavy chain (MyHC),
which determines the contraction characteristics of muscle
fibers to some extent. It has been reported that the regulatory
ability of myogenic differentiation is closely related to the
disease progression of sarcopenia/skeletal muscle atrophy and
Duchenne muscular dystrophy (15). MyoD, the first myogenic
regulator discovered in the MRF family, in 1988, leads to the
conversion of fibroblasts into skeletal muscle cells (16). In early
stages of skeletal muscle development, MyoD is initially
expressed in the precursor cells of skeletal muscle (17) and,
through interaction with other muscle-derived regulatory
factors, activates the expression of muscle-specific genes,
thereby facilitating muscle cell differentiation and fusion and
ultimately muscle fiber formation. For example, the MyoD
gene and Myf5 gene cooperatively regulate the differentiation
of somatic cells into myoblasts (18). Expression of the MyoG
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O-GIcNAcylation regulates skeletal muscle differentiation

gene is controlled by the MyoD and Myf5 genes, facilitating the
differentiation of myoblasts into mature skeletal muscle cells
(19). In addition, the MyoD gene promoter exhibits priming
activity in C2C12 myoblasts and has been found to be specific
to muscle tissue (20). MyoD also binds and targets the pro-
moters of Mef2C and MyoG, thereby promoting the expres-
sion of muscle-specific genes and facilitating the formation of
myotubes. At the same time, some studies have pointed out
that inhibiting MyoD can alter the differentiation direction of
fast and slow muscle fibers (21, 22). Therefore, MyoD plays a
crucial role in skeletal muscle development.

The O-linked N-acetylglucosamine (O-GlcNAc) modification
is a post-translational protein modification involved in cell
signal transduction. In glucose metabolism, approximately 2%
to 5% of glucose enters the hexosamine biosynthetic pathway.
UDP-N-acetyl glucosamine (23), generated through the action
of glutamine-fructose-6-phosphoamidotransfrase, participates
in the synthesis of secretory glycoproteins and membrane
structure glycoproteins. Simultaneously, UDP-N-acetyl glucos-
amine serves as the substrate for O-linked N-acetyl glucosamine
transferase (OGT). N-Acetylglucosamine (GIcNAc), a product
of the hexosamine biosynthetic pathway, is linked to serine or
threonine residues in proteins through a B-configuration O-
glycosidic bond. The entire process is mediated by OGT and O-
N-acetylaminoglucosidase (OGA) (24). OGT-mediated signal
transduction is a necessary process for normal skeletal muscle
metabolism and systemic energy balance (25). In addition, OGT
regulates muscle phenotype through IL-15 and interferes with
the OGT-IL-15 nutrition sensing axis, thus offering a new
approach to combat obesity and metabolic disorders (26). Liu
Yet al. have found that O-GlcNAcylation contributes to
reversing metabolic disorders, stress, and cell death in skeletal
muscle (27). Studies have shown that O-GlcNAcylation occurs
as C2C12 myoblasts differentiate into myotubes and regulates
various protein interactions (28). Ogawa et al. (29) has discov-
ered that O-GIlcNAcylation levels significantly decrease during
myogenic differentiation. Moreover, after inhibition of OGA
activity with Thiamet G, the activity of MyoG and Mrf4 is
inhibited. Relevant muscle-specific genes, such as MyHC and
troponin, in C2C12, are also affected by OGA inactivation (29).
In a mouse model with skeletal muscle—specific knockout (KO)
of the Ogt gene, significantly diminished skeletal muscle quality,
elevated numbers of mitochondria, and diminished fat content
have been observed (25). These findings suggest that O-
GlcNAcylation modification plays a crucial role in skeletal
muscle development.

At present, the specific mechanism of MyoD regulates
skeletal muscle development has not been fully elucidated.
Additionally, the relationship between MyoD and O-GIcNA-
cylation, as well as their effects on skeletal muscle develop-
ment and differentiation are still unclear. Therefore, the
purpose of this study was to elucidate the mechanism through
which O-GlcNAcylation of MyoD regulates skeletal muscle
development and differentiation in mice. The study was aimed
at identifying potential targets and strategies for more precise,
comprehensive, and accurate regulation of skeletal muscle
development in the future.
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Results

O-GIcNAcylation modification regulates myoblast
differentiation in vitro

We transfected C2C12 cells with lentivirus for over-
expression of OGT (Fig. S1A). Subsequently, Ogt gene and
protein expression (Fig. 1A and D) and overall O-GlcNAcy-
lation modification (Fig. 1D) increased significantly, thus
suggesting successful construction of the OGT overexpression
model. Myoblast differentiation requires a variety of tran-
scription factors and differentiation factors. MyoD was used as
a differentiation marker; myosin heavy chain 2 (Myh2) and
myosin heavy chain 4 (Myh4) were selected as fast muscle fiber
markers; and myosin heavy chain 7 (Myh7) was used as a slow
muscle fiber marker. The upregulation of MyoD was associ-
ated with increased O-GlcNAcylation (Fig. 1, B and E);
moreover, Myh2 and Myh4 increased significantly, while
Myh?7 decreased (Fig. 1, C and E). Subsequently, we performed
transfection with OGT knockdown lentivirus. The decrease in
OGT expression (Fig. 1F) significantly decreased MyoD (Fig. 1,
G and J) and overall O-GlcNAcylation modification (Fig. 11);
moreover, Myh2 and Myh4 decreased, whereas Myh7 signifi-
cantly increased (Fig. 1, H and /). Immunofluorescence results
further confirmed these findings (Fig. 1, K—N). In addition, the
fusion index of cells transfected with lentivirus and differen-
tiated for 3 days was significantly higher in the knockdown
group than in the control group (Fig. S1, B and C). These
results indicated that inhibiting O-GlcNAcylation modification
can promote the formation of myotubes in C2C12 cells.

To investigate the effects of O-GlcNAcylation on C2C12
myoblasts, we treated C2C12 cells with the OGT inhibitor
OSMI-1, at a final concentration of 100 UM, and the OGA
inhibitor Thiamet G, at a final concentration of 20 UM. The
treatments were performed for 24 h and 6 h, respectively, to
stimulate cell differentiation over a period of 3 days. Under the
action of OSMI-1, the mRNA expression of MyoD (Fig. 2B),
Myh2, and Myh4 decreased significantly, whereas the mRNA
expression of Myh7 increased significantly (Fig. 2C). Simulta-
neously, overall O-GlcNAcylation levels decreased signifi-
cantly, as did the protein expression of MyoD, Myh2, and
Myh4. In contrast, the expression of Myh7 increased signifi-
cantly (Fig. 2D). The expression of genes and proteins after
Thiamet G treatment had exactly the reverse result (Fig. 2, E-
H). These findings suggested that O-GlcNAcylation regulates
the myogenic differentiation of C2C12 cells.

MyoD is glycosylated by O-GIcNAc and relies on OGT
enzymatic activity

To verify whether MyoD is glycosylated with O-GlcNAc,
we conducted immunoprecipitation tandem mass spec-
trometry to enrich all proteins interacting with OGT in
C2C12 cells. This screening indicated an interaction be-
tween OGT and MyoD (Fig. 3A). Therefore, we co-expressed
Flag-OGT [wildtype(WT)] and HA-MyoD (WT) plasmids in
C2C12 cells. Co-precipitation demonstrated that MyoD co-
expressed with OGT was strongly glycosylated (Fig. 3B).
Subsequently, externally verified 293T cells were used for
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Figure 1. O-GIcNAcylation modification regulates the myoblast differentiation process. A-C, RT-gPCR method was employed to analyze the gene
expression of Ogt, MyoD, and myosin subtypes following the addition of Flag-OGT. D-E, Western blot analysis was performed to detect the expression of
OGT, O-GIcNAc, MyoD, and myosin subtypes following the addition of Flag-OGT. a and b, the analysis diagram of Western blot. F-H, RT-qPCR method was
used to detect the gene expression of Ogt, MyoD, and myosin subtypes after adding sh-OGT. /-J, Western blot was used to detect the expression of OGT,
MyoD, and myosin subtypes after adding sh-OGT. a and b, the analysis diagram of Western blot. K-N, immunofluorescence method was employed to detect
Myh2 (red), Myh4 (green), and Myh7 (green) in C2C12 myoblasts, and the scale was 200 um. The data are means + s. d. (n = 3/4). *p < 0.05, **p < 0.01, and
***p < 0.001 as determined by using a t test. Myh2, myosin heavy chain 2; Myh4, myosin heavy chain 4, Myh7, myosin heavy chain 7; MyoD, myogenic
differentiation factor; OGA, O-linked N-acetylaminoglucosidase; O-GIcNAc, O-linked N-acetylglucosamine; OGT, O-linked N-acetyl glucosamine transfer.
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Figure 2. Inhibition or enhancement of O-GlcNAcylation modification can regulate the myoblast differentiation process. A-C, RT-qPCR method was
used to detect the gene expression of Ogt, MyoD, and myosin subtypes after the addition of OSMI-1. D, Western blot was utilized to detect the expression of
OGT, O-GIcNAc, MyoD, and myosin subtypes after the addition of OSMI-1. a-d, the analysis diagram of Western blot. E-G, RT-qPCR method was used to
detect the gene expression of Ogt, MyoD, and myosin subtypes after adding Thiamet G; H, Western blot was used to detect the expression of OGT, O-
GlcNAc, MyoD, and myosin subtypes after adding Thiamet G. a-d, the analysis diagram of Western blot. The data are means + s. d. (n = 3/4). *p < 0.05, **p <
0.01, ***p < 0.001 as determined by using a t test. Myh2, myosin heavy chain 2; Myh4, myosin heavy chain 4; Myh7, myosin heavy chain 7; MyoD, myogenic
differentiation factor; OGA, O-linked N-acetylaminoglucosidase; O-GIcNAc, O-linked N-acetylglucosamine; OGT, O-linked N-acetyl glucosamine transfer.
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Figure 3. OGT antagonizes with UPF1 to suppress the ubiquitination degradation pathway of MyoD via the K48 site of MyoD. A, LC-MS/MS
detection of proteins interacting with OGT in C2C12 cells. B, Co-IP method was used to detect the endogenous interaction between OGT and MyoD. C,
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pulldown experiments (Fig. 3C), which indicated that MyoD
was indeed glycosylated with O-GlcNAc. OGT’s active site
was located at K908 (30). When lysine at position 908 was
mutated to alanine, the enzymatic activity of OGT was lost,
but its protein expression level remained unaffected. To
determine whether the enzymatic activity of OGT affected
O-GlcNAcylation of MyoD, we mutated the lysine at posi-
tion 908 in OGT to alanine and constructed a plasmid for
ablation of OGT enzymatic activity. Co-expression of Flag-
OGT (WT), Flag-OGT (908), and HA-MyoD (WT) in
293T cells indicated that OGT still interacted with MyoD
after loss of enzymatic activity but did not induce O-
GlcNAcylation of MyoD (Fig. 3D). This finding indicated
that O-GlcNAcylation of MyoD is dependent on the enzy-
matic activity of OGT.

OGT antagonizes UPF1 to inhibit the ubiquitination
degradation of MyoD

Our preliminary laboratory results suggested that O-
GlcNAcylation modification of MyoD, in a manner dependent
on OGT enzymatic activity, negatively regulates the
ubiquitination-mediated degradation of MyoD in cells. We
verified the ubiquitination and degradation of MyoD. First, we
added the protein synthesis inhibitor cycloheximide (CHX) at
a concentration of 300 [ig/ml to inhibit the protein synthesis
pathway. The results indicated that the protein expression of
MyoD continued to decline; however, this decline was signif-
icantly inhibited following the exogenous addition of OGT
(Fig. 3E). After administering CQ at 50 pg/ml or MG132 at
20 ug/ml to inhibit the autophagy and ubiquitination degra-
dation pathways, we observed that the protein expression of
MyoD in the CQ group was significantly lower compared to
the MG132 group (Fig. 3F). This finding suggests that MyoD is
degraded primarily through the ubiquitination pathway.
Studies have suggested that the RNA decay factor up-
frameshift protein 1 (UPF1) degrades MyoD protein through
its E3 ligase activity (31). Therefore, we verified the co-
expression of HA-MyoD, Flag-OGT, His-UPF1, and ubiq-
uitin. O-GlcNAcylation indeed inhibited the ubiquitination-
mediated degradation of MyoD, and UPF1 can promote the
ubiquitination-mediated degradation of MyoD (Fig. 3G). We
next sought to determine whether the relationship between
OGT and UPF1 might be competitive or cooperative. Co-
expression of MyoD with OGT (WT) instead of OGT (908)
consistently reduced the MyoD-UPF1 interaction (Fig. 3H).
Subsequently, we identified the proteasome degradation site,
on the basis of observations that this inhibition was mediated
through the K48 site (Fig. 3I). OGT antagonized UPF1 in
inhibiting the ubiquitination-mediated degradation of MyoD,
and this degradation pathway was completed via the K48 site
of MyoD.

MyoD regulates the differentiation direction of myoblasts in
the presence of O-GlcNAcylation modification

Studies have indicated that inhibition of MyoD expression
leads to the differentiation of fast muscle fibers into slow
muscle fibers (21). Therefore, we asked whether muscle fiber
differentiation might change with increased MyoD expression,
and how muscle fibers might differentiate if MyoD is overex-
pressed while the O-GlcNAcylation modification hydrolase is
inhibited. We first transfected the HA-MyoD plasmid into
C2C12 cells, then induced cell differentiation for 3 days with
the OGA inhibitor Thiamet G. MyoD gene and protein
expression was significantly greater in the MyoD over-
expression group than the control group (Fig. 4, B and F).
Additionally, addition of Thiamet G decreased the expression
of OGA (Fig. 4A) and enhanced O-GlcNAcylation modifica-
tion (Fig. 4F). Subsequently, we detected the effects of MyoD
on the differentiation of C2C12 myoblasts under inhibition of
the O-GlcNAcylation modification hydrolase, after which O-
GlcNAcylation modification increased, and the expression of
Myh2 and Myh4 significantly increased (Fig. 4, C, D and F),
while the expression of Myh?7 significantly decreased (Fig. 4, E
and F). With overexpression of MyoD, expression of Myh7
decreased, while that of Myh2 and Myh4 increased. Immu-
nofluorescence further confirmed these findings (Fig. 4, G-)).
The results demonstrated that overexpression of MyoD
accelerated the differentiation of slow muscle fibers into fast
muscle fibers under inhibition of the O-GlcNAcylation
modification hydrolase. In the absence of O-GlcNAcylation
modification transferase, overexpression of MyoD yielded
opposite results (Fig. S2, A and B). These findings suggested
that overexpression of MyoD disrupts the differentiation di-
rection of muscle fiber types in the presence of O-GlcNAcy-
lation modification.

Deletion of Ogt decreases O-GIcNAcylation of MyoD, thus
altering the development and differentiation direction of
skeletal muscle fibers in mice

To further verify our hypothesis, we generated C57BL/6
mice with skeletal muscle-specific Ogt gene KO by using the
Cre-loxP system (Fig. 54) and intramuscularly injected MyoD
recombinant lentivirus into 10-week-old mice. MyoD expres-
sion was significantly greater in the injected mice than the
control mice (Fig. 5, B and C, E and F). The expression of Ogt
in the skeletal muscle, as well as O-GlcNAcylation modifica-
tion, was significantly diminished in the Ogz KO mice (Fig. 5, D
and F). These results indicated that the OGT gene was suc-
cessfully knocked out in the skeletal muscle in the mice. As
expected, O-GlcNAcylation modification decreased, thus
leading to a noticeable decrease in the tissue morphology of
mouse gastrocnemius (Fig. S34). Additionally, during the rest
of the day, the respiratory entropy and oxygen consumption of

pulldown method was used to detect the exogenous interaction between OGT and MyoD. D, pulldown method was used to detect the O-GIcNAc
glycosylation modification of MyoD by OGT enzyme activity. E, detection of MyoD stability by CHX. F, detection of MyoD degradation pathway by MG132
and CQ. G, pulldown method was used to detect the regulatory effect of OGT and UPF1 on MyoD ubiquitination. H, pulldown method to detect the
relationship between OGT and UPF1. /, pulldown method was used to detect the ubiquitination site of MyoD. MyoD, myogenic differentiation factor; OGT,
O-linked N-acetyl glucosamine transfer; UPF1, up-frameshift protein 1; CHX, cycloheximide.
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Figure 4. Inhibition of OGA and overexpressing MyoD can regulate the type of MyHC in the myogenic differentiation of C2C12 cells. A-£, RT-qPCR
method was used to detect the gene expression of different subtypes of Oga, MyoD, and myosin. F, Western blot method was used to detect the expression

of various protein subtypes, including OGA, MyoD, O-GIcNAc, and myosin. a—

f, the analysis diagram of Western blot. G-J, the expression of Myh2 (red), Myh4

(green), and Myh7 (green) in C2C12 myoblasts was detected by immunofluorescence, and the scale was 200 pm. The data are means + s. d. (n = 3/4). *p <
0.05, **p < 0.01, ***p < 0.001 as determined by using a two-way ANOVA. Myh2, myosin heavy chain 2; Myh4, myosin heavy chain 4; Myh7, myosin heavy
chain 7; MyoD, myogenic differentiation factor; OGA, O-linked N-acetylaminoglucosidase; O-GIcNAc, O-linked N-acetylglucosamine; OGT, O-linked N-acetyl

glucosamine transfer.

mice increased significantly. The energy metabolism of mice
was disordered, suggesting that Ogt KO mice require more
exercise to regulate the energy balance in their bodies (Fig. S3,
B-@G). In addition, the results of ATPase staining showed an
increase in the proportion of type I muscle fibers (light
staining) and a decrease in the proportion of type II muscle
fibers (intense staining). After overexpression of MyoD, the
proportion of type I and type II muscle fibers recovered (Fig. 5,
G and H). Simultaneously, the expression of Myh2 and Myh4
in Ogt KO mice decreased significantly (Fig. 5, I and J and L),
while the expression of Myh7 increased significantly (Fig. 5, K

6 . Biol. Chem. (2025) 301(4) 108364

and L). After injection of lentivirus, the expression of fast and
slow muscles recovered. The tissue immunofluorescence re-
sults were also consistent with these findings (Fig. 5, M and N).
Our results demonstrated that Ogt deletion induced the dif-
ferentiation of muscle fibers from fast-twitch to slow-twitch,
whereas overexpression of MyoD counteracted this effect.
With the increase in slow muscle fibers, the level of oxidative
phosphorylation in the body was significantly altered, thus
suggesting that mitochondria, the primary sites of oxidative
phosphorylation, might have been affected. We subsequently
examined the gastrocnemius mitochondria in mice and
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glucosamine transfer; WT, wildtype; KO, knockout.

observed significantly diminished basic oxygen consumption,
reserve respiratory capacity, ATP production capacity, and
maximum respiratory capacity of the mitochondria in the
gastrocnemius tissue in the KO group (Fig. S3, H and I). These
findings were also observed in the mice in the KO group after
MyoD overexpression (Fig. S3, J and K). Simultaneously, the
mitochondria in the gastrocnemius tissue in the KO group
swelled to varying degrees. Part of the outer mitochondrial
membrane dissolved, and the mitochondrial ridge fracture
disappeared. These effects were slightly alleviated after the
injection of lentivirus (Fig. S3L). Deletion of the Ogt gene
therefore damaged the mitochondrial function of skeletal
muscle in mice.

Discussion

The differences in the development and differentiation of
various types of muscle fibers underscore their distinct clinical
significance in different muscle-related diseases. Consequently,
finding effective ways to intervene in the differentiation of
various muscle types to meet market demands has become a
primary focus. In this study, O-GlcNAcylation was found to
regulate MyoD differentiation in skeletal muscle. In C2C12
myoblasts, the status of O-GlcNAcylation changed, thus
interfering with the differentiation of fast and slow muscle fi-
bers in C2C12 myoblasts. In mice, deletion of the Ogt gene led
to muscle shrinkage, mitochondrial damage, and a change in
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the direction of muscle fiber differentiation. These effects were
somewhat alleviated by overexpression of MyoD. We discov-
ered that MyoD undergoes O-GlcNAcylation modification.
Additionally, we observed that OGT antagonizes UPF1 in
preventing the ubiquitination-mediated degradation of MyoD
at the K48 site. These findings suggest that MyoD might be a
potential target for the treatment of skeletal muscle-related
diseases resulting from O-GlcNAcylation modification.
Studies increasingly indicate that O-GlcNAcylation partici-
pates in numerous biological processes (32). Some studies have
suggested that O-GlcNAcylation is closely associated with the
regulation of skeletal muscle development. Skeletal muscle is
the primary target organ of insulin, and nutrition-driven O-
GlcNAcylation is the key regulator of skeletal muscle insulin
signal transduction (33). C2C12 myoblasts are precursor cells
of skeletal muscle with strong proliferation and differentiation
ability. Ogawa et al. (29) has found that O-GlcNAcylation
levels significantly decrease during myogenic differentiation, in
agreement with previous research conducted by the laboratory
team. During myogenic differentiation, O-GlcNAc levels
decreased as the number of myogenic differentiation days
increased. On this basis, lentiviral OGT overexpression and
knockdown revealed that increased O-GlcNAcylation modifi-
cation significantly decreased the level of the type I muscle
fiber marker Myh7 but increased the levels of the type II a
muscle fiber marker Myh2 and type II b muscle fiber marker
Myh4, thereby indicating a differentiation of slow muscle
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fibers into fast muscle fibers. The direction of muscle fiber type
differentiation was completely reversed after O-GlcNAcylation
modification was decreased. Addition of the OGT inhibitor
OSMI-1 and the OGA inhibitor Thiamet G had comparable
results, which were consistent with the findings reported by
Shi H et al. (25). During the development of skeletal muscle,
MyoD gradually exits the cell cycle, leading to a corresponding
decrease in protein expression. Our results also demonstrated
that O-GlcNAcylation modification was found to positively
regulate the expression of MyoD, a myogenic regulator with
key roles in regulating skeletal muscle differentiation. There-
fore, we speculated that O-GlcNAcylation modification might
serve as a target for regulating C2C12 myoblast differentiation.
Indeed, an interaction between MyoD and OGT was identified
through immune-combined mass spectrometry analysis and
pulldown assays. According to Clarke’s research (30) on the
mechanism and specific structure of OGT, mutation of amino
acid K908 in OGT to alanine results in a loss of enzymatic
activity. Moreover, O-GlcNAcylation of MyoD depends on the
enzymatic activity of OGT. Previous studies have demon-
strated that O-GlcNAcylation modification can be used as a
crucial regulator of autophagy, influencing autophagic flux and
the fusion of autophagosomes with lysosomes (34). Concur-
rently, numerous studies have indicated that O-GlcNAcylation
modification affects the stability, degradation rate, and even
the proteasome activity of proteins (35, 36). Ubiquitin modi-
fication plays a vital role in the localization, metabolism,
regulation, and degradation of proteins (37, 38). K48 poly-
ubiquitination typically leads to proteasomal degradation,
whereas K63 polyubiquitination modification is associated
with various other cellular processes (39). By examining the
ubiquitination site of MyoD, it was discovered that OGT can
inhibit its ubiquitin-mediated degradation through the K48
site of MyoD. In addition, Feng et al. (31) has shown that the
RNA helicase UPF1 can be used as an E3 ligase to impede
human skeletal muscle differentiation. UPF1 inhibits MyoD
protein in a proteasome-dependent manner and exhibits E3
ligase activity that targets MyoD protein degradation; as
confirmed by our experimental results, OGT can inhibit the
degradation of MyoD protein, while UPF1 can promote its
degradation. Additionally, OGT antagonizes with UPF1 in
inhibiting the MyoD ubiquitination-mediated degradation
pathway through the K48 site of MyoD.

Ogawa et al. (29) have shown that inhibition of OGA activity
with Thiamet G leads to inhibition of MyoG and Mrf4 activity,
and the corresponding muscle-specific genes, such as MyHC
and troponin, are also affected by OGA inactivation. After OGA
knockdown by Thiamet G, slow muscle fibers decreased, and
fast muscle fibers increased. These findings indicated that OGA
inactivation causes slow muscle fibers to differentiate into fast
muscle fibers in C2C12 myoblasts. Previous results have
demonstrated O-GlcNAcylation modification of MyoD. We
further investigated the effects of MyoD overexpression on
myogenic differentiation of C2C12 under inhibition of the O-
GlcNAcylation modification hydrolase OGA. This weakening of
OGA influenced the rate at which MyoD overexpression
regulated the differentiation of C2C12 myoblasts, thus
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accelerating the differentiation of slow muscle fibers into fast
muscle fibers. In contrast, overexpression of MyoD alleviated
abnormal muscle differentiation when OGT inhibitors were
used to decrease O-GlcNAcylation modification.

Subsequently, we conducted experiments in mice with Ogt
gene deletion to further verify these findings. Staining of tissue
sections and quantitative analysis of markers of fast and slow
muscle fibers indicated that Ogt gene deletion affected the fast
and slow muscle fiber types in mouse skeletal muscle. The fast
muscle fibers differentiate into slow muscle fibers, in agree-
ment with findings reported by Shi H et al. (25). In addition,
the gastrocnemius tissue morphology of Ogt gene deletion
mice was significantly reduced, leading to muscular atrophy.
The respiratory entropy of mice increased notably during
daytime rest, indicating disordered energy metabolism. Mice
with specific skeletal muscle deficiency required more exercise
during the day to regulate the body’s energy balance. This
contrasts with the reduced heat output of Ogt gene deletion
mice with liver-specific deficiency at night and the increased
RER level (40), suggesting that specific skeletal muscle defi-
ciency impacts muscle quality and disrupts the balance of
energy metabolism. Moreover, studies have suggested that fast
muscle fibers differentiate into slow muscle fibers after inhi-
bition of MyoD expression in mice (21). Du et al. (22) have
found that dietary betaine supplementation in mice increases
muscle mass, promotes muscle formation, and alters the
proportion of skeletal muscle fiber types in vivo, in a manner
associated with MyoD. Therefore, after deletion of the Ogt
gene, we increased the expression of MyoD through injection
of MyoD overexpression lentivirus. Subsequently, the expres-
sion of Myh7 in the mouse gastrocnemius decreased while the
expression of Myh4 increased. This finding contrasted with the
expression pattern of fast and slow muscle fibers observed in
mice after Ogt deletion. These results demonstrated that
overexpression of MyoD effectively mitigates the alterations in
muscle fiber type differentiation induced by Ogt deletion and
gradually restores the balance between fast and slow muscle
fibers. The alteration of slow muscle fibers will impact the
oxidative phosphorylation level. Our examination of gastroc-
nemius mitochondria revealed that Ogt deletion notably de-
creases the basal oxygen consumption, ATP production
capacity, and maximum respiratory capacity of mitochondria
in mouse gastrocnemius tissue. Additionally, the over-
expression of MyoD mitigates the mitochondrial swelling and
disappearance of mitochondrial crests induced by Ogt deletion.
This indicates that the deletion of the Ogt gene impairs the
mitochondrial function of mouse skeletal muscle. Therefore, it
is concluded that Ogt deletion can damage the mitochondrial
function of skeletal muscle in mice, leading to changes in the
oxidative phosphorylation level of the body, causing muscle
fibers to differentiate from fast-twitch muscle fibers to slow-
twitch muscle fibers, whereas overexpression of MyoD re-
verses this phenomenon.

In summary, our experimental results demonstrated that
during the differentiation of C2C12 myoblasts, OGT medi-
ates O-GlcNAcylation of MyoD through interaction with
MyoD. Simultaneously, OGT antagonizes with UPF1 in
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preventing ubiquitination-mediated degradation via the K48
site of MyoD, thereby regulating myotube formation. In
mouse skeletal muscle tissue, deletion of the Ogt gene leads
to a shift from fast to slow mouse skeletal muscle fibers.
Furthermore, external supplementation with MyoD miti-
gates this effect. The detailed molecular mechanism is
shown in Fig. 6. These findings provide a theoretical foun-
dation for understanding the mechanisms of skeletal muscle
metabolic changes induced by O-GlcNAcylation of MyoD.
Furthermore, they suggest a potential target for treating
skeletal muscle metabolic diseases.

Experimental procedures
Cell culture

C2C12 myoblasts were purchased from Fenghui Biological
Company. Dulbecco’s Modified Eagle Medium (DMEM) high-
sugar medium containing 10% fetal bovine serum (C0235,
Gibco) and 1% penicillin/streptomycin solution was used and
cultured in a cell incubator at 37 °C with 5% CO,. When the cell
growth density reached 70% to 80%, the medium was replaced
with DMEM high-glucose medium containing 2% horse serum
(BL209 A, Biosharp) and 1% penicillin/streptomycin solution to
induce the differentiation of C2C12 myoblasts.

A

Animal and muscle collection

HSA™*-OGT"*™ and HSA“""-OGT">"Y mice were
purchased from Jackson Laboratory (B6.129-Ogttm1Gwh/]) in
the United States. The strain of mice was C57BL/6]. Breeding
was conducted according to the established scheme. Following
genotype identification, KO male mice and WT male mice
from the same litter were chosen as the control group for the
experiment. Mice were kept in an IVC rat house, where the
indoor temperature was maintained at 22 °C + 1 °C, the in-
door humidity was kept at 70% + 10%, and the indoor light
cycle was set for 12 h on and 12 h off. After the mice reached
12 weeks of age and their weights were recorded, they were
euthanized. Muscle samples were then collected for histolog-
ical analysis or immediately frozen in liquid nitrogen and
stored at —80 °C for real-time fluorescence quantitative PCR
(RT-qPCR) and protein blot analysis. All procedures are
approved by the Animal Protection and Use Committee of
Heilongjiang Bayi Agricultural University (DWKJXY2022067).

MyoD overexpression lentivirus injection

Ten-week-old WT and KO mice were selected and injected
with a MyoD overexpression lentivirus with a titer of 2.9 x 10
TU/ml using the three-point method. The injection dose
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Figure 6. Mechanism of O-GlcNAcylation modification of MyoD in regulating skeletal muscle fiber differentiation. A, Wild type mice. B, Ogt gene
deficient mice. MyoD, myogenic differentiation factor; OGT, O-linked N-acetyl glucosamine transfer.
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administered was 60 pl. The mice in the injection group were
labeled as HA-MyoD. The behavior and mental state of mice
were observed after injection. The mice were euthanized
2 weeks later, and samples were collected.

Lentivirus transfection

Pre-experiment: Cells were inoculated into 96-well plates at
a density of 3 to 5 x 10” cells/well. The lentivirus concentra-
tion was diluted to 1 x 10® TU/ml and 1 x 10" TU/ml using
DMEM the following day and then added to the cells. The
culture plates were wrapped with tin foil and placed in a cell
incubator for 12 h, after which the liquid was replaced. After
being infected with lentivirus for 72 to 96 h, the infection ef-
ficiency was observed using a fluorescence microscope, and the
medium was changed based on the cell growth.

Formal experiment: Cells were inoculated into a 25 T-cell
bottle at a rate of 1.5 to 2.5 x 10* cells per bottle. The lentivirus
concentration was diluted to 1 x 10® TU/ml using DMEM the
following day and then added to the cells. During this period,
the liquid was changed regularly, and the cell samples were
collected after 96 h of infection.

Cell transfection

Cells were inoculated into 6 cm plates at a density of 1 x
10° cells/well. Transfection was carried out after the cell
density reached 70%. First, the culture medium in the Petri
dish was replaced with 4 ml of complete culture medium.
Then, a clean sterilized EP tube was taken, and 250 pl of
DMEM, 5 g of DNA, and 8 ul of Lipo8 000 transfection re-
agent were added to the Petri dish after thorough mixing.
Wrap the Petri dish with tin foil and return it to the incubator
for further culturing for 48 to 72 h, during which the liquid is
typically replaced.

MyoD and Thiamet G treatment

To investigate the impact of MyoD overexpression on the
differentiation of C2C12 myoblasts, the cells were transfected
with the HA-MyoD plasmid when they reached 70% conflu-
ence in a 12-well plate. Subsequently, the cells were switched
to a complete medium after 24 h. In order to assess the impact
of MyoD on cell differentiation under O-GlcNAcylation
modification, Thiamet G was added at a final concentration of
20 UM for 6 h. The cells were then collected on the third day of
cell differentiation induction for further experiments.

Cellular immunofluorescence

The HA-MyoD plasmid was transfected, treated with 20 pM
Thiamet G, induced into myogenic differentiation for 3 days,
and then fixed with paraformaldehyde at room temperature for
60 min. Use a buffer to clean the residual formaldehyde, add
0.25% Triton X-100 (1139, Bio Froxx), incubate for 15 min at
room temperature, and rinse with the buffer three times for
5 min each time. Add 5% skimmed milk powder and let it sit at
room temperature for 1 h. Remove the milk powder and rinse
with buffer solution three times, for 5 min each time. Adding
antibodies for Myh2, Myh4, and Myh7 diluted in 1 x PBST and
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incubating at 4 °C overnight. Take it out the next day and let it
stand at room temperature for 30 min. Rinse it with a buffer
solution three times, for 5 min each time. Add the corre-
sponding fluorescent rabbit/mouse antibody, incubate for 1 h
at room temperature in the dark, and rinse with a buffer so-
lution three times for 5 min each time. Finally, the anti-
fluorescence quencher containing DAPI (P0131, Beyotime)
was applied and observed under a fluorescence microscope.

Myoblast fusion index

According to the formula for calculating the fusion index
(41, 42), the fusion index (%) = (number of nuclei in myo-
tubes)/(total number of nuclei) x 100%. C2C12 myoblasts were
cultured in DMEM until they reached a density of 80%. The
cells that differentiated by the third day were stained with
MYHC (ab37484, Abcam), fluorescence, and both the number
of nuclei and the fusion index were calculated.

RNA extraction and real-time fluorescence quantitative PCR

Total RNA in tissues and cells was extracted using Trizol
reagent. Subsequently, reverse transcription was carried out
following the instructions provided by the Prime Script II first
strand ¢cDNA Synthesis Kit (RR047 A, TaKaRa) to generate
cDNA. RT-qPCR was performed on the Bio-Rad IQ5 system
using the SYBR Premix Ex Taq Kit (RR420 A, TaKaRa). The
relative expression level of the target mRNA was calculated
using the 244" method. Relative expression levels of each
gene were normalized to B-actin as the endogenous control for
all experiments. The primers used in this study were as fol-
lows: Ogt-forward-primer: 5-AGCTGTGTGTATGGAG.

TAGAGGA-3'; Ogt-reverse-primer: 5'-CAACAAGAAAAG
TCACCAAACTGTG-3’; Oga-forward-primer: 5'-CCTGTTC
TACCTTCCTTACGAG-3'; Oga-reverse-primer: 5-TGCA-
CACATCTCTTCAAACTTG-3'; MyoD-forward-primer: 5'-
GGCTCTCTC.

TGCTCCTTTGA-3'; MyoD-reverse-primer: 5'-GTAGGGA
AGTGTGCGTGCTC-3'; Myh7-forward-primer: 5'-GAATGG
CAAGACGGTGACTGTG-3'; Myh7-reverse-

primer: 5-GGAAGCGTAGCGCTCCTTGAG-3; Myh4-
forward-primer: 5'-TGATC.

ACCACCAACCCAT-3'; Myh4-reverse-primer: 5'-CAGCC
TTGTCAGCAACTTC-3'; Myh2-forward-primer: 5'-ATGAG
CTCCGACGCCGAG-3'; Myh2-reverse-primer: 5'-TCTGTTA
GCATGAACTGGTAGGCG-3'; -Actin-forward-primer: 5'-T
ATGCTC.

TCCCTCACGCCATC-3'; f-Actin-reverse-primer: 5'-GTC
ACGCACGATTTCCCTC.

TCAG-3'.

Western blot

According to the instructions provided by the reagent
supplier, proteins were extracted from mouse C2C12 cells and
mouse muscle tissues using lysis buffer (NP40/RIPA, with 1%
PMSF added). The supernatant was then quantified using a
BCA protein detection kit (P0010, Biyuntian) following the
manufacturer’s instructions and subsequently heated in
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reducing SDS sample buffer. Separated by SDS-PAGE gel with
the corresponding proportions and transferred to a poly-
vinylidene fluoride membrane (0.45 microns, 0000147800,
Millipore). The membrane was sealed in Tris-buffered saline
(1 x TBST) containing 5% skimmed milk powder for 1 h.
It was then incubated with the appropriate primary antibody
at 4 °C overnight. Subsequently, the membrane was washed in
1 x TBST and incubated with the suitable secondary antibody.
The primary antibody and the secondary antibody were diluted
with 1 x TBST according to the instructions, developed using
ECL protein blot detection reagent (NCM Biotech), and the
intensity of the band was analyzed using Image Lab software.
The antibodies against OGT (1:1 000, ab96718, Abcam), OGA
(1:1 000, Ab124807, Abcam), O-GlcNAc (1:1 000, #9875, Cell
Signaling Technology), Myh2 (1:5 000, 66212-1-Ig, Pro-
teintech), Myh4 (1:600, 20140-1-Ig, Proteintech), Myh7 (1:500,
22280-1-Ig, Proteintech), Alpha Tubulin (1:5 000, 11224-1-AP,
Proteintech), and all secondary antibodies (1:10,000,
SA00001-1/2, Proteintech)were also used. All antibodies are
used according to the manufacturer’s instructions. All uncut
versions of protein profiles are documented in the source data
file and supplementary information file.

Co-IP

Extract the total protein, take 500 g of the total protein,
add 4 g of the target antibody to it, and place it in a refrig-
erator at 4 °C overnight to allow complete formation of the
antigen—antibody complex. On the second day, firstly,
25 ug A/G magnetic beads were extracted and cleaned with
500 pul 1 x TBST. After cleaning, magnetic frames were used to
separate the magnetic beads from the waste liquid. The mag-
netic beads were added to the antigen—antibody complex and
incubated for 1 h at room temperature. After the magnetic
beads are fully combined with the antigen—antibody complex,
they are separated using a magnetic rack, and the supernatant
is carefully aspirated. Use 1 x TBST to clean the antigen—
antibody complex remaining on the magnetic beads. Subse-
quently, employ the buffer elution method by adding 1 x pro-
tein loading buffer to the magnetic beads. Let it stand for
10 min and then utilize a magnetic frame to separate the
magnetic beads from the buffer. Finally, the magnetic beads
are discarded and heated to ensure that the obtained sample is
fully denatured in terms of protein. Used for subsequent
experiments.

Protein ubiquitination

His-UPF1 was cotransfected with HA-MyoD and other
plasmids into 293T cells. Forty-eight hours after transfection,
the protein interacting with the target protein in the cell was
enriched using the immunoprecipitation method. The
enriched protein was then incubated with a ubiquitination
antibody, followed by protein blot analysis.

Detection of protein stability using CHX

After cell pretreatment, 300 [ig/ml of CHX was added, and
total protein from the cells was collected at 0, 1, and 2 h,
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respectively. The expression of MyoD protein was then
detected.

Detection of the degradation pathway of protein by CQ and
MG132

After pretreatment, 50 ig/ml CQ and 20 pg/ml of MG132
were added to the cells. The total protein was collected after
2 h of treatment, and the expression of MyoD protein was
subsequently detected.

Tissue immunofluorescence, immunohistochemistry, and
ATPase staining

In short, the gastrocnemius tissue of mice was extracted and
rapidly frozen with liquid nitrogen. The sample was cut into
sagittal slices with a thickness of 30 Um using an ultramicro-
tome. The tissue slices were washed with PBS, sealed at room
temperature, and then incubated with antibodies. After that,
they were observed under a microscope. Muscle fiber types
were measured using ATPase staining. Slow muscle fibers are
dyed light, while fast muscle fibers are dyed dark.

Statistical analysis of data

All the data were analyzed using GraphPad Prism 8.0 soft-
ware and are presented as mean * standard deviation (SD). T-
tests and two-way ANOVA were conducted among different
treatment groups to determine statistical significance
(*p < 0.05; **p < 0.01).

Data availability

The raw data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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