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G9a promotes muscular atrophy in chronic 
aging and acute denervation
Ying Jin1†, Wei Kang1†, Xiaoge Ji1, Yihao Zhou1 and Ling Zheng1*   

Abstract 

Muscular atrophy accompanied by neuromuscular junction (NMJ) denervation is often observed after long-term 
chronic diseases and aging and is associated with substantial morbidity and mortality. Here, we report that histone 
methyltransferase G9a is elevated in the muscle of muscular atrophy model mice and that muscle-specific deficiency 
of G9a (Ehmt2Ckmm−KO) alleviates muscular atrophy in both aged and denervated mice. Moreover, increased nerve-
to-myofiber ratios and increased Agrin-Lrp4-MuSK signaling, which maintains NMJ, are found in aged Ehmt2Ckmm−KO 
mice. Together, these data suggest that G9a promotes muscular atrophy and disrupts NMJ; thus, inhibiting the G9a 
level may be a potential therapy for muscular atrophy.
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Introduction
Skeletal muscle is a crucial organ for physical activity and 
exercise, and it also serves as a metabolic locus that reg-
ulates body homeostasis (Jin et  al. 2023). As the largest 
protein reservoir of the body, skeletal muscle accounts 
for 40%-50% of the body weight of mammals (Kettelhut 
et al. 1988). Normally, there is dynamic homeostasis for 
skeletal muscle protein synthesis and degradation (Zhang 
et  al. 2024); however, protein degradation may exceed 
synthesis under some physiological or pathological con-
ditions, such as aging, denervation, lack of exercise, or 
diseases, which reduce muscle mass, strength and func-
tion, a status defined as muscular atrophy (Sartori et al. 
2021; Lan et al. 2024).

Currently, muscular atrophy has attracted increasing 
attention because of its deleterious impacts on quality 
of life and increased mortality (Sayer et al. 2022, Coletta 
and Phillips 2023). In humans, the prevalence of mus-
cular atrophy is 11%-18% in the elderly population (Fer-
nandes et  al. 2022), 0.63%-7.22% in obese individuals 
(Hu et al. 2024), and 30%-80% in cancer patients (Tisdale 
2009), and no effective medication is currently available 
(Rolland and Cruz-Jentoft 2023). In animal husbandry, 
muscular atrophy compromises meat production effi-
ciency and results in enormous economic losses. Muscle 
RING-finger protein-1 (MuRF1; encoded by Trim63) and 
muscle atrophy F-Box protein (Atrogin-1; encoded by 
Fbxo32) are well-known muscular atrophy biomarkers, 
and their deletion mitigates muscular atrophy in mouse 
models (Bodine et al. 2001; Gomes et al. 2001; Yin et al. 
2021).

The neuromuscular junction (NMJ) is composed 
of a presynaptic membrane (cell membrane of the 
motor neuron terminal), a synaptic cleft and a post-
synaptic membrane (myofiber membrane). When 
electrical signals reach motor neurons, the neuro-
transmitter acetylcholine (Ach) is released from the 
presynaptic membrane and bound to its receptor 
(AchR) on the postsynaptic membrane to complete 
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signal transmission from motor neurons to muscle 
fibers. NMJ morphology varies considerably in health 
and disease. In healthy adults, NMJs are "pretzel-like", 
with complete overlap of the presynaptic membrane 
and the postsynaptic membrane, suggesting that the 
muscle fibers are fully innervated. Under disease con-
ditions, the presynaptic membrane and the synaptic 
membrane disappear; moreover, the number of AchRs 
on the postsynaptic membrane and their binding affin-
ity are reduced, suggesting that muscle fibers undergo 
denervation (Pratt et al. 2021).

The cluster of AchRs on the postsynaptic membrane 
of NMJs is regulated by Agrin-Lrp4 (low-density lipo-
protein receptor-related protein 4)-MuSK (muscle-
specific receptor tyrosine kinase) signaling. Lrp4 and 
MuSK are located on the postsynaptic membrane. 
After Agrin is secreted by motor neurons, it binds to 
Lrp4, which enhances MuSK activation and further 
promotes AchR clustering on the postsynaptic mem-
brane (Zhang et  al. 2008; Yumoto et  al. 2012). Dis-
ruption of the agrin-Lrp4-MuSK signaling pathway 
causes an abnormal cluster of AchRs, which leads to 
NMJ dysfunction and ultimately muscular atrophy 
(Kostrominova et al 2022). Therefore, maintaining the 
NMJ structure may represent an important strategy for 
treating muscular atrophy.

Recently, alterations in DNA methylation and histone 
acetylation have been shown to play important roles in 
muscular atrophy, whereas no histone methylation has 
been identified (Livshits and Kalinkovich 2024). G9a 
(encoded by Ehmt2) is a histone H3K9me1/2 methyl-
transferase that plays crucial roles in embryonic devel-
opment (Tachibana et  al. 2002) and muscle function 
maintenance, including myocyte differentiation and 
metabolic homeostasis (Ling et  al. 2012; Zhang et  al. 
2020a). In addition, G9a also regulates neuronal devel-
opment, cardiac development, tumorigenesis (Poulard 
et  al. 2021), and liver and kidney injury (Zhang et  al. 
2020b; Yang et al. 2023b). However, its role in muscu-
lar atrophy remains unclear.

Here, we used aging and sciatic nerve denervation 
mouse models to explore the role of muscular G9a in 
muscular atrophy under physiological and pathological 
conditions. We found that muscular G9a was elevated 
in aging or sciatic nerve-denervated mice. Aged skel-
etal muscle-specific G9a knockout (Ehmt2Ckmm KO) 
mice presented mitigated muscular atrophy and supe-
rior exercise performance, with significantly upregu-
lated NMJ maintenance-related genes and signaling, as 
well as a greater innervation ratio in myofibers. More-
over, G9a knockout alleviated sciatic nerve denerva-
tion-induced muscular atrophy. Our work thus reveals 
a deleterious role of G9a in muscular atrophy.

Results
G9a is significantly upregulated in the skeletal muscle 
of aged male mice
To investigate whether the G9a level is altered in the 
skeletal muscle of aged mice, the mRNA and protein 
levels of G9a in the tibialis anterior (TA) muscle of 
young (5–6-month-old) and aged (18–24-month-old) 
mice were examined. Compared with that of young 
mice, the transcriptional level of Ehmt2 was signifi-
cantly increased 4.1-fold, whereas its protein level was 
significantly elevated 5.7-fold in aged mice (Fig.  1A-
C). Immunofluorescence staining further revealed an 
increased number of  G9a+-stained nuclei in the TA 
muscle of aged mice (Fig. 1D-E). Elevated G9a in aging 
skeletal muscle may play a role in the development of 
age-induced muscular atrophy.

Muscle‑specific knockout of G9a improves the exercise 
capacity of aged mice
To investigate the role of G9a in age-induced muscu-
lar atrophy, we constructed muscle-specific knockout 
G9a (Ehmt2Ckmm KO) mice (Fig. S1A-B). Since locomo-
tor performance is one of the most sensitive indicators 
of skeletal muscle strength, while loss of locomotor 
performance is associated with age-induced muscular 
atrophy (Damluji et  al. 2023), the running locomotor 
performance of young and aged WT and Ehmt2Ckmm 
KO male mice was examined. Compared with aged 
WT mice, aged Ehmt2Ckmm KO mice presented signifi-
cant increases in running distance and running time 
(Fig.  2A-B), whereas young WT and Ehmt2Ckmm KO 
mice presented similar running capacities under the 
same protocol (Fig. 2A-B), suggesting that skeletal mus-
cle G9a may reduce exercise capacity and contribute to 
aging-associated muscular atrophy.

The better running performance may be due to 
increased muscle force; thus, we examined the mus-
cle force of young and aged WT and Ehmt2Ckmm-KO 
mice via in  situ analysis. However, the tetanic force in 
the TA of Ehmt2Ckmm KO mice was significantly greater 
than that in the TA of aged WT mice under 80–160 
Hz electrical stimulus in both the young and aged 
groups (Fig.  2C-D), and the maximal tetanic force of 
Ehmt2Ckmm KO mice was significantly greater than that 
of WT mice under optimal 100 Hz electrical stimula-
tion in both the young and aged groups (Fig.  2C-D). 
These results suggest that skeletal muscle G9a may 
affect muscle strength before aging.
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Muscle‑specific knockout of G9a alleviates muscular 
atrophy in aged mice
Compared with those of young WT mice, smaller 
myofiber diameters and a reduced cross-sectional area 
(CSA) of muscle fibers were found in the TA muscle 
of aged WT mice (Figure S2A-B), which is consist-
ent with aged-induced muscular atrophy indicated by 
muscle fiber degeneration and CSA reduction (Burden 
et  al. 2013). We addressed whether muscle-specific 
knockout of G9a affects aged-induced muscular atro-
phy. Although no significant difference in body weight 
was detected between WT and Ehmt2Ckmm KO mice at 
the young or aged stage (Fig. 3A), increased weights of 
the gastrocnemius (Gastroc) and TA muscles, but not 
the extensor digitorum longus (EDL) and soleus mus-
cles, were detected in Ehmt2Ckmm KO mice even when 
the weights were normalized to the corresponding 
body weights (Fig.  3B). However, there were no sig-
nificant differences in muscle weight between young 
WT and Ehmt2Ckmm-KO mice (Fig. S3). H&E staining 
revealed that aged Ehmt2Ckmm mice had larger muscle 
fiber cross-sectional areas in the TA region (Fig.  3C). 
Furthermore, a significantly increased average 

cross-sectional area, due to a decreased proportion 
of small muscle fibers and an increased proportion of 
large muscle fibers, was found in aged Ehmt2Ckmm-KO 
mice (Fig.  3C). The mRNA levels of Trim63 (encod-
ing MuRF1) and Fbxo32 (encoding Atrogin-1), two 
well-known muscular atrophy-related genes (Yin et  al. 
2021), were significantly reduced in the TA muscle of 
aged Ehmt2Ckmm-KO mice (Fig. 3D). Moreover, Trim63, 
but not Fbxo32, was significantly reduced in the TA 
muscle of young Ehmt2Ckmm-KO mice (Fig.  3D). Con-
sistently, the protein levels of MuRF1 and Atrogin-1 
were also significantly reduced in the TA muscle of 
aged Ehmt2Ckmm-KO mice, whereas only MuRF1 was 
significantly reduced in that of young Ehmt2Ckmm-KO 
mice (Fig. 3E). Together, these results suggest that mus-
cular atrophy is mitigated in aged Ehmt2Ckmm KO mice.

Muscle‑specific knockout of G9a improves NMJ 
maintenance in aged mice
To further investigate the role of G9a in aging-induced 
muscular atrophy, RNA-seq analysis was performed on 
the TAs of aged WT and Ehmt2Ckmm-KO mice. KEGG 
pathway analysis revealed significantly upregulated 

Fig. 1 The G9a expression level is significantly increased in the skeletal muscle of aged mice. A qPCR results of Ehmt2 in the TAs of young 
and aged mice. B-C Western blots of G9a (B) and quantitative analysis (C) of the TAs of young and aged mice. D-E Representative images of G9a 
immunostaining (D) and quantitative analysis (E) of the TAs of young and aged mice; green, positive G9a staining; red, positive laminin staining; 
blue, DAPI-stained nuclei. TA, tibialis anterior; young, 5–6 months old; aged, 18–24 months old; n = 3 per group; *P < 0.05, **P < 0.01
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cholinergic synapse and serotonergic synapse signal-
ing pathways in aged Ehmt2Ckmm-KO mice (Fig.  4A). 
Heatmap and qPCR verification demonstrated that 
cholinergic synapse-related genes, including Gng11 (G 
protein subunit gamma 1) and Gnao1 (G protein subu-
nit alpha O1), as well as serotonergic synapse-related 
genes, including Lrtm1 (leucine-rich repeats and trans-
membrane domains 1) and Maob (monoamine oxidase 
B), were significantly increased in aged Ehmt2Ckmm-KO 
mice (Fig.  4B-C). Next, we found that neuromuscu-
lar junction-associated genes were enriched through 
Gene Ontology (GO) analysis (Fig. 4D), and key factors 
involved in AchR clustering (Tintignac et al. 2015), such 
as cholinergic receptor nicotinic beta 1 subunit (Chrnb1) 
and the cholinergic receptor nicotinic epsilon subunit 
(Chrne), were also upregulated (Fig.  4E). Furthermore, 
GO analysis revealed that Musk, the key gene for NMJ 
maintenance, was upregulated (Fig. 5A), and Agrin-Lrp4-
MusK and its downstream signaling factors, including 
Agrin, Musk, Rapsyn (receptor-associated protein of the 
synapse) and App (amyloid beta precursor protein) (Li 
et al. 2018), were upregulated (Fig. 5B). We next stained 

NMJs by labeling the postsynaptic membrane with 
α-bungarotoxin (α-BTX) and the presynaptic membrane 
with anti-synaptophysin and anti-neurofilament antibod-
ies. The results revealed that aged Ehmt2Ckmm KO mice 
were more innervated than were aged WT mice (Fig. 5C-
D). These results suggest that G9a may affect muscular 
atrophy by modulating NMJ maintenance.

G9a is significantly upregulated in denervation‑induced 
muscular atrophy in mice
We next examined whether G9a also responds to 
muscular atrophy under pathological conditions. Sci-
atic nerve transection was performed on 12-week-old 
C57BL/6 male mice. The successful establishment of the 
denervation-induced mouse muscular atrophy model 
was demonstrated by lower Gastroc, TA and soleus 
muscle weights and a smaller cross-sectional area of 
the TA in the denervated mice (Fig. S4A-B). Compared 
with those in the sham-operated side, significantly 
increased Ehmt2 levels and muscular atrophy-related 
gene (Trim63 and Fbxo32) levels were detected in the 
TA region of the denervated side (Fig. S4C). Moreover, 

Fig. 2 Muscle-specific knockout of G9a improves exercise capacity in aged mice. A Running distance of young (left) and aged (right) WT 
and Ehmt2Ckmm KO mice subjected to treadmill exercise. B Running time of young (left) and aged (right) WT and Ehmt2Ckmm KO mice subjected 
to treadmill exercise. C Maximum tetanic force of the TA in young WT and Ehmt2Ckmm-KO mice under different frequencies of electrical stimulation 
(left) and 100 Hz electrical stimulation (right). D Maximum tetanic force of the TA in aged WT and Ehmt2Ckmm-KO mice under different frequencies 
of electrical stimulation (left) and 100 Hz electrical stimulation (right). TA, tibialis anterior; n = 4‒8 per group; ns, no significant difference; *P < 0.05, 
**P < 0.01
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increased MuRF1, Atrogin-1, and G9a levels were also 
detected on the denervated side compared with those 
on the sham-operated side (Fig. S4D). Immunofluores-
cence experiments further revealed more G9a-positive 
nuclei in the TA on the denervated side than on the 
sham-operated side (Fig. S4E). These data suggest that 
G9a may also play an important role in denervation-
induced muscular atrophy.

Muscle‑specific knockout of G9a mitigates 
denervation‑induced muscular atrophy
To further investigate the role of G9a in denervation-
induced muscular atrophy, WT and Ehmt2Ckmm-KO 
mice were subjected to skeletal muscle denervation. 
There was no significant difference in the weights 
of the Gastroc, TA, EDL or soleus between WT and 
Ehmt2Ckmm-KO mice on the denervated side and those 

Fig. 3 Muscle-specific knockout of G9a alleviates muscular atrophy in aged mice. A Body weights of young (left) and aged (right) WT 
and Ehmt2Ckmm KO mice. B Quantification of the skeletal muscle weight/body weight ratio in aged WT and Ehmt2Ckmm-KO mice. C Representative 
images of H&E staining (left), average (middle) and distribution (right) of myofiber CSA in the TAs of aged WT and Ehmt2Ckmm KO mice. D 
qPCR results of Ehmt2 and muscular atrophy genes (Trim63 and Fbxo32) in the TAs of young and aged WT and Ehmt2Ckmm KO mice. E Western 
blots (up) with quantitative results (bottom) of G9a and muscular atrophy markers (MuRF1 and Atrogin-1) in the TAs of young and aged WT 
and Ehmt2Ckmm-KO mice. Gastroc, gastrocnemius; TA, tibialis anterior; EDL, extensor digitorum longus; CSA, cross-sectional area; n = 3–8 per group; 
ns, no significant difference, *P < 0.05, **P < 0.01
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Fig. 4 Muscle-specific knockout of G9a improves NMJ-associated gene expression in aged mice. A KEGG pathway analysis of the 15 pathways 
enriched in the RNA sequencing data of TAs from aged WT and Ehmt2Ckmm-KO mice. B-C Differentially expressed genes associated with synapse 
formation in the TA of aged WT and Ehmt2Ckmm-KO mice are shown as heatmaps (B) and qPCR results (C). D Gene Ontology (GO) enrichment 
analysis of gene transcripts in the TAs of aged WT and Ehmt2Ckmm-KO mice. E qPCR results of AChR subunits. AChR, acetylcholine receptor; TA, tibialis 
anterior; n = 5–8 per group; ns, no significant difference; *P < 0.05, **P < 0.01
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on the sham-operated side at 14 days after injury (Fig. 
S5). The CSA of the TA myofibers on the denervated 
side was greater in the Ehmt2Ckmm-KO mice than in 
the WT mice (Fig. 6A). Furthermore, qPCR and immu-
noblotting analyses revealed that the mRNA level of 
Trim63 and the protein level of MuRF1 were signifi-
cantly lower in the TA muscle of the denervated side 
of Ehmt2Ckmm KO mice than in that of the denervated 
WT mice (Fig.  6B-C), suggesting that muscle-specific 
knockdown of G9a slowed muscular atrophy.

Discussion
Epigenetic alterations are involved in muscular atrophy. 
The DNA methyltransferase DNMT3a (DNA methyl-
transferase 3a) and histone deacetylases such as HDAC1 
(histone deacetylase 1), HDAC6 (histone deacetylase 6), 
Sirt1 (sirtuin 1) and Sirt2 (sirtuin 2) have been reported 
to regulate muscular atrophy (Shen and He 2021, Han 
et  al. 2021; Beharry et  al. 2014; Zhong et  al. 2023; Ratti 
et  al. 2015). In some congenital myopathies, epige-
netic changes are considered common inducers of mus-
cle weakness, and HDAC and DNA methyltransferase 

Fig. 5 Muscle-specific knockout of G9a improves NMJ maintenance in aged mice. A-B Heatmap (A) and qPCR results (B) of genes involved 
in neuromuscular junction formation and maintenance in the TA of aged WT and Ehmt2Ckmm KO mice. C Immunofluorescence staining of NMJs 
in the TAs of aged WT and Ehmt2Ckmm-KO mice. D Percentages of innervated myofibers in the TAs of aged WT and Ehmt2Ckmm-KO mice. Syn, 
Synaptophysin (green); Nef, Neurofilament (green); α-BTX, α-Bungarotoxin (red); TA, tibialis anterior; n = 3–5 per group; ns, no significant difference, 
*P < 0.05, **P < 0.01
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inhibitors have been shown to ameliorate congenital 
myopathy (Ruiz et al. 2022, Volpatti et al. 2022, Livshits 
and Kalinkovich 2024). An epigenome-wide association 
study revealed differential methylation at 176 dmCpGs 
(differentially methylated CpG sites) and 141 differen-
tially methylated regions between age-related sarcopenic 
and control individuals (Antoun et  al. 2022). Overall, 
epigenetic modifications, including methylation, have 
been shown to impact muscular atrophy, but the role of 

histone methyltransferases remains unclear. Here, we 
found that histone methyltransferase G9a was signifi-
cantly upregulated in the muscles of muscular atrophy 
model mice (Figs. 1-6), indicating that G9a may partici-
pate in muscular atrophy.

G9a is essential for development; G9a-knockout 
embryos exhibit delayed development and early death on 
embryonic day 9.5 (Tachibana et  al. 2002), and neuron-
specific deletion of G9a results in defects in cognition and 

Fig. 6 Muscle-specific knockout of G9a mitigates denervation-induced muscular atrophy. A Representative H&E staining (left) showing 
the distribution of myofiber CSA (right) in the TAs of sham-operated or denervated WT and Ehmt2Ckmm KO mice. B qPCR results of Ehmt2, Trim63 
and Fbxo32 in the TA of sham-operated or denervated WT and Ehmt2Ckmm KO mice. C Western blots (top) and quantitative results (bottom) of G9a, 
MuRF1 and Atrogin-1 expression in the TAs of sham-operated or denervated WT and Ehmt2Ckmm-KO mice. TA, tibialis anterior; n = 3 per group; 
(A): WT + Sham vs WT + Denervated, &P < 0.05, &&P < 0.01; Ehmt2Ckmm + Sham vs Ehmt2Ckmm + Denervated, *P < 0.05, **P < 0.01; WT + Denervated vs 
Ehmt2Ckmm + Denervated,.#P < 0.05; (B‒C): ns, no significant difference, *P < 0.05, **P < 0.01
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adaptive behaviors (Poulard et  al. 2021). Moreover, G9a 
plays a crucial role in myogenesis, and G9a inhibits myo-
blast differentiation through the methylation of MyoD 
(myogenic differentiation) at Lys104 (Ling et al. 2012) and 
of MEF2D (myocyte enhancer factor 2D) at Lys26 in vitro 
(Zhang et  al. 2016). In  vivo, global inhibition of G9a 
enzyme activity promoted muscle regeneration (Biferali 
et  al. 2021), whereas Ehmt2floxed Myodcre (Ehmt2ΔmyoD) 
mice presented normal skeletal muscle development 
(Zhang et  al. 2016), possibly because myogenesis is a 
complicated process coordinated by multiple cell types, 
and G9a expressed in cell types other than myocytes also 
contributes. In this work, we show that G9a exacerbates 
muscular atrophy in both the aging model and dener-
vation models (Figs. 3 and 6). However, no alteration in 
the mRNA level of MyoD, the key myogenic regulatory 
factor (Park et  al. 2017), was found in RNA-sequencing 
data from aged WT and Ehmt2Ckmm-KO mice (data not 
shown), indicating similar self-repair capacity in these 
aged mice.

Interestingly, fewer denervated myofibers were 
observed in aged Ehmt2Ckmm-KO mice than in WT 
mice, suggesting that G9a may regulate muscular atro-
phy through cross talk between muscles and nerves. In 
skeletal muscle, NMJ links the nervous system and the 
muscular system (Yadav and Dabur 2024). Myofiber den-
ervation is a hallmark of muscle dysfunction, which leads 
to decreased muscle function and muscular atrophy dis-
eases such as aging-related sarcopenia, amyotrophic lat-
eral sclerosis (ALS) and spinal muscular atrophy (SMA) 
(Fish and Fallon 2020). Mounting evidence indicates 
that epigenetic alterations are involved in the mainte-
nance of NMJ function. For example, the DNA methyla-
tion profiles of patients with myasthenia gravis suggest 
that differences in methylation sites are associated with 
NMJ dysfunction (Lin et  al. 2023). In addition, over-
expression of the DNA methyltransferase DNMT3a 
alleviates skeletal muscular atrophy caused by denerva-
tion (Tajrishi et al. 2014). The overexpression of the his-
tone deacetylase Sirt1 in motor neurons protects NMJs 
from aging and ALS (Herskovits et al. 2018). Here, NMJ 
maintenance signaling was significantly upregulated in 
aged Ehmt2Ckmm-KO mice (Figs.  4 and 5). Thus, using 
two models of muscular atrophy caused by aging and 
pathological denervation, we found that G9a exacerbates 
muscular atrophy under physiological and pathologi-
cal conditions, possibly by affecting the maintenance of 
NMJs.

Conclusion
In conclusion, this study revealed elevated G9a levels in 
the muscles of muscularly atrophied mice. Muscle-spe-
cific deletion of G9a alleviated muscular atrophy in both 

the aging model and sciatic nerve injury model. G9a may 
disrupt NMJ maintenance to aggravate muscular atrophy. 
These findings may provide a new angle for muscular 
atrophy treatment.

Methods
Animals
Ehmt2flox/flox mice and Ckmm-Cre mice on a C57BL/6 
background were used to generate muscle-specific G9a 
Ehmt2Ckmm-KO mice as we previously reported (Zhang 
et al. 2020a, b). The mice were maintained in a specific-
pathogen-free, temperature-controlled (22°C ± 1°C) ani-
mal facility with a 12-h light/dark cycle and free access 
to water and food. Only male mice were used in the pre-
sent study. The animals were handled according to the 
Guidelines of the China Animal Welfare Legislation, as 
approved by the Committee on Ethics in the Care and 
Use of Laboratory Animals of the College of Life Sci-
ences, Wuhan University.

Aging mouse model
Eighteen- to twenty-four-month-old WT and Ehmt2Ckmm 
KO mice were used for the aging experiments, whereas 
5- to 6-month-old WT and Ehmt2Ckmm mice were used 
as young controls.

Sciatic nerve transection mouse model
Three-month-old WT and Ehmt2Ckmm KO mice were 
used. The mice were anesthetized, and then the left sci-
atic nerve was bluntly exposed. A sciatic nerve transec-
tion model was established through a transection  0.3 
cm distal to the sciatic notch. For the sham operation, 
the right sciatic nerve was exposed without transection. 
Muscle tissues were collected at 14 d after injury.

Treadmill exercise
After 3 d of adaptive treadmill training (5 m/min, 20 min, 
-5° downhill), the weight of the mouse was recorded, 
and the mouse was warmed at 5 m/min and -5° down-
hill for 10 min. Then, the treadmill speed was gradually 
increased to 20 m/min with an acceleration speed of 2 m/
min. The mouse was kept on the treadmill at a speed of 
20 m/min until exhausted (it no longer ran even under 
continuous electric shock for 10 times). The total running 
time and running distance for each mouse were recorded 
from the beginning to the end of the experiment.

In situ muscle function analysis
The tibialis anterior (TA) muscle was subjected to in situ 
muscle contractile function assessments via the Whole 
Animal System (Aurora Scientific 1300A, Aurora, ON) as 
previously reported (Ahn et al. 2022). Briefly, a small inci-
sion near the ankle was made to uncover the TA muscle 
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after anesthesia. The TA muscle was detached from the 
tibia while it was linked to the force probe on the distal 
side via a surgical suture and to the knee region on the 
proximal side. The platform was adjusted to ensure that 
the probe was in line with the knee, and two needle elec-
trodes were placed, one at the distal end of the TA and 
the other under the kneecap near the sciatic nerve. The 
muscle was stimulated at 10 mA by two needle elec-
trodes, and tetanic contractions were first measured by 
500 ms stimuli and a 0.2 ms pulse width at a series of 
frequencies from 10 to 160 Hz (10, 20, 40, 60, 80, 100, 
120, 140 and 160 Hz) with an interval of 1 min. Then, 
the muscle was stimulated at a single frequency under 
the optimal electrical stimulation conditions (100 Hz) to 
obtain the maximal tetanic contraction force.

RNA extraction and quantitative real‑time PCR (qPCR)
RNA extraction and qPCR were performed as previ-
ously described (Wang et  al. 2022a; Chen et  al. 2022; 
Huang et  al. 2022). Briefly, RNA was isolated from tis-
sues via RNAiso Plus (Takara Biotech, Dalian, China). 
Two milligrams of RNA from each sample was reverse 
transcribed into cDNA via M-MLV (Thermo Fisher Sci-
entific, Waltham, MA). qPCR was performed via target-
specific primers (Supplementary Table  1) and SYBR 
Green probes (Yeasen Biotech, Shanghai, China). Relative 
transcript levels were calculated via the comparative CT 
method, and Rn18s was used as the internal control.

RNA sequencing
Total RNA from the TA muscle of WT and Ehmt2Ckmm 
KO mice was isolated individually. Equal amounts of 
RNA (n = 6) from the same group were combined into 
two samples/group for RNA-seq. Sequencing and data 
analysis were performed by Novogene Bioinformatics 
(Beijing, China) as we previously reported (Yuan et  al. 
2023, Fan et al. 2023, Wang et al. 2022b).

Western blots
TA muscle was homogenized with RIPA buffer (Beyo-
time, Shanghai, China) supplemented with protease 
inhibitors and phosphatase inhibitors (Millipore, Bill-
erica, MA). A total of 20–50 mg of protein per sample 
was separated via SDS‒PAGE and electroblotted onto a 
PVDF membrane (Millipore, Billerica, MA). The mem-
branes were incubated with primary antibodies (Supple-
mentary Table  2) overnight, after which the blots were 
incubated with the appropriate HRP-conjugated second-
ary antibodies (Bio-Rad, Hercules, CA) (Supplementary 
Table  2). The targeted protein bands were visualized 
with enhanced chemiluminescence reagent (Beyotime) 
and evaluated via Quantity One (V. 4.6.2) as previously 

described (Chen et al. 2023; Xiong et al. 2023; Yang et al. 
2023a).

Muscle histology and immunohistochemical 
and immunofluorescence staining
Some of the TA muscles were fixed in 4% paraformalde-
hyde, embedded in paraffin, sectioned, and stained with 
hematoxylin and eosin (H&E) to analyze the mouse skel-
etal muscle cross-sectional area (CSA), whereas some 
were embedded in Tissue-Tek OCT (Tissue Tek, Tor-
rance, CA) for cryosectioning. For each section, 3–6 
fields of view were randomly selected, and pictures were 
taken. The distribution of myofiber cross-sectional areas 
was manually distinguished and counted via Image-Pro 
Plus 6.0.

For G9a and laminin immunofluorescence staining, 
primary antibodies were applied to cryosections (Supple-
mentary Table 2) overnight at 4°C. The sections were then 
incubated with the corresponding secondary antibod-
ies (both from Thermo Fisher Scientific, Waltham, MA) 
(Supplementary Table 2), followed by DAPI staining. The 
number of G9a-positive cells was directly analyzed via 
Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD).

For NMJ immunofluorescence staining, flash-frozen 
muscles were sectioned at 40 mm (longitudinal sections). 
The sections were fixed with 4% paraformaldehyde and 
then incubated with 0.2% Triton X-100. After the samples 
were blocked and stained with combined primary anti-
bodies (anti-synaptophysin (Syn) plus anti-neurofilament 
(Nef)) (Supplementary Table 2) to label presynaptic parts 
at 4°C overnight, they were incubated with AlexaFluor 
647-labeled a-bungarotoxin (Thermo Fisher Scientific) 
to label postsynaptic parts (mostly AChRs), as well as the 
corresponding Alexa Fluor 488-conjugated secondary 
antibodies (both from Thermo Fisher Scientific) (Sup-
plementary Table 2), for 2 h at room temperature. Images 
were taken under a Leica TCS SP8 confocal microscope 
(Leica, Germany). Image-pro plus 6.0 software (Media 
Cybernetics, Rockville, MD) was used to quantify the 
structure of the NMJs. ‘Overlap’ is defined as the congru-
ence of the pre- and postsynaptic parts of the NMJ and 
is scored as complete denervation (overlap < 20%), partial 
denervation (20% < overlap < 90%) or innervation (over-
lap > 90%) for the NMJ with the formula overlap = (total 
area AChRs-unoccupied area AChRs)/total area AChRs 
*100%, as reported (Jones et al. 2016).

Statistical analysis
All the results are expressed as the mean ± S.D. (stand-
ard deviation). The sample size (n) for each experi-
mental group is indicated in the figure legends. All 
the statistical analyses were performed via GraphPad 
Prism 8 (La Jolla, San Diego, CA). When the data were 
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normally distributed, an unpaired, two-tailed Student’s 
t test was used for two-group comparisons, whereas 
1-way ANOVA with Tukey’s multiple-comparison test 
was used for multiple-group comparisons. P < 0.05 was 
considered statistically significant.
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