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ABSTRACT

Duchenne Muscular Dystrophy (DMD) is caused by loss-of-function mutations in the dystrophin gene on 
chromosome Xp21. Disruption of the Dystrophin–Glycoprotein Complex (DGC) on the cell membrane causes 
cytosolic Ca2+ influx, resulting in protease activation, mitochondrial dysfunction, progressive myofiber degeneration, 
leading to muscle wasting, and fragility. In addition to the function of dystrophin in the structural integrity of 
myofibers, a novel function of asymmetric cell division in muscular stem cell (satellite cell) has been reported. 
Therefore, it has been suggested that myofiber instability is not the only cause of dystrophic degeneration, but rather 
that the phenotype might be caused by multiple factors, including stem cell and myofiber functions. Further, it has 
been focused functional regulation of satellite cell by intracellular communication of microRNAs via exosome in 
DMD pathology. Recently, novel molecular mechanism of DMD pathogenesis as circulating RNA disease is revealed 
though study of target pathways modulated by the nSMase2/Smpd3 protein. These findings suggest that circulating 
exosomal RNAs may be therapeutic targets of DMD. 
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DESCRIPTION

Duchenne Muscular Dystrophy (DMD) is a progressive muscular 
disorder, which is mainly characterized with degeneration and 
regeneration in skeletal muscles. It is caused by loss-of-function 
mutations in the dystrophin gene on chromosome Xp21, which 
codes dystrophin protein formed a complex known as the 
Dystrophin-Associated Protein Complex (DAPC), with dystroglycan 
and sarcoglycan, on the cell membrane and transmits forces in 
muscle [1,2]. The myofiber-specific genetic ablation of dystroglycan 
in mice does not result in dystrophia-like muscle degeneration, 
but mice with muscle stem cells (also called satellite cells)-specific 
loss of dystroglycan markedly delayed muscle regeneration [3]. 
In addition, satellite cells lacking dystrophin markedly increase 

mediated micro/minidystrophin gene delivery, 2) synthetic 
antisense oligonucleotides for exon skipping, 3) nonsense 
readthrough, and 4) corticosteroids have been tried [5-7]. On 
the other hand, non-invasive biomarkers for evaluating properly 
the improvement of DMD pathology by these therapeutic 
interventions are paucity. Among some hopeful biomarkers such 
as proteins, nucleic acids, metabolites, polymorphisms, mutations, 
RNA splicing, epigenetics, etc., microRNAs have been focused 
because of 1) high content in body fluids, including serum, plasm, 
tear, lymph, breast milk, urine, semen, saliva, sweat, etc., 2) high 
stability in blood and outside the body due to capsulation into 
exosome and formation of complex with RNA-binding proteins, 
3) unique expression profile correlated with pathology progression 

abnormal nonpolarized mitotic divisions and reduced asymmetric 
cell divisions and myogenic progenitors, caused to exacerbation of 
the dystrophic pathology [4]. These reports suggest that dysfunction 
of the satellite cells is involved in muscular dystrophy. 

Until today, some treatment strategy for DMD, such as 1) AAV-

for monitoring the initial stage of the pathological condition, such 
as immediately before or after the onset, 4) high sensitivity and 
specificity to suppress false positives and false negatives, and 5) 
high throughput and cost reduction [8-13]. As for microRNAs in 
DMD, three myomiRs, namely, miR-1, miR-133a, and miR-206, 
were increased in the sera of animal models of muscular dystrophy, 
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but circulation RNA disease through intracellular communication, 
and signaling pathways modulated by the nSMase2/Smpd3 protein 
might be novel therapeutic targets for DMD, via the combination 
of regulation of the expression levels of exosomal microRNAs 
though this nSMase2/Smpd3 protein and AAV-mediated micro/
minidystrophin gene delivery, exon skipping and nonsense 
readthrough of dystrophin gene, and anti-inflammation drugs 

mdx mice as well as in patients that show restoration of their levels 
by expression of functional dystrophin protein, and these myomiR 
levels were shown to be inversely correlated with disease severity 
in DMD patients [14-16]. On the other hand, in the muscle of 
mdx mice, miR-1 and miR-133a levels have been shown to be 
downregulated, whereas miR-206 levels are upregulated, which 
that also recover to wild-type levels by restoration of the dystrophin 
protein [17-19]. In addition, these myomiRs encapsulated within 
exosomes, which are membrane microvesicles about 30–100 nm in 
size generated from multivesicular bodies of the terminal endosomal 
pathway via the biogenesis of ceramide from sphingomyelin 
are released from cells into circulation, and controlled by the 
neutral sphingomyelinase 2/ sphingomyelin phosphodiesterase 
3 (nSMase2/SMPD3)-regulated secretory machinery of exosomes 
[20-25]. Thus, to elucidate the relationship between the release 
of myomiRs via exosome and DMD pathogenesis, GW4869 (an 
inhibitor of nSMase2/SMPD3) was administered into mdx mice. It 
has been shown that inhibition of ceramide synthesis ameliorates 
muscular dystrophy in mdx mice [21]. However, there are problems 
with GW4869 inhibitor such as inhibition of other nSMase2/
SMPD3 family and short-term inhibitory effects. Therefore, to 
investigate the effects of the nSMase2/Smpd3 on dystrophic 
pathology, we generated mdx mice lacking the nSMase2/Smpd3 
gene (mdx:Smpd3 Double Knockout [DKO] mice) [26]. Deletion 
of the nSMase2/Smpd3 gene in mdx mice reduces inflammation 
in dystrophic muscles indicated by reduction of infiltration of 
excess inflammatory cells and decrease of inflammatory cytokine 
expression levels, such as TNF-alpha, CD68, CD45, Ccr5, IL-1ra, 
and IL-6 [26]. In addition, disruption of the nSMase2/Smpd3 
gene attenuates muscle membrane permeability in dystrophic 
mdx mice early on, but exacerbates it later. In 6 to 12-week-old 
mdx:Smpd3 DKO mice, serum Creatine Kinas (CK) levels were 
significantly lower levels than that of mdx mice. However, at 
28 weeks, somewhat or significantly higher serum CK levels in 
mdx:Smpd3 DKO mice were observed compared with that in mdx 
mice. Further, at 12 weeks of age, there were significantly fewer 
evans blue dye (EBD: degree marker of myofiber damage)-positive 
muscle fibers in the Tibialis Anterior (TA) muscle of mdx:Smpd3 
DKO mice than in mdx mice. But, at 20 weeks of age the number 
of EBD-positive muscle fibers in the TA of some mdx:Smpd3 DKO 
mice line was higher than in mdx mice. These results suggest that 
early in life, nSMase2/Smpd3 ablation may have beneficial effects 
with respect to myofiber membrane degeneration in mdx mice, 
but that later on it may have adverse effects. Also, genetic ablation 
of nSMase2/Smpd3 improves muscle performance in mice with 
dystrophic phenotypes. The grip strength test demonstrated that at 
12 weeks of age, the muscle strength of mdx mice was significantly 
lower than that of wt mice, but that of mdx:Smpd3 DKO mice 
was significantly recovered. In addition, at an inclined treadmill 
running test, mdx:Smpd3 DKO mice ran for significantly longer 
than mdx mice at 16 and 60 weeks of age.

In addition to muscle degeneration of DMD, the loss of dystrophin 
in the brain has often been associated with nonprogressive 
cognitive deficits, behavioral disabilities, and enhanced fearfulness 
[27-29]. Thus, to investigate anxiety, emotionality, and the adaptive 
stress response to a novel environment in mdx:Smpd3 DKO mice, 
the hole-board test was performed [26]. The DKO mice exhibited 

(Figure 1).
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Figure 1: Causal relationship with nSMase2/ Smpd3 pathway with 
molecular pathology of DMD. p75ntr: nerve growth factor receptor, 
BDNF: brain derived neurotrophic factor, MAPKs: mitogen-activated 
protein kinases, JNK:c-Jun N-terminal kinase, ERK1/2; extracellular signal 
regulated protein kinase, p38: p38 mitogen-activated protein kinase, NF-
kB: nuclear factor-κB, PAX7:paired box 7, IGF-1:insulin-like growth factor 
1, MEF2: myocyte enhancer factor 2.
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