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Abstract

Objectives Muscular dystrophies are a clinically and

genetically heterogeneous group of inherited myogenic

disorders. In clinical tests for these diseases, creatine

kinase (CK) is generally used as diagnostic blood-based

biomarker. However, because CK levels can be altered by

various other factors, such as vigorous exercise, etc., false

positive is observed. Therefore, three microRNAs (miR-

NAs), miR-1, miR-133a, and miR-206, were previously

reported as alternative biomarkers for duchenne muscular

dystrophy (DMD). However, no alternative biomarkers

have been established for the other muscular dystrophies.

Methods We, therefore, evaluated whether these miR-1,

miR-133a, and miR-206 can be used as powerful bio-

markers using the serum from muscular dystrophy patients

including DMD, myotonic dystrophy 1 (DM1), limb-girdle

muscular dystrophy (LGMD), facioscapulohumeral mus-

cular dystrophy (FSHD), becker muscular dystrophy

(BMD), and distal myopathy with rimmed vacuoles

(DMRV) by qualitative polymerase chain reaction (PCR)

amplification assay.

Results Statistical analysis indicated that all these miR-

NA levels in serum represented no significant differences

between all muscle disorders examined in this study and

controls by Bonferroni correction. However, some of these

indicated significant differences without correction for

testing multiple diseases (P \ 0.05). The median values of

miR-1 levels in the serum of patients with LGMD, FSHD,

and BMD were approximately 5.5, 3.3 and 1.7 compared to

that in controls, 0.68, respectively. Similarly, those of miR-

133a and miR-206 levels in the serum of BMD patients

were about 2.5 and 2.1 compared to those in controls, 1.03

and 1.32, respectively.

Conclusions Taken together, our data demonstrate that

levels of miR-1, miR-133a, and miR-206 in serum of BMD

and miR-1 in sera of LGMD and FSHD patients showed no

significant differences compared with those of controls by

Bonferroni correction. However, the results might need

increase in sample sizes to evaluate these three miRNAs as

variable biomarkers.
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Introduction

miRNAs are approximately 19–23 nucleotides’ long sin-

gle-stranded non-coding RNAs, and the function is post-

transcriptional regulation of target messenger RNAs

(mRNAs) [1] dysregulation of miRNAs expression in

skeletal muscle and myocardium is associated with muscle

disorders [2, 3]. Interestingly, despite the high RNase

activity within the circulating blood, a high concentration

of these remarkably stable miRNAs has been found in

various body fluids, including serum and plasma, as

microvesicle-encapsulated [4] or RNA-binding protein-

associated forms [5].

Muscular dystrophies are classified in accordance with

their clinical and pathological features [6, 7]. Among them,

DMD (OMIM310200) and BMD (OMIM 300376) are

caused by various mutations in the dystrophin gene on the

X chromosome, at Xp21.2 [8], and exhibit estimated

prevalences of approximately one per 3,500 in DMD and

3–6 per 100,000 in BMD [9]. DM1 (OMIM160900), also

known as Steinert’s disease, represents an estimated prev-

alence of 5.5 per 100,000 Japanese [10], and is caused by

expansion of a CTG repeat in the 30 UTR of the DMPK

(dystrophia myotonica-protein kinase) gene [11]. LGMD is

caused by a total of twenty-two autosomal dominant or

recessive causative gene mutations [12], and has an inci-

dence of about one per 20,000 individuals. FSHD

(OMIM158900) is caused by a loss of the D4Z4 micro-

satellite locus on chromosome 4 [13] with a prevalence of

approximately one per 20,000 Japanese [6]. DMRV

(OMIM605820), also called Nonaka myopathy, hereditary

inclusion body myopathy (hiBM), and quadriceps sparing

myopathy, is an autosomal recessive vacuolar myopathy of

the distal muscles of the tibialis anterior, caused by

mutations in the UDP-N-acetylglucosamine 2-epimerase/

N-acetylmannosamine kinase (GNE) gene [14]. The prev-

alence of DMRV is approximately 300–400 patients within

the Japanese population.

Serum CK values are commonly used as clinical blood-

based biomarkers for these muscular dystrophies. How-

ever, there are some problems in using serum CK values

for diagnostic evaluation of these disorders, i.e. CK levels

are increased by vigorous exercise [15], decreased renal

function due to aging, gender-dependent differences in

skeletal muscle mass, pregnancy, and alcohol intake, and

does not parallel motor ability in DMD [16, 17]. We,

therefore, previously reported that three miRNAs, miR-1,

miR-133a, and miR-206, in the serum were used as novel

biomarkers in the dystrophin-deficient muscular dystrophy

mouse models, as well as the canine X-linked muscular

dystrophy in Japan dog (CXMDj) [18]. Furthermore,

another group reported that an increase in miR-1, miR-

133a, and miR-206 levels in the serum of DMD children

patients was correlated with motor ability [17]. In other

muscle diseases, however, stable and valuable biomarkers

as an alternative to CK have not been established to date.

In this study, we measured and evaluated these three

miRNAs, miR-1, miR-133a, and miR-206, in serum as

possible stable and powerful biomarkers for DM1, LGMD,

LGMAD2B, FSHD, BMD, and DMRV.

Materials and methods

Patients

A total of forty-eight unrelated Japanese patients with

DMD, DM1, LGMD, LGMD2B, FSHD, BMD, and DMRV

and each of the five age-matched controls were enrolled in

this study (Table 1). DMD patients were divided into two

groups by age (average ages and age ranges were 10.2 and

28.7 years of age, 5–18 and 27–31 years of age, respec-

tively). LGMD patients were divided into two groups by

whether they contained LGMD2B or not. Informed consent

was obtained from the cases and controls by explaining the

details of this study prior to collection of peripheral blood.

The Research Ethics Committee for National Institute of

Neuroscience, National Center of Neurology and Psychia-

try approved the present study and all participants provided

written informed consent.

Animals

All animals used in this study were housed in the National

Center of Neurology and Psychiatry and treated in accor-

dance with the guidelines provided by the Ethics Com-

mittee for the Treatment of Laboratory Animals of

National Institute of Neuroscience, or the Ethics Commit-

tee for the Treatment of Laboratory Middle-sized Animals

of National Institute of Neuroscience, which has adopted

the three fundamental principles of replacement, reduction,

and refinement.

RNA extraction and quantification of miRNA

Total RNA was extracted from 50 ll of serum using the

mirVana miRNA isolation kit (Ambion, Austin, TX, USA)

according to the manufacturer’s protocol and 50 ll of RNA

eluate. Five ll of the RNA elute was reverse transcribed
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using the TaqMan miRNA Reverse Transcription kit (ABI,

Foster City, CA, USA) and miRNA-specific stem-loop

primers (part of TaqMan miRNA assay kit: Applied Bio-

systems) as previously reported [18]. For exosome and

exosome-depleted supernatant, 5-fold diluted solutions of

the RNA elute were used with distilled water. The

expression levels of miRNA were quantified by real-time

PCR using individual miRNA-specific primers (part of

TaqMan miRNA assay kit: Applied Biosystems) with

7900HT Fast Real-Time PCR System (Applied Biosys-

tems) according to the manufacture’s protocol. Each sam-

ples were performed real-time PCR as triplicade. Each

miRNA expression was represented relative to the

expression of miR-16 used as an internal control. Data

analysis was performed by SDS 2.1 real-time PCR data

analysis software (Applied Biosystems). Expression data

were given as median values obtained from three samples

in conjunction with standard deviation. Statistical com-

parisons were performed by Mann–Whitney U test. Bon-

ferroni correction was used to resolve a problem of

multiple testing.

Creatine kinase activity

Serum creatine kinase (CK) levels were measured with the

Fuji Dri-chem system (Fuji Film Medical Co. Ltd, Tokyo,

Japan) according to the manufacture’s protocol. Ten ml of

serum was deposited on a Fuji Dri-chem slide and incu-

bated at 37 �C. The increase in absorbance by the gener-

ated dye was measured for 5 min at 540 nm

spectrophotometrically, and the activity was calculated

according to the installed formula. Data were expressed as

units per liter (U/l).

Exosome purification

Serum was harvested from the peripheral blood of DMD

patients in tubes by centrifugation at 3,0009g for 15 min.

Isolation of exosome from serum was performed by Exo

Quick Exosome Precipitation Solution (System

Biosciences, CA) according to the protocol provided by the

manufacturer. Briefly, 63 ll of the Exo Quick Exosome

Precipitation Solution was added to 250 ll of serum. The

mixture was vortexed for 15 s and then incubated at 4 �C

for 30 min. After centrifugation at 1,5009g for 30 min at

room temperature, the supernatant was discarded. Again,

the centrifugation and aspiration were repeated. The pellet

including exosomes was resuspended in 19 phosphate-

buffered saline (PBS).

CTX-induced skeletal muscle regeneration of mice

C57Bl/10SnSlc mice were obtained from Clea Japan Inc.,

and used at 7–8 weeks age. Hair from the bilateral hind

limbs of diethyl ether-anesthetized animals was removed

with a depilatory cream before the induction of injury. The

tibialis anterior (TA) muscle of mice was injured by

injection of 100 ll of PBS or cardiotoxin (CTX, 10 lM)

(Naja mossambica mossambica, Sigma-Aldrich), a snake

venom that selectively injures myofibers by disturbing

calcium homeostasis at the neuromuscular junctions, fol-

lowed by necrosis of muscle fibers [19]. The concentration

of cardiotoxin ensures minimal damage to satellite cells

and also to the nerves and blood vessels of the original

muscles [20]. After 1, 3, and 5 days, whole body blood was

collected from the abdominal aorta under anesthesia, and

allowed to stand for about 30 min at room temperature

before centrifugation at 1,2009g for 10 min at room

temperature. The supernatant was used as serum to isolate

miRNAs.

Results

miRNA levels in the serum of patients of various

muscle diseases

To assess the validity of miRNAs as alternative serum

biomarkers to CK for various muscle diseases, we analyzed

the expression levels of three miRNAs, miR-1, miR-133a,

Table 1 Muscle dystrophy

patients

y.a years of age

Disease Sample

no.

Average of

age ± SD (y.a.)

Sex (male/

female)

Sporadic/

Familial

Average of

onset ± SD (y.a.)

Serum CK (U/

ml)

DMD 5 10.4 ± 4.2 5/0 3/2 3.8 ± 1.1 9,101 ± 6,282

DMD 7 28.7 ± 1.5 7/0 7/0 3.8 ± 0.7 220 ± 126

DM1 8 59.4 ± 17.4 5/3 4/4 18.4 ± 16.9 121 ± 66

LGMD 7 50.0 ± 19.8 5/2 5/2 15.5 ± 13.9 633 ± 661

LGMAD2B 4 51.0 ± 18.2 3/1 4/0 23.0 ± 5.7 2,713 ± 2,722

FSHD 8 52.3 ± 17.3 4/4 4/4 14.4 ± 10.8 162 ± 155

BMD 4 52.0 ± 12.9 4/0 4/0 14 ± 14.6 687 ± 562

DMRV 5 39.2 ± 7.3 0/4 4/1 22.2 ± 6.2 206 ± 177
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and miR-206, in DMD (5–18 and 27–31 years of age),

DM1, LGMD, LGMD2B, FSHD, BMD, and DMRV

patients and healthy controls. Although all these miRNA

levels in sera of all muscle diseases tested in this study

represented no significant differences with controls by

Bonferroni correction, associations of these miRNA levels

with some disorders of them were observed without mul-

tiple corrections. As previous reported, qRT-PCR showed

that the median values of levels of all three miRNAs, miR-

1, miR-133a, and miR-206, in the serum of DMD

(5–18 years of age) were approximately 39.8, 54.0, and

43.0 compared with those of controls, 0.68, 1.03, and 1.32,

respectively (P \ 0.05, Fig. 1a). The median value of CK

activity in the serum of DMD (5–18 years of age) was

significantly increased compared with controls (cases ver-

ses controls; 34.6 verses 0.89, P \ 0.01, Fig. 1b). Although

LGMD2B and BMD patients also indicated high median

value of CK activities compared with controls (LGMD2B,

BMD verses controls; 12.1, 3.1 verses 0.89, P \ 0.05,

Fig. 1b). On the other hand, each median value of miR-1

levels in the serum of LGMD, FSHD and BMD patients

was significantly increased compared with controls

(LGMD, FSHD and BMD verses controls; 5.5, 3.3, and 1.7

verses 0.68, P \ 0.05, Fig. 1c). As for miR-133a and miR-

206, BMD patients presented significant increases in the

median value of expression levels in the serum compared

to controls (cases verses controls for miR-133a and miR-

206; 2.49 verses 1.03, and 2.13 verses 1.32, P \ 0.05,

Fig. 1d, e). DM1 and DMRV showed no significant dif-

ferences with controls for the three miRNAs. Next, we

evaluated the three miRNAs as available biomarkers by

receiver operating characteristics (ROC) analysis. These

results indicated that area under the curve (AUC) in miR-1

displayed 0.83, 0.88, and 0.90 for LGMD, FSHD, and

BMD, respectively, in spite of values below 0.8 for DMD

(5–18 years of age), DM1, LGMD2B, DMRV (Supple-

mrntary Fig. 1a). Similarly, the AUC in miR-133a and

miR-206 was 0.90 and 0.90 for BMD (Supplementary

(a) 

(c) (d) (e) 

(b) 

Fig. 1 Evaluation of miRNA levels in various muscular dystrophies

indicated by box plot. a Expression levels of miR-1, miR-133a, and

miR-206 in the serum of DMD (5–18 years of age) versus control

children, evaluated by RT-pPCR. b CK activities in various muscular

dystrophies. Expression levels of c miR-1, d miR-133a, and e miR-

206 were examined using serum from patients with the indicated

muscular dystrophies. Each bar represents mean ± SD. *P \ 0.05

versus control by Mann–Whitney U test
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Fig. 1b, c). miR-1 in LGMD and FSHD, and miR-1, miR-

133a, and miR-206 in BMD may be useful novel

biomarkers.

miRNAs expressions in exosome from the serum

of DMD patients

To determine whether the up-regulation of miR-1, miR-

133a, and miR-206 levels in serum of DMD patients

resulted from inclusion of these miRNAs within exosome,

we separated serums from patients and controls into exo-

some and exosome-depleted supernatant by Exo Quick

Exosome Precipitation Solution. RNAs extracted from both

sources were compared for the levels of the three miRNAs

levels by RT-qPCR. The levels of the three miRNAs of

serum of DMD patients in both fractions of exosome and

exosome-depleted supernatant represented no statistically

significant differences with those of controls by Bonferroni

correction, but significant differences in these miRNA

levels in serum between DMD patients and controls

showed without multiple corrections. The median value of

levels of each miR-1, miR-133a, and miR-206 in the RNAs

within the exosome extracted from the DMD patients

showed higher levels, 9.1, 17.0, and 30.1, compared with

that of controls, 0.82, 0.77, and 0.99, respectively

(P \ 0.05, Fig. 2a). Furthermore, the median value of

these miR-1, miR-133a, and miR-206 levels for RNAs

from the exosome-depleted supernatant of DMD patients,

101.9, 34.1, and 74.2, exhibited high levels compared with

that of controls, 1.0, 0.39, and 0.42, respectively (P \ 0.05,

Fig. 2b). To evaluate whether the majority of these miR-

NAs in the serum of DMD patients are concentrated in

exosome or freely circulating in blood stream, the amount

of the three miRNAs extracted from exosome and exo-

some-depleted supernatants was measured by RT-qPCR.

All these miRNA levels exhibited no significant differ-

ences between exosome and exosome-depleted superna-

tants by Bonferroni correction. However, the levels of

miR-1, miR-133a, and miR-206 in both fractions of exo-

some and exosome-depleted supernatant from the serum of

DMD patients are remarkably increased compared with

those in controls. The content of miR-133a within exosome

is significantly higher than in the exosome-depleted

supernatant without multiple corrections (Fig. 2c,

P \ 0.05).

miR-1, miR-133a, and miR-206 levels in mouse serum

are up-regulated upon skeletal muscle regeneration

Next, to assess whether the three miRNA levels are

affected in skeletal muscle regeneration in vivo, we

induced skeletal muscle injury by injecting CTX into the

TA of mice, and analyzed the expression of the three

miRNAs by RT-qPCR at 1, 3, and 5 days after injection.

The levels of miR-1, miR-133a, and miR-206 were

increased dramatically by about 15-, 55-, and 15-fold in the

serum of CTX-injured mice on day 1 compared with those

of PBS-treated mice (Fig. 3a). However, the levels of the

three miRNAs in the serum markedly decreased from day 3

to day 5 after CTX injury (Fig. 3a). On the other hand, CK

activity in serum of CTX-injured mice was about 2.0-fold

higher than controls between day 1 and day 3 (Fig. 3b).

Our data indicate that the levels of miR-1, miR-133a, and

miR-206 in serum are strikingly up-regulated by muscle

injury.

(a) (b) (c) 

Fig. 2 Expression levels of miR-1, miR-133a, and miR-206 repre-

sented by box plot in (a) exosomes or (b) exosome-depleted

supernatants extracted from the serum of DMD patients and controls,

and analyzed by RT-qPCR. Relative expression of miR-1, miR-133a,

and miR-206 is displayed as the difference in the threshold cycle

number between miRNA from exosomes or the exosome-depleted

supernatant extracted from the serum of DMD patients (c) in five

times dilution. Each bar represents mean ± SD. *P \ 0.05 versus

control by Mann–Whitney U test
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Discussion

In this study, miR-133a and miR-206 levels in exosome

from the serum of DMD patients were increased compared

to the exosome-depleted supernatant. However, it was

reported that the miRNAs in mdx mice were more enriched

in the supernatant fraction rather than in the exosome, and

associated with Argonaute-2 (Ago-2) and Apolipoprotein

A-1 (ApoA-1) [21]. This discrepancy may be depended on

some differences for a degree of severe and progressive

degeneration of affected tissues between human and

mouse. It was recently reported that the miR-1, miR-133a,

and miR-206 are up-regulated in both exosomes and a

skeletal muscle cell line, C2C12 cells, and miRNA profiles

in exosome alter during differentiation [22]. Furthermore,

although the number of exosomes from C2C12 myotubes

released into extracellular compartment by Dexamethasone

was not changed, the abundance of the miR-1 in exosome

was increased [23]. These findings represent that the up-

regulations of miRNAs in serum of mice might be partly

explained by their selective exports into exosomes induced

by muscle degeneration and/or regeneration.

It was also reported that lack of miR-206 shows delay of

muscle regeneration induced by CTX injury and more

severe dystrophic phenotype in mdx mice due to impair

differentiation of SC [24]. In our study, these miR-1, miR-

133a, and miR-206 levels in the serum were up-regulated

in response to CTX-induced injury. These suggested that

excessive secretion of miRNAs might partly be a cause for

muscle diseases.

In summary, we evaluated three miRNAs, miR-1, miR-

133a, and miR-206, as novel biomarkers for muscle dis-

orders. Although all diseases examined in this study

exhibited no statistically significant associations with these

miRNA levels in serum by Bonferroni correction, associ-

ations of miR-1 levels with LGMD, FSHD, and miR-133a

and miR-206 with BMD showed significant differences

without corrections of multiple test. However, additional

studies on increasing sample size are required to further

confirm its usefulness as novel biomarker for muscle

disorders.
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