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ABSTRACT 

Skeletal muscle dysfunction and atrophy are characteristic features accompanying chronic 

conditions. Epigenetic events regulate muscle mass and function maintenance. We 

hypothesized that the pattern of epigenetic events (muscle-enriched microRNAs and histone 

acetylation) and acetylation of transcription factors known to signal muscle wasting may 

differ between early- and late-time points in skeletal muscles of mice exposed to hindlimb 

immobilization (I) and recovery following I. Body and muscle weights, grip strength, muscle-

enriched microRNAs, histone deacetylases (HDACs), acetylation of proteins, histones, and 

transcription factors (TF), myogenic TF factors, and muscle phenotype were assessed in 

gastrocnemius of mice exposed to periods (1, 2, 3, 7, 15 and 30 days, I groups) of hindlimb 

immobilization, and in those exposed to reloading for different periods of time (1, 3, 7, 15, 

and 30 days, R groups) following 7-day immobilization. Compared to non-immobilized 

controls, muscle weight, limb strength, microRNAs, especially miR-486, SIRT1 levels, and 

slow- and fast-twitch cross-sectional areas were decreased in mice of I groups, whereas Pax7, 

and acetylated FoxO1 and FoxO3 levels were increased. Muscle reloading following splint 

removal improved muscle mass loss, strength, and fiber atrophy, by increasing microRNAs, 

particularly miR-486, and SIRT1 content, while decreasing acetylated FoxO1 and FoxO3 

levels. In this mouse model of disuse muscle atrophy, muscle-enriched microRNAs, 

especially miR-486, through Pax7 regulation delayed muscle cell differentiation following 

unloading of gastrocnemius muscle. Acetylation of FoxO1 and 3 seemed to drive muscle 

mass loss and atrophy, while deacetylation of these factors through SIRT1 would enable the 

muscle fibers to regenerate. Word count:  248 
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INTRODUCTION 

Skeletal muscle dysfunction and atrophy are characteristic features that accompany chronic 

conditions such as respiratory and cardiac diseases, cancer, and aging (Anker et al, 

1997;Barreiro et al, 2015a;Barreiro and Gea, 2015;Barreiro and Gea, 2016;Shrikrishna et al, 

2012;Lexell and Downham, 1992). Moreover, atrophy of the muscle fibers also takes place 

when the activity of a given muscle is reduced or lost as in critical illness and/or prolonged 

bed rest as a result of major surgical interventions, bone fractures or during the course of 

severe disabling conditions (Anker et al, 1997;Barreiro et al, 2015a;Barreiro and Gea, 

2015;Barreiro and Gea, 2016;Shrikrishna et al, 2012). Muscle dysfunction and wasting 

negatively impact the patients’ quality of life through the impairment of their exercise 

tolerance and physical activity (Anker et al, 1997;Barreiro et al, 2015a;Barreiro and Gea, 

2015;Barreiro and Gea, 2016; Barreiro, 2016; Patel et al, 2014;Shrikrishna et al, 2012;Toth et 

al, 2013;von Haehling and Anker, 2010). Importantly, muscle mass loss and impaired 

function were also shown to predict morbidity and mortality in patients with chronic heart 

failure (Anker et al, 1997;von Haehling and Anker, 2010) and chronic obstructive pulmonary 

disease (COPD) (Marquis et al, 2002;Seymour et al, 2010;Shrikrishna et al, 2012;Swallow et 

al, 2007) regardless of the severity of the underlying condition.  

Several factors and biological mechanisms underlie the multifactorial etiology of 

skeletal muscle dysfunction and mass loss in patients with chronic conditions (Barreiro et al, 

2010b;Barreiro et al, 2015a;Barreiro and Gea, 2015;Barreiro and Gea, 2016; Barreiro, 2016; 

Marin-Corral et al, 2009;Puig-Vilanova et al, 2015a;Rodriguez et al, 2012;Vogiatzis et al, 

2010;Vogiatzis et al, 2011) and animal models of disuse muscle atrophy (Dalla et al, 

2004;Furuno et al, 1990;Wall et al, 2016) and cachexia (Chacon-Cabrera et al, 2014;Chacon-

Cabrera et al, 2015;Dalla et al, 2004;McClung et al, 2010;Wall et al, 2016). Inflammation, 

oxidative stress, metabolic derangements, structural abnormalities, and enhanced proteolysis 
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have been consistently shown to be involved in the pathophysiology of muscle mass loss and 

dysfunction in patients and experimental models (Barreiro et al, 2010b;Barreiro et al, 

2015a;Chacon-Cabrera et al, 2014;Chacon-Cabrera et al, 2015;McClung et al, 

2010;Rodriguez et al, 2012;Wall et al, 2016; Beharry and Judge, 2015). Epigenetic control of 

cells, defined as the process whereby gene expression is regulated by heritable mechanisms 

that do not alter DNA sequence, significantly contributes to muscle adaptation to 

environmental factors such as prolonged immobilization and exercise (Barreiro and Gea, 

2014;Donaldson et al, 2013;Lewis et al, 2012;Lewis et al, 2016;McCarthy and Esser, 

2007;McCarthy et al, 2009). Furthermore, muscle mass maintenance and myogenesis 

including regeneration following injury are also tightly regulated by epigenetic mechanisms 

such as non-coding single-stranded RNA molecules (microRNAs) (Barreiro and Gea, 

2014;Donaldson et al, 2013;Lewis et al, 2012;Lewis et al, 2016;McCarthy and Esser, 

2007;McCarthy et al, 2009). Interestingly, muscle unloding and overload modified the 

expression of miR-1, miR-133, and miR-206, which are abundantly expressed in skeletal 

muscles (Allen et al, 2009;McCarthy and Esser, 2007).  

Other epigenetic events such as histone acetylation, through the action of histone 

acetyl transferases (HATs) and deacetylases (HDACs), were also shown to be modified in the 

lower limb muscles of severe COPD patients with muscle wasting and weakness (Alamdari et 

al, 2010;Alamdari et al, 2013;Puig-Vilanova et al, 2015a). In line with this, histone 

acetylation and deacetylation balance is also notably involved in the regulation of muscle 

differentiation, development, and in the determination of muscle fiber type (McKinsey et al, 

2001). Activation of transcription factors such as nuclear factor (NF)-kB and factor fork-head 

box (FoxO) led to muscle mass loss and atrophy in patients (Puig-Vilanova et al, 2015b) and 

animal models (Chacon-Cabrera et al, 2014). In skeletal muscles, other factors namely 

peroxisome proliferator-activated receptor gamma coactivator (PGC)-1 alpha antagonized the 
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effects of FoxO1 and 3, thus delaying atrophy as a result of FoxO activity inhibition (Sandri 

et al, 2006). On the other hand, overexpression of sirtuin-1 (SIRT1) a HDAC was shown to 

attenuate muscle atrophy, while promoting muscle growth in food-deprived mice via 

deacetylation and inhibition of FoxO activity and activation of PGC-1 alpha (Lee and 

Goldberg, 2013). Furthermore, Sirt1 mRNA expression increased in skeletal muscles of three 

different mouse models of muscle atrophy (cast immobilization, food deprivation, and 

denervation) (Beharry and Judge, 2015). Whether the kinetics of SIRT1 protein expression 

may also vary throughout time and may influence muscle atrophy and regeneration following 

immobilization remains an open question. 

On the basis of this, we hypothesized that the pattern of epigenetic events (microRNAs 

and histone acetylation) and acetylation of transcription factors known to signal muscle 

wasting may differ between early- and late-time points in skeletal muscles of mice exposed to 

hindlimb immobilization. Additionally, we also hypothesized that the same biological and 

epigenetic mechanisms during recovery of skeletal muscles following immobilization may 

also vary throughout time. Accordingly, our objectives were that in gastrocnemius of mice 

exposed to different periods (1, 2, 3, 7, 15 and 30 days) of hindlimb immobilization and in 

those exposed to recovery (reloading) for different time-points (1, 3, 7, 15, and 30 days) after 

a seven-day period of immobilization, the following molecular events were explored: 1) 

expression levels of muscle-specific microRNAs (miR-1, miR-133, miR-206, and miR-486), 

2) levels of histone and protein acetylation, histone deacetylases, and those of transcription 

factors involved in muscle wasting, 3) levels of myogenic transcription factors, 4) muscle 

type composition and morphometry, and 5) muscle function. The model of unilateral hindlimb 

immobilization has been previously validated in previous studies (Lang et al, 2012;Magne et 

al, 2011;Vargas and Lang, 2008). 
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MATERIALS AND METHODS 

(See additional information on all the methodologies in the online supplementary material). 

Animal experiments 

Female C57BL/6J mice (10 weeks old, weight ~20 g) were obtained from Harlan Interfauna 

Ibérica SL (Barcelona, Spain). Mice were kept under pathogen-free conditions in the animal 

house facility at Barcelona Biomedical Research Park (PRBB), with a 12:12 h light: dark 

cycle.  

Mice were exposed to unilateral hindlimb immobilization as previously described to 

reproduce a model of disuse muscle atrophy (Lang et al, 2012;Magne et al, 2011;Vargas and 

Lang, 2008). Briefly, the left hindlimb was shaved with clippers and was enveloped using 

surgical tape. The hindlimb was introduced in a 1.5 mL microcentrifuge tube with cover and 

bottom lids removed, while maintaining the foot in a plantar-flexed position to induce the 

maximal atrophy of the target limb muscle. As the weight of the tube was approximately 0.6 

g, it did not interfere with the usual mobility of the mice. In the study, the following control 

groups of mice were used for different purposes. Firstly, in order to assess potential 

differences in body weight and food intake, age-matched non-immobilized control mice were 

used for all the study groups (see below). Secondly, in order to explore potential differences 

in the variables muscle weight, muscle phenotype and morphometry, and microRNAs 

expression, the contralateral non-immobilized limb was used for these experiments. Thirdly, 

with the aim to evaluate potential differences in several study markers using immunoblotting, 

a group of 30-day non-immobilized mice (period long enough to ensure potential differences 

if any) and a group of 7-day immobilized rodents, were used as the control group of the 

immobilization and recovery time-cohorts, respectively.  

Three different approaches were taken in the investigation: A) non-immobilization 

group, B) immobilization time-cohorts (I groups), and C) recovery time-cohorts (R groups), 
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in which the left hindlimb of the mice was immobilized for seven consecutive days, time at 

which the splint was removed to let the animals move freely in their cages to evaluate muscle 

recovery at different time-points. Afterwards, animals were randomly assigned to the 

following groups (N=8/group): 1) 30-day non-immobilized control group; 2) mice 

immobilized for one day (1-day I); 3) mice immobilized for two days (2-day I); 4) mice 

immobilized for three days (3-day I); 5) mice immobilized for seven days (7-day I); 6) mice 

immobilized for fifteen days (15-day I); 7) mice immobilized for thirty days (30-day I); 8) 

mice exposed to seven days of unilateral hindlimb immobilization followed by one day 

recovery (1-day R); 9) mice exposed to seven days of unilateral hindlimb immobilization 

followed by three days recovery (3-day R); 10) mice exposed to seven days of unilateral 

hindlimb immobilization followed by seven days recovery (7-day R); 11) mice exposed to 

seven days of unilateral hindlimb immobilization followed by fifteen days recovery (15-day 

R); 12) mice exposed to seven days of unilateral hindlimb immobilization followed by thirty 

days recovery (30-day R).  

All animal experiments were conducted in the animal facilities at Parc de Recerca 

Biomèdica de Barcelona (PRBB). This controlled study was designed in accordance with the 

ethical standards on animal experimentation (EU 2010/63 CEE, Real Decreto 53/2013 BOE 

34, Spain) at PRBB and the Helsinki convention for the use and care of animals. Ethical 

approval was obtained by the Animal Research Committee (Animal welfare department in 

Catalonia, Spain, EBP-13-1485). 

In vivo measurements in the mice 

In all the study animals, body weight and food intake were measured at every time-point, and 

food and water were supplied ad libitum for the entire duration of the immobilization or 

recovery periods. In all mice, limb strength was determined on day 0, day 30 (non-

immobilized controls), and right at the end of each immobilization or recovery time-points (as 

Page 8 of 49

John Wiley & Sons, Inc.

Journal of Cellular Physiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

9 

describe above) using a specific grip strength meter for rodents (Bioseb, Vitrolles Cedex, 

France) following previously published methodologies, in which grip strength was also the 

end-point parameter in the different experimental models (Barreiro et al, 2010a;Barreiro et al, 

2015b;Chacon-Cabrera et al, 2014;Chacon-Cabrera et al, 2015). In all mice, the four limbs 

equally contributed to the maneuver of grip strength. In all the animals, limb strength gain 

was calculated as the percentage of the measurements performed at the end of the study 

period with respect to the same measurements obtained at baseline (grip strength at the end of 

the study period–grip strength on day 0)/ grip strength on day 0 x 100).  

Sacrifice and sample collection 

Mice from all the experimental groups were sacrificed after the corresponding immobilization 

or recovery time-cohorts, or after 30 days (non-immobilized control group). Each mouse was 

previously inoculated intraperitoneally with 0.1 mL sodium pentobarbital (60 mg/Kg). In all 

cases, the pedal and blink reflexes were evaluated in order to verify total anesthetic depth. 

Gastrocnemius muscles were obtained from all the animals at the time of sacrifice. Muscle 

samples were snap-frozen in liquid nitrogen to be thereafter stored frozen at -80ºC to be 

further used for the molecular analyses. Moreover, another fragment of the muscle specimens 

was paraffin-embedded to be used for the assessment of fiber type composition and 

morphometry.  

Biological analyses 

Muscle RNA isolation. Total RNA was first isolated from snap-frozen skeletal muscle using 

Trizol reagent following the manufacturer’s protocol (Life tecnologies, Carlsbad, CA, USA). 

Total RNA concentrations were determined spectrophotometrically using the NanoDrop 1000 

(Thermo Scientific, Waltham, MA, USA). 

MicroRNA reverse transcription (RT). MicroRNA RT was performed using TaqMan® 

microRNA assays (Life Technologies) as determined by quantitative real time-PCR 
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amplification (qRT-PCR), specific probes (Table 1), and the manufacturer’s instructions and 

previous studies were followed (Chacon-Cabrera et al, 2014;Chacon-Cabrera et al, 2015;Puig-

Vilanova et al, 2014b;Puig-Vilanova et al, 2014a;Puig-Vilanova et al, 2015b).  

Immunoblotting of 1D electrophoresis. Protein levels of the different molecular markers 

analyzed in the study were explored by means of immunoblotting procedures as previously 

described (Chacon-Cabrera et al, 2014;Chacon-Cabrera et al, 2015;Puig-Vilanova et al, 

2014b;Puig-Vilanova et al, 2014a;Puig-Vilanova et al, 2015b). Protein levels of total 

acetylated proteins, HDACs, myogenic transcription factors, signaling pathways, and 

downstream targets were identified in the gastrocnemius using specific primary antibodies: 

Total acetylated proteins (anti-acetyl lysine antibody, Santa Cruz Biotechnology), histone 

deacetylases (HDAC)3 (anti-HDAC3 antibody, Santa Cruz Biotechnology), HDAC6 (anti-

HDAC6 antibody, Epigentek), NAD-dependent protein deacetylase sirtuin-1 (SIRT1) (anti-

SIRT1 antibody, ProteinTech Group Inc.), myocyte-enhancer factor MEF2C (anti-MEF2C 

antibody, Santa Cruz Biotechnology), MEF2D (anti-MEF2D antibody, Santa Cruz 

Biotechnology), nuclear factor (NF)-κB p50 (anti-p50 antibody, Santa Cruz Biotechnology), 

NF-κB p65 (anti-p65 antibody, Santa Cruz Biotechnology), transcription factor fork-head box 

O (FoxO)-1 (anti-FoxO-1 antibody, Millipore), transcription factor fork-head box O (FoxO)-3 

(anti-FoxO-3 antibody, Acris), peroxisome proliferator-activated receptor gamma coactivator 

1-alpha (PGC-1α) (anti-PGC-1α antibody, Santa Cruz Biotechnology), phosphatase and tensin 

homolog (PTEN) (anti-PTEN antibody, Santa Cruz Biotechnology), paired box protein (Pax)7 

(anti-Pax7 antibody, Santa Cruz Biotechnology), acetylated histone (AcH)3 (anti-AcH3 

antibody, Santa Cruz Biotechnology), and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) (anti-GAPDH antibody, Santa Cruz Biotechnology). Antigens from all samples 

were detected with horseradish peroxidase (HRP)-conjugated secondary antibodies and a 

chemiluminescence kit. For each of the antigens, samples from the different groups were 
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always detected in the same picture under identical exposure times. The specificity of the 

different antibodies was confirmed by omission of the primary antibody, and incubation of the 

membranes only with secondary antibodies. Acetylation levels of the transcription factors 

FoxO1, FoxO3, NF-kB, and PGC-1 alpha were detected as previously reported (Chacon-

Cabrera et al, 2015). PVDF membranes were scanned with the Molecular Imager Chemidoc 

XRS System (Bio–Rad Laboratories, Hercules, CA, USA) using the software Quantity One 

version 4.6.5 (Bio–Rad Laboratories). Optical densities of specific proteins were quantified 

using the software Image Lab version 2.0.1 (Bio-Rad Laboratories).  

Immunohistochemistry. On 3-micrometer muscle paraffin-embedded sections from 

gastrocnemius muscle of all study groups, myosin heavy chain (MyHC) -I and –II isoforms 

were identified using anti-MyHC-I (clone MHC, Biogenesis Inc.) and anti-MyHC-II 

antibodies (clone MY-32, Sigma-Aldrich), respectively, as published elsewhere (Chacon-

Cabrera et al, 2014;Chacon-Cabrera et al, 2015;Puig-Vilanova et al, 2014b;Puig-Vilanova et 

al, 2014a;Puig-Vilanova et al, 2015b).  

Statistical Analysis 

Normality of the study variables were checked using the Shapiro-Wilk test. Physiological, 

structural, and molecular results are expressed as mean (standard deviation). The following 

statistical approaches were used in the study for different purposes. Firstly, total body weight 

and food intake of mice from each experimental group (I and R cohorts) were compared with 

their corresponding age-matched non-immobilized controls using the unpaired Student’s T-

test. For each pair, a level of significance of P≤ 0.05 was established.  

Secondly, deltas of the difference of mean values of the results obtained in the 

gastrocnemius of the immobilized hindlimb with respect to those of the contralateral non-

immobilized hindlimb, were also calculated in each animal from both cohorts (I and R), and 

from 30-day non-immobilized animals for another set of comparisons for the following 
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variables: muscle weight, muscle phenotype and morphometry, and microRNAs expression. 

In this case, results are expressed as mean delta (standard deviation). Deltas obtained from 

each group were compared as follows: 1) deltas from mice of the immobilized cohorts (I 

groups) versus deltas of 30-day non-immobilized controls and 2) deltas from mice of the 

recovery cohorts (R groups) versus deltas of mice that were exposed to seven days 

immobilization (7-day I, control group). Potential significant differences were assessed using 

one-way analysis of variance (ANOVA) with Dunnett’s post hoc analysis to adjust for 

multiple comparisons among the study groups. A level of significance of P≤ 0.05 was 

established.  

Thirdly, for the following variables: Pax7, PTEN, MEF2C, MEF2D, total protein 

acetylation, AcH3, HDAC3, HDAC6, SIRT1, and acetylated levels of FoxO1, FoxO3, PGC-

1α, NF-kB p50, and NF-kB p65 comparisons were made between each group of mice from 

the different time-points of the I cohorts and the 30-day non-immobilized animals, and from 

the different time-points of the R cohorts compared with 7-day I. The following comparisons 

were performed to explore potential differences among the study groups: 1) mice from the 

immobilized cohorts (I groups) versus the 30-day non-immobilized controls and 2) animals 

from the recovery cohorts (R groups) versus animals immobilized for 7 days (7-day I, control 

group). In these comparisons, potential significant differences were assessed using one-way 

analysis of variance (ANOVA) with Dunnett’s post hoc analysis to adjust for multiple 

comparisons among the study groups. A level of significance of P≤ 0.05 was established. 

The sample size chosen was based on previous studies (Barreiro et al, 2015b;Chacon-

Cabrera et al, 2014;Chacon-Cabrera et al, 2015), where very similar approaches were 

employed. In addition, statistical power was calculated using specific software (StudySize 

2.0, CreoStat HB, Frolunda, Sweden). Limb strength gain and changes in myofiber cross 

sectional area were selected as the target variables to estimate the statistical power in the 
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study. On the basis of a standard power statistics established at a minimum of 80% and 

assuming an alpha error of 0.05, the statistical power was sufficiently high to detect a 

minimum difference of 25 points of delta in limb strength gain and 300 points of delta in 

myofiber cross sectional area respectively, among the different study groups for the given 

sample size and standard deviations. 

 

RESULTS 

Physiological characteristics of the study animals 

Immobilization. Total body weight did not differ between animals in the I cohorts and their 

age-matched non-immobilized controls (Fig E1, top panel). The delta change of 

gastrocnemius muscle weight (immobilized versus contralateral non-immobilized hindlimb) 

was significantly reduced in 3-day I, 7-day I, 15-day I and 30-day I animals compared to the 

30-day non-immobilized controls (Fig 1A, top panel). Limb strength gain significant 

decreased in all groups of I cohorts of mice compared to the non-immobilized control animals 

(Fig 1B, top panel).  

Recovery. No significant differences were observed in total body weight (Fig E1, bottom 

panel) among the different groups of mice. Delta changes of gastrocnemius muscle weights 

were significantly greater in 15- and 30-day R groups than in control mice (7-day I animals, 

Fig 1A, bottom panel). Limb strength gain significantly improved in 3-, 7-, 15- and 30-day R 

cohorts of mice compared to control rodents (7-day I mice, Fig 1B, bottom panel).  

MicroRNA expression in gastrocnemius muscle  

Immobilization. Expression levels of miR-1 were significantly decreased in the gastrocnemius 

of 3- and 7-day I animals, and those of miR-206 were reduced in the limb muscle of 7- and 

15-day I cohorts, compared to 30-day non-immobilized controls (Fig 2A, top panels). 

Expression levels of miR-133a did not significantly differ among the study groups in the I 
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cohorts (Fig 2B, top left panel). Compared to 30-day non-immobilized rodents, the expression 

of miR-486 significantly decreased in the gastrocnemius of 3-, 7-, 15- and 30-day I cohorts of 

mice (Fig 2B, top right panel).  

Recovery. Expression levels of miR-1, miR-206 and miR-486 significantly increased in all 

groups of the R cohorts compared to the controls (7-day I animals, Fig 2A, bottom panels, and 

Fig 2B, bottom right panel). Expression levels of miR-133a did not significantly differ among 

the study groups in the R cohorts (Fig 2B, bottom left panel).   

Myogenic transcription factors  

Immobilization. Protein levels of Pax7 were significantly increased in the gastrocnemius of 

and 3-, 7- 15-, and 30-day I cohorts compared to 30-day non-immobilized controls (Fig 3, top 

panel, and Fig E2). Muscle protein levels of MEF2C, MEF2D, and PTEN did not 

significantly differ among the study groups in the I cohorts of mice (Fig E2, and Figs E4-E6, 

top panels).  

Recovery. Protein levels of Pax7 significantly decreased in the gastrocnemius of 3-, 7- , 15-, 

and 30-day R cohorts of mice compared to the 7-day immobilized controls (Fig 3, bottom 

panel, and Fig E3). Compared to 7-day I animals, no significant differences were observed in 

the levels of MEF2C, MEF2D, and PTEN in the gastrocnemius among the R cohorts of mice 

(Fig E3, and Figs E4-E6, bottom panels). 

Histone and protein acetylation levels  

Immobilization. No significant differences were observed in total protein acetylation or 

acetylated H3 levels in the gastrocnemius muscle among the study groups (Figs 4A and 4B, 

top panels, respectively, and Fig E7).  

Recovery. Total protein acetylation and acetylated H3 levels did not significantly differ 

among the study groups in the R cohorts (Figs 4A and 4B, bottom panels, and Fig E8). 
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Histone deacetylase levels 

Immobilization. Levels of HDAC3 and HDAC6 did not significantly differ among the study 

groups in the I cohort (Figs 4C and 4D, top panels, and Fig E7). Compared to 30-day non-

immobilized controls, however, SIRT1 protein levels were significantly reduced in the 

gastrocnemius of 2-, 3-, 7-, 15-, and 30-day I cohorts of mice (Fig 4E, top panel, and Fig E7).  

Recovery. Levels of HDAC3 and HDAC6 did not significantly differ in the limb muscle 

among the study groups in the R cohort (Figs 4C and 4D, bottom panels, and Fig E8). 

Nonetheless, protein levels of SIRT1 significantly increased in the gastrocnemius of 3-, 7-, 

15-, and 30-day R cohorts of mice compared to the controls (7-day I animals, Fig 4E, bottom 

panel, and Fig E8).   

Acetylation levels of transcription factors 

Immobilization. Acetylated levels of FoxO1 and FoxO3 significantly increased in the 

gastrocnemius of 3-, 7-, 15-, and 30-day I cohorts of mice compared to 30-day non-

immobilized animals (Figs 5A and 5B, respectively, top panels, and Fig E7). Protein levels of 

acetylated PGC-1α, NF-kB p50, and NF-kB p65 did not significantly differ among the I study 

cohorts of mice (Fig E7, and Figs E9-E11, top panels).    

Recovery. Acetylated levels of FoxO1 and FoxO3 significantly decreased in the 

gastrocnemius of 3-, 7-, 15- and 30-day R groups (Figs 5A and 5B, bottom panels, and Fig 

E8). Protein levels of acetylated PGC-1α, NF-kB p50, and NF-kB p65 did not significantly 

differ among the study groups (Fig E8, and Figs E9-E11, bottom panels).     

Muscle structure characteristics  

Immobilization. Proportions of slow-twitch muscle fibers significantly decreased, while those 

of fast-twitch increased in 15- and 30-day I study cohorts compared to the controls (non-

immobilized mice, Fig 6A, top panel). The sizes of both slow- and fast-twitch fibers were 
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significantly reduced in the gastrocnemius of 7-, 15-, and 30-day I mice compared to the 

controls (non-immobilized animals, Fig 6B, top panel).  

Recovery. The proportions of slow- and fast-twith fibres did not signficantly differ among the 

R cohorts of mice (Fig 6A, bottom panel). The size of both fast- and slow-twitch fibers 

significantly increased in the gastrocnemius of 7-, 15-, and 30-day R study cohorts compared 

to the controls (7-day immobilized animals, Fig 6B, bottom panel).  

 

DISCUSSION 

Epigenetic mechanisms regulate muscle development in embryonic myogenesis and during 

regeneration following muscle injury. As such, epigenetics regulates maintenance of satellite 

cells in the quiescence state and may also trigger the proliferation and differentiation 

processes of these cells through different mechanisms. Moreover, in adaptation to 

environmental factors such as reduced activity and reloading of the muscles with normal 

activity, which is tightly regulated by several biological events, epigenetics may also play a 

relevant role in in vivo models. The non-coding single-stranded microRNAs post-

transcriptionally regulate gene expression in cells. Despite that most of the microRNAs 

identified so far regulate different processes in several cell types, certain microRNAs are 

tissue specific. For instance, miR-1, miR-133, and miR-206 are abundantly expressed within 

skeletal muscles and are identified as muscle specific microRNAs (myomiRs). Specifically, 

miR-1 and miR-133 are expressed in both skeletal and cardiac muscles, while miR-206 can 

only be found in the former tissue (Dey et al, 2011;Weintraub et al, 1989). 

In the current investigation, expression levels of miR-1 were significantly reduced in 

the muscles of the 3- and 7-day I cohorts of mice, while they returned to control levels in the 

30-day I. Additionally, expression of miR-206 significantly decreased in the gastrocnemius of 

7- and 15-day I groups. Interestingly, expression of both miR-1 and miR-206 returned to 
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baseline control levels in the muscles of all groups of the recovery cohort of mice, being 

significantly greater than to those detected in the 7-day I rodents. Nonetheless, expression 

levels of miR-133 did not significantly differ across groups in the immobilization or the 

recovery study cohorts. These microRNAs exert different functions within the skeletal muscle 

fibers. For instance, miR-1 and miR-206 promote muscle cell differentiation and innervation 

through several downstream mechanisms, while miR-133 stimulates myoblast proliferation by 

repressing the serum response factor (SRF), which prevents myotube formation (Chen et al, 

2006;Kim et al, 2006). The findings encountered in the present study imply that muscle 

differentiation may be transiently hampered in the gastrocnemius following 3-, 7-, and 15-day 

immobilization as a result of the downregulation of miR-1 and miR-206 expression, 

respectively. Interestingly, prolonged immobilization (30-day cohort) did not modify 

expression levels of these muscle-specific microRNAs probably as a result of the contribution 

of other mechanisms as discussed below.  

The paired-homeobox transcription factors Pax3 and Pax7 genes are involved in early 

striation during myogenesis. Pax3 is required for the formation of a template of initial fibers 

to which Pax7-positive fibers are incorporated to establish a satellite cell pool. In the current 

study, levels of Pax7 increased in the 3-day I cohort of mice and thereafter up to the 30-day I 

group of rodents. Interestingly, expression of Pax7 decreased in all the recovery groups of 

animals except for the 1-day R cohort. These findings may imply that proliferarion of muscle 

satellite cells may take place during unloading of the gastrocnemius as was shown previously 

in gastrocnemius of mice exposed to hindlimb suspension (Ferreira et al, 2006), while 

hindlimb reloading downregulated Pax7 expression to allow muscle differentiation to occur as 

a natural phase in the process of myogenesis (Dey et al, 2011). Nonetheless, future studies 

will have to confirm this hypothesis in the current experimental model of disuse muscle 

atrophy.  
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Other non-muscle specific microRNAs, which are also abundantly expressed in 

muscles, may regulate skeletal muscle development and phenotype. As such, miR-486 

induces myoblast differentiation through downregulating Pax7 (Dey et al, 2011). Thus, 

downregulation of miR-486 results in maintenance of Pax7 activity, which delays the muscle 

differentiation process. In the current investigation, the expression of miR-486 was 

downregulated in the muscles of the immobilized mice from the 3-day I and thereafter 

including the 30-day I group of rodents. On the basis of these findings, muscle differentiation 

rather than proliferation was most likely to be impaired in the mice exposed to hindlimb 

immobilization in this model. Interestingly, miR-486 muscle expression significantly 

increased following one-day recovery and thereafter in all the study cohorts, and Pax7 

expression was reduced in the 3-day R cohort probably via a Pax7-induced mechanism. Other 

transcription factors such as PTEN and MEF2 may also act downstream of miR-486 activity. 

Nonetheless, no significant differences in the expression of PTEN, MEF2C, or MEF2D were 

observed in the limb muscle among the study groups of mice in the two experimental cohorts, 

implying that in this model, those transcription factors do not play a role in myogenesis 

following muscle unloading. Taken together, these results suggest that miR-486 may regulate 

differentiation in this model of disuse muscle atrophy probably through the regulation of Pax7 

expression. Nevertheless, future studies aimed specifically to explore this pathway will have 

to be designed in order to confirm such a hypothesis.  

Transcription states are regulated by post-translational modifications of histones that are 

epigenetic markers for chromatin structure and function. Gene expression may be regulated as 

a result of lysine residue acetylation, which triggers chromatin remodeling. In principle 

histone acetylation induces gene transcription, while histone deacetylation silences gene 

expression (Suka et al, 2001;Vempati et al, 2010). In the study, no significant differences 

were seen in lysine-acetylated histone-3 levels in the gastrocnemius among study groups 
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following unloading or reloading experiments. Additionally, levels of total muscle protein 

acetylation were not altered by hindlimb unloading in either short- or long-time cohorts of 

mice. Reloading of the mouse hindlimb did not induce any modifications in the levels of 

muscle lysine-acetylated histone-3 or total protein acetylation levels. In keeping with these 

results, protein levels of HDAC3 or HDAC6 did not significantly differ among the study 

groups in either the immobilization or recovery study cohorts. These findings are counter to 

results shown in models of muscle wasting accompanying chronic conditions such as patients 

with COPD (Puig-Vilanova et al, 2015a) and cancer-induced cachexia in mice (Alamdari et 

al, 2010;Chacon-Cabrera et al, 2015;Sadoul et al, 2008), in which levels of HDACs were 

reduced leading to a rise in histone and total protein acetylation levels.  

Importantly, in other models of muscle atrophy, mRNA levels of Hdac3, Hdac4, and 

Hdac 6 were shown to be upregulated in skeletal muscles of mice exposed to cast 

immobilization, food deprivation, and denervation after several days (Beharry and Judge, 

2015). Moreover, in another investigation of the same group (Beharry et al, 2014), the 

blockade of HADC1, which activated FoxO, was sufficient to induce a program of muscle 

atrophy in mice exposed to cast immobilization for several days and to induce a program of 

protein ubiquitination (Ryder et al, 2015). Additionally, in another mouse model of 

denervation, FoxO3 activity was also shown to be negatively regulated by acetylation and 

ubiquitination in a time-dependent fashion (Bertaggia et al, 2012). Collectively, these results 

imply that histone acetylation seemed to drive muscle atrophy in several models of disuse 

muscle atrophy and in muscle wasting associated with serious illnesses in both human and 

animal models (Alamdari et al, 2010;Chacon-Cabrera et al, 2015;Sadoul et al, 2008;Puig-

Vilanova et al, 2015a), despite that no alterations in histone acetylation levels were found in 

the current model. Differences in the intensity and duration of the models and fiber type 

composition of the target muscles may account for discrepancies in histone acetylation levels 
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among the models as has been recently demonstrated to occur in different muscles of rats and 

models of atrophy (Kawano et al, 2015). 

Protein levels of SIRT-1 were reduced in the gastrocnemius of 2-day I group of mice 

and thereafter including those exposed to hindlimb immobilization for 30 days. Compared to 

the 7-day I animals, SIRT-1 levels significantly increased in the limb muscle of the recovery 

groups of mice except for those of 1-day R group. SIRT-1 protein deacetylase exerts a wide 

range of beneficial effects in tissues through the action of several mediators such as activation 

of PGC-1alpha (Gerhart-Hines et al, 2007;Lagouge et al, 2006;Lee and Goldberg, 2013) and 

inhibition of FoxO1 and FoxO3 activities (Lee and Goldberg, 2013). The latter effects block 

the activation of atrogenes and autophagy genes, thus preventing muscles from undergoing 

further proteolysis and mass loss.  

Interestingly, SIRT-1 also deacetylases lysine residues of nuclear proteins other than 

histones such as NF-kB subunits, thus regulating the transcription of target proteins, since 

DNA binding activity of those transcription factors was shown to be reduced (Kiernan et al, 

2003). In the current study, a significant rise in levels of acetylated FoxO1 and 3 were 

detected in the limb muscle of 3-day I and thereafter up to the 30-day I group of mice. 

Conversely, levels of acetylated FoxO1 and 3 significantly decreased in the muscles of the 

recovery cohort except for animals in the 1-day R group (Lee and Goldberg, 2013). These 

results are in agreement with those previously shown in fast-twitch muscles (tibialis anterior) 

of mice in a model of food deprivation-induced muscle atrophy, in which SIRT-1 levels were 

also significantly reduced, leading to activation of FoxO1 and 3 in the mouse muscles (Lee 

and Goldberg, 2013). Importantly, differences in the levels of acetylated NF-kB subunits, p50 

and p65 did not signficantly differ in the limb muscle among study groups following 

unloading or reloading experimental conditions. These findings were somehow expected as 

activation of NF-kB pathway has been shown to rather drive muscle atrophy and mass loss in 
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models of denervation and food deprivation (Lee and Goldberg, 2015). On the other hand, 

phosphorylation rather than acetylation of NF-kB pathway may be the predominant 

posttranslational modification leading to its activation, as previously shown in models of 

cancer-induced cachexia (Chacon-Cabrera, 2014; Puig-Vilanova, 2015b). Collectively, these 

findings suggest that acetylation of FoxO1 and 3 as a result of SIRT-1 downregulation rather 

than that of PGC-1alpha or NF-kB is a potential mechanism that underlies muscle mass loss 

in this model of hindlimb unloading. Importantly, reloading of the gastrocnemius induced a 

rise in the levels of SIRT-1 together with a significant decline in acetylation levels of FoxO1 

and 3 in the 3-day R group of mice and thereafter up to the 30-day R animals.  

A significant reduction in the sizes of both slow- and fast twitch muscle fibers was 

detected after seven days of immobilization compared to control mice. Importantly, in both 

muscle fiber types, cross-sectional areas were similar to control muscles following 15 days of 

reloading. These outcomes are similar to those reported in former studies in which other 

models of disuse muscle atrophy were examined (Adams et al, 2003;Callahan et al, 2015). 

Whole muscle weight also recovered in animals of the 15-day R compared to the controls (7-

day I). It seems that muscle mass probably relies on the size of its muscle fibers in this 

experimental model.  

A switch to a less fatigue-resistant phenotype has been consistently shown in skeletal 

muscles of the lower limbs in patients with chronic conditions such as COPD (Barreiro et al, 

2015a;Fermoselle et al, 2012;Puig-Vilanova et al, 2015b;Puig-Vilanova et al, 2015a), cancer 

cachexia (Puig-Vilanova et al, 2015b), and chronic heart failure (Anker et al, 1997;Anker and 

Sharma, 2002). In the current study, the proportions of slow-twitch muscle fibers 

significantly decreased in the gastrocnemius of the 15-day I cohort, while a significant rise in 

those of fast-twitch fibers was detected in the same muscles. Reduced physical activity and 

deconditioning are probably the most relevant factors that drive muscle fiber atrophy and the 
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characteristic slow-to-fast fiber type switch observed in skeletal muscles of patients with 

chronic conditions, which seriously impair their exercise capacity and tolerance (Barreiro et 

al, 2015a;Barreiro and Gea, 2016;Maltais et al, 2014;Puig-Vilanova et al, 2015a). It should 

also be mentioned that the switch to a less fatigue-resistant phenotype was not restored during 

the recovery period even after 30 days of hindlimb reloading. These results imply that a 

longer reloading period than 30 days is probably required for the muscle to fully regenerate 

ands recover its normal proportions of slow- and fast-twitch fibers.  

Importantly, the decrease in gastrocnemius weight and limb strength were significantly 

evident in animals exposed to early time-points (one- and three-day cohorts) of hindlimb 

immobilization, suggesting that the electrophysiological properties of the hindlimb muscles 

(strength) are particularly sensitive to experience alterations even at early stages of muscle 

unloading.  

Conclusions 

In this mouse model of disuse muscle atrophy, muscle-enriched microRNAs, especially miR-

486, through Pax7 regulation delayed muscle cell differentiation as part of the muscle 

development process following unloading of the gastrocnemius. Furthermore, acetylation of 

FoxO1 and 3 seemed to drive muscle mass loss and atrophy, while deacetylation of these 

factors through SIRT1 would enable the muscle fibers to regenerate. These fundings offer 

therapeutic strategies to combat muscle atrophy by enhancing SIRT1 activity in models of 

disuse.  
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FIGURE LEGENDS: 

Figure 1: (A) Mean values and standard deviation of delta of the variable gastrocnemius 

weight in the immobilization (top panel) and recovery (bottom panel) cohorts of mice. 

Definition of abbreviations: g, grams; I, immobilization; R, recovery. Statistical significance 

is represented as follows: *, p≤0.05, **, p≤0.01, ***, p≤0.001, and n.s., non-significant 

differences between any of the immobilized animals and the non-immobilized controls; §§, 

p≤0.01, and n.s., non-significant differences between any of the R groups of animals and the 

7-day I mice. (B) Mean values and standard deviation of limb strength gain of the 

immobilization (top panel) and recovery (bottom panel) cohorts of mice. Definition of 

abbreviations: I, immobilization; R, recovery. Statistical significance is represented as 

follows: **, p≤0.01, and ***, p≤0.001 between any of the immobilized animals and the non-

immobilized controls; §, p≤0.05, §§, p≤0.01, §§§, p≤0.001, and n.s., non-significant 

differences between any of the R groups of animals and the 7-day I mice.  

Figure 2: (A) Mean values and standard deviation of delta of miR-1 (top and bottom left 

panels) and miR-206 (top and bottom right panels) of the immobilization (top panels) and 

recovery (bottom panels) cohorts of mice. Definition of abbreviations: a.u., arbitrary units; I, 

immobilization; R, recovery. Statistical significance is represented as follows: *, p≤0.05, **, 

p≤0.01, ***, p≤0.001, and n.s., non-significant differences between any of the immobilized 

animals and the non-immobilized controls; §§, p≤0.01, and §§§, p≤0.001 between any of the 

R groups of animals and the 7-day I mice.  (B) Mean values and standard deviation of delta of 

miR-133a (top and bottom left panels) and miR-486 (top and bottom right panels) of the 

immobilization (top panels) and recovery (bottom panels) cohorts of mice. Definition of 

abbreviations: a.u., arbitrary units; I, immobilization; R, recovery. Statistical significance is 

represented as follows: **, p≤0.01, ***, p≤0.001, and n.s., non-significant differences 

between any of the immobilized animals and the non-immobilized controls; §, p≤0.05, §§, 
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p≤0.001, and n.s., non-significant differences between any of the R groups of animals and the 

7-day I mice. 

Figure 3: Mean values and standard deviation of Pax7 protein content in the gastrocnemius of 

the immobilization (top panel) and recovery (bottom panel) cohorts of mice, as measured by 

optical densities in arbitrary units (OD, a.u.). Note that as arbitrary units were used for the 

measurement of the optical densities in each set of immunoblots (see methods), scale bars in 

the ordinate axis are different in the graphs corresponding to the immobilization groups from 

those in the recovery cohorts. Definition of abbreviations: Pax, Paired box protein; OD, 

optical densities; a.u., arbitrary units; I, immobilization; R, recovery. Statistical significance is 

represented as follows: *, p≤0.05, and n.s., non-significant differences between any of the 

immobilized animals and the non-immobilized controls; §, p≤0.05, §§, p≤0.01, §§§, p≤0.001, 

and n.s., non-significant differences between any of the R groups of animals and the 7-day I 

mice.  

Figure 4: (A) Mean values and standard deviation of total protein acetylation content in the 

gastrocnemius of the immobilization (top panel) and recovery (bottom panel) cohorts of mice, 

as measured by optical densities in arbitrary units (OD, a.u.). Note that as arbitrary units were 

used for the measurement of the optical densities in each set of immunoblots (see methods), 

scale bars in the ordinate axis are different in the graphs corresponding to the immobilization 

groups from those in the recovery cohorts. Definition of abbreviations: OD, optical densities; 

a.u., arbitrary units; I, immobilization; R, recovery. Statistical significance is represented as 

follows: n.s., non-significant differences between any of the immobilized animals and the 

non-immobilized controls; n.s., non-significant differences between any of the R groups of 

animals and the 7-day I mice. (B) Mean values and standard deviation of acetylated histone 3 

protein content in the gastrocnemius of the immobilization (top panel) and recovery (bottom 

panel) cohorts of mice, as measured by optical densities in arbitrary units (OD, a.u.). Note that 
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as arbitrary units were used for the measurement of the optical densities in each set of 

immunoblots (see methods), scale bars in the ordinate axis are different in the graphs 

corresponding to the immobilization groups from those in the recovery cohorts. Definition of 

abbreviations: Ac, acetylated; H3, histone 3; OD, optical densities; a.u., arbitrary units; I, 

immobilization; R, recovery. Statistical significance is represented as follows: n.s., non-

significant differences between any of the immobilized animals and the non-immobilized 

controls; n.s., non-significant differences between any of the R groups of animals and the 7-

day I mice. (C) Mean values and standard deviation of HDAC3 protein content in the 

gastrocnemius of the immobilization (top panel) and recovery (bottom panel) cohorts of mice, 

as measured by optical densities in arbitrary units (OD, a.u.). Note that as arbitrary units were 

used for the measurement of the optical densities in each set of immunoblots (see methods), 

scale bars in the ordinate axis are different in the graphs corresponding to the immobilization 

groups from those in the recovery cohorts. Definition of abbreviations: HDAC3, histone 

deacetylase 3; OD, optical densities; a.u., arbitrary units; I, immobilization; R, recovery. 

Statistical significance is represented as follows: n.s., non-significant differences between any 

of the immobilized animals and non-immobilized controls; n.s., non-significant differences 

between any of the recovery groups of animals and the 7-day I mice. (D) Mean values and 

standard deviation of HDAC6 protein content in the gastrocnemius of the immobilization (top 

panel) and recovery (bottom panel) cohorts of mice, as measured by optical densities in 

arbitrary units (OD, a.u.). Note that as arbitrary units were used for the measurement of the 

optical densities in each set of immunoblots (see methods), scale bars in the ordinate axis are 

different in the graphs corresponding to the immobilization groups from those in the recovery 

cohorts. Definition of abbreviations: HDAC6, histone deacetylase 6; OD, optical densities; 

a.u., arbitrary units; I, immobilization; R, recovery. Statistical significance is represented as 

follows: n.s., non-significant differences between any of the immobilized animals and non-
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immobilized controls; n.s., non-significant differences between any of the recovery groups of 

animals and the 7-day I mice. (E) Mean values and standard deviation of SIRT1 protein 

content in the gastrocnemius of the immobilization (top panel) and recovery (bottom panel) 

cohorts of mice, as measured by optical densities in arbitrary units (OD, a.u.). Note that as 

arbitrary units were used for the measurement of the optical densities in each set of 

immunoblots (see methods), scale bars in the ordinate axis are different in the graphs 

corresponding to the immobilization groups from those in the recovery cohorts. Definition of 

abbreviations: SIRT1, silent mating type information regulation 2 homolog; OD, optical 

densities; a.u., arbitrary units; I, immobilization; R, recovery. Statistical significance is 

represented as follows: **, p≤0.01, ***, p≤0.001, and n.s., non-significant differences 

between any of the immobilized animals and non-immobilized controls; §, p≤0.05, §§, 

p≤0.01, and n.s., non-significant differences between any of the recovery groups of animals 

and the 7-day I mice.  

Figure 5: (A) Mean values and standard deviation of acetylated FoxO1 protein content in the 

gastrocnemius of the immobilization (top panel) and recovery (bottom panel) cohorts of mice, 

as measured by optical densities in arbitrary units (OD, a.u.). Note that as arbitrary units were 

used for the measurement of the optical densities in each set of immunoblots (see methods), 

scale bars in the ordinate axis are different in the graphs corresponding to the immobilization 

groups from those in the recovery cohorts. Definition of abbreviations: FoxO1, forkhead box 

protein O1; AcFoxO1, acetylated FoxO1; OD, optical densities; a.u., arbitrary units; I, 

immobilization; R, recovery. Statistical significance is represented as follows: *, p≤0.05, ***, 

p≤0.001, and n.s., non-significant differences between any of the immobilized animals and 

non-immobilized controls; §, p≤0.05, §§, p≤0.01, and n.s., non-significant differences 

between any of the recovery groups of animals and the 7-day I mice. (B) Mean values and 

standard deviation of acetylated FoxO3 protein content in the gastrocnemius of the 
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immobilization (top panel) and recovery (bottom panel) cohorts of mice, as measured by 

optical densities in arbitrary units (OD, a.u.). Note that as arbitrary units were used for the 

measurement of the optical densities in each set of immunoblots (see methods), scale bars in 

the ordinate axis are different in the graphs corresponding to the immobilization groups from 

those in the recovery cohorts. Definition of abbreviations: FoxO3, forkhead box protein O3; 

AcFoxO3, acetylated FoxO3; OD, optical densities; a.u., arbitrary units; I, immobilization; R, 

recovery. Statistical significance is represented as follows: *, p≤0.05, and n.s., non-significant 

differences between any of the immobilized animals and non-immobilized controls; §, 

p≤0.05, §§, p≤0.01, and n.s., non-significant differences between any of the recovery groups 

of animals and the 7-day I mice.  

Figure 6: (A) Mean values and standard deviation of delta of the variables type I and type II 

fibers proportions of the immobilization (top panel) and recovery (bottom panel) cohorts of 

mice. Definition of abbreviations: I, immobilization; R, recovery. Statistical significance is 

represented as follows: **, p≤0.01, and n.s., non-significant differences between any of the 

immobilized animals and the non-immobilized controls; n.s., non-significant differences 

between any of the R groups of animals and the 7-day I mice. (B) Mean values and standard 

deviation of delta of the variables fiber type I and type II cross sectional areas of the 

immobilization (top panel) and recovery (bottom panel) cohorts of mice. Definition of 

abbreviations: µm², square micrometers; I, immobilization; R, recovery. Statistical 

significance is represented as follows: *, p≤0.05, **, p≤0.01, and n.s., non-significant 

differences between any of the immobilized animals and the non-immobilized controls; §, 

p≤0.05, §§, p≤0.01, and n.s., non-significant differences between any of the R groups of 

animals and the 7-day I mice.  
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Table 1. MicroRNA assays and probes used for the quantitative analyses of the target genes using 

real-time PCR. 

Assay Name Assay ID miRBase accession  number 

Muscle-specific, myomiRs   

hsa-miR-1 002222 MIMAT0000416 

hsa-miR-133a 002246 MIMAT0000427 

hsa-miR-206 000510 MIMAT0000462 

Other miRNAs 

(highly expressed in muscles) 

  

hsa-miR-486 001278 MIMAT0002177 

  NCBI Accession number 

U6 snRNA, housekeeping gene 001973 NR_004394 

Abbreviations: ID, identification; hsa, homo sapiens; miR, microRNA; MIMAT, mature 

microRNA; snRNA, small nuclear RNA; NR, non-coding RNA RefSeq database category. 
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