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Abstract
Spinal muscular atrophy (SMA) is a severe neuromuscular disease, the most common in in-

fancy, and the third one among young people under 18 years. The major pathological land-

mark of SMA is a selective degeneration of lower motor neurons, resulting in progressive

skeletal muscle denervation, atrophy, and paralysis. Recently, it has been shown that spe-

cific or general changes in the activity of ribonucleoprotein containing micro RNAs (miR-

NAs) play a role in the development of SMA. Additionally miRNA-206 has been shown to be

required for efficient regeneration of neuromuscular synapses after acute nerve injury in an

ALS mouse model. Therefore, we correlated the morphology and the architecture of the

neuromuscular junctions (NMJs) of quadriceps, a muscle affected in the early stage of the

disease, with the expression levels of miRNA-206 in a mouse model of intermediate SMA

(SMAII), one of the most frequently used experimental model. Our results showed a de-

crease in the percentage of type II fibers, an increase in atrophic muscle fibers and a re-

markable accumulation of neurofilament (NF) in the pre-synaptic terminal of the NMJs in the

quadriceps of SMAII mice. Furthermore, molecular investigation showed a direct link be-

tween miRNA-206-HDAC4-FGFBP1, and in particular, a strong up-regulation of this path-

way in the late phase of the disease. We propose that miRNA-206 is activated as survival

endogenous mechanism, although not sufficient to rescue the integrity of motor neurons.

We speculate that early modulation of miRNA-206 expression might delay SMA neurode-

generative pathway and that miRNA-206 could be an innovative, still relatively unexplored,

therapeutic target for SMA.

Introduction
Spinal muscular atrophy (SMA) is a severe neuromuscular disease, the most common in infancy,
and the third one among young people under 18 years. The frequency is 8–11 per 100.000 live
births [1,2], but one person over 35/50 carries its autosomal recessive gene. Clinical features range
from themost severe form (SMAI) to the mildest one (SMAIV), in which patients retain a normal
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life of relation and have a normal life expectancy. The pathological landmark of SMA is the selec-
tive degeneration of lower motor neurons, resulting in progressive skeletal muscle denervation,
atrophy, particularly of the proximal muscles, and paralysis [3]. Moreover, we have recently
demonstrated a selective reduction of layer V pyramidal neurons in the SMAmurine model [4].

The disease is caused by homozygous deletions or mutations in the survival motor neuron
gene, SMN1. In fact, the SMN gene is present in the human genome in two forms, SMN1, the
ancestral telomeric copy, and SMN2, a centromeric paralogue that arose in recent evolution
through duplication [5]. SMA patients lack SMN1, but always carry at least one copy of SMN2
—a complete loss of SMN is incompatible with life. However, SMN2 protein is only partially
functional: a critical, translationally silent single nucleotide C to T transition 6bp inside SMN2
exon7 profoundly influences splicing, therefore, 90% of the protein is unstable and rapidly de-
graded [6,7] and is unable to compensate for the lack of SMN1 [8,9]. The severity of the disease
is inversely proportional to SMN2 copy number [10].

SMN1 encodes a 38-kDa protein, that is expressed in all tissues and localized to the nucleus
and cytoplasm [11] and has its primary and most prominent role in spliceosomal assembly and
pre-mRNAs maturation. How reduced SMN levels lead to selective degeneration of motor neu-
rons in SMA still remains elusive. The key role played by SMN in RNA processing suggests
that splicing defects lead to breakdown of the neuromuscular system [12]. However, splicing
defects occur only during late stages of the disease, and are unlikely to contribute to the patho-
genesis [13]. Alternative hypotheses focused on the role of SMN in transport of mRNA in neu-
rons [11], and on additional neuronal or muscle specific functions [14,15]. Furthermore,
motor neuron subtypes differ strikingly from each other in the extent to which they are affected
by SMA. Usually, the weakness is symmetrical and more proximal than distal. By contrast, sev-
eral subsets are still intact at the disease endpoint [16].

Recently, micro RNA (miRNA) were shown to be a component of a novel class of ribonu-
cleoprotein (RNP) complexes termed miRNPs [17], that contain the proteins Gemin3 [18] (a
putative RNA helicase), Gemin4 [19] (a cofactor of Gemin3) and eIF2C2 [17] (a member of the
argonaute family of proteins). Gemin3 and Gemin4 are also components of the SMN complex,
a large multiprotein complex containing SMN, Gemin2 [20], Gemin5 [21,22], Gemin6 [23,24]
and Gemin7 [25], that functions in the assembly/restructuring of RNPs and transcriptosomes
[26]. Therefore, it is possible that specific or general changes in the activity of the miRNPs, due
to possible redistribution or changes in the levels of Gemin3 and Gemin4, play a role in the de-
velopment of SMA [27]. In particular, mice that do not process miRNA in spinal muscular neu-
rons exhibit hallmarks of SMA and the skeletal muscle-specific (myomiR) miRNA-206, highly
conserved inHomo Sapiens, Rattus norvegicus andMus musculus, was found in the RNPs from
mouse neuronal cells [27,28]. Furthermore, Williams and coll. [29] showed that miRNA-206 is
dramatically induced in a mouse model of amyotrophic lateral sclerosis (ALS), a neurodegener-
ative disease with different etiology, characterized, similarly to SMA, by loss of motor neurons,
denervation, atrophy and paralysis of target muscles [30,31]. In particular, they show that
knocking-out miRNA-206 in the ALS mouse accelerates disease progression, and that miRNA-
206 is required for efficient regeneration of neuromuscular synapses after acute nerve injury, at
least, in part through histone deacetylase 4 (HDAC4) signaling pathways [29]. Interestingly, it
has been recently shown that HDAC4 expression levels negatively correlate with the extent of
muscle re-innervation and functional outcome in patients with ALS [32].

Therefore, seen the tight relationship between SMN and miRNPs complexes, and the neuro-
protective role of miRNA-206 in the regeneration of the neuromuscular junction (NMJ) in
ALS, we investigated the miRNA-206 pathway in a mouse model of intermediate SMA
(SMAII), the SMNΔ7 mice, morphologically and molecularly analyzing the fibers of the quad-
riceps, a muscle affected in the early stage disease [33,34]. This is one of the most common
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SMAmodels: mice have a lifespan of about 2 weeks and impairment of motor behavior clearly
detectable 5–6 days after birth (P5-P6). Different aspects of this model have been analyzed in a
number of studies, and some discrepancies still exist on the number and subgroups of spinal
motor neurons affected during disease progression [35]. Our results showed, in quadriceps of
SMAmice sacrificed at P10, a decrease in the percentage of type II fibers (fast-twitch fatigable
and fast-twitch fatigue resistant); an increase in atrophic muscle fibers and the accumulation of
neurofilament (NF) in the pre-synaptic terminal of the NMJs. Furthermore, molecular investi-
gation suggest a direct link between miRNA-206-HDAC4-FGFBP1, and, in particular, a strong
modulation of this pathway, probably activated as survival endogenous mechanism, although
not sufficient to rescue the integrity of motor neurons. We speculate that modulating miRNA-
206 expression might regulate the neurodegenerative pathway, crucial to motor neuron func-
tion and survival. Therefore, miRNA therapeutics, based on extensive research into specific tar-
get interactions, holds much promise as future therapies for this neurodegenerative disease.

Materials and Methods

Animal Care and Use
All experimental procedures on live animals were performed in strict accordance to the Euro-
pean Communities Council Directive 86/609/EEC (November 24, 1986) Italian Ministry of
Health and University of Turin institutional guidelines on animal welfare (law 116/92 on Care
and Protection of living animals undergoing experimental or other scientific procedures; au-
thorization number 17/2010-B, June 30, 2010): additionally an ad hoc Ethical Committee of
the University of Turin specifically approved this study. All efforts were made to minimize the
number of animals used and their suffering.

The original breeding pairs of SMNΔ7 mice were purchased from Jackson Laboratory
(stock number 005025; Jackson Laboratories). They were originally generated in the laboratory
of A. Burghes [36] and are homozygous for both transgenes (hsmn2 and smnΔ7) that allow
mice that are homozygous null for mouse smn, and would otherwise die embryonically, to sur-
vive to the end of the second postnatal week. To maintain the colony required the identification
of mice heterozygous for deletion of smn (smn+/-, carrier), that are fully viable, and their inter-
breeding. Mice afflicted with SMA are the homozygous mutant for smn: smn-/-. The offspring
were genotyped by PCR assays. Mice had free access to food and water. Data were obtained
from knock-out SMA (smn-/-, SMA) and wild type (smn+/+, WT) mice sacrificed at P5 and
P10, P11 and P12 (P10/12), considering P0 as the day of birth.

Genotyping mice
DNA from mouse tail was extracted incubating a small piece of tail in 100μl of lysis buffer
(10mM Tris HCl, 50mM KCl, 0.01% gelatin, 0.45% IGEPAL, 0.4% Tween-20) and 25μg of pro-
teinase k at 55°C over night under gentle shaking [37]. The absence of the survival motor neu-
ron gene (smn) was determined by PCR analysis using primers that amplify a portion of the
smn gene, yielding a 420 bp product for the wild type (WT) allele and a 150 bp product for the
knocked-out one (SMA). They were: smn fwd 5’-TTTTCTCCCTCTTCAGAGTGAT-3’, smn
wt rev 5’-CTGTTTCAAGGGAGTTGTGGC-3’ and smn tg rev 5’-GGTAACGCCAGGGTTTT
CC-3’ as suggested by supplier’s (Jackson Laboratories).

Quadriceps histological examination
P10 mice (WT n = 17; SMA n = 10) were deeply anesthetized by gaseous anesthesia (3% iso-
flurane vaporized in O2/N2O 50:50) and perfused transcardially with 4% buffered
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paraformaldehyde (PFA, pH 7.4). Quadriceps were collected and postfixed in 4% PFA for 2
hours at 4°C. Samples were then transferred overnight into 30% sucrose in phosphate buffer
(PB) 0.1M at 4°C for cryoprotection, embedded in cryostat medium (Killik) and cut on the
cryostat (HM 550; Microm). Then, muscles underwent different histological procedures.

Hematoxylin/eosin staining. In order to morphologically evaluate the muscle (in terms of
mean fiber area, quadriceps cross-sectional area, mean muscular fiber number), the quadriceps
(WT n = 6; SMA n = 5) were cut on the cryostat in transverse 20μm thick sections, mounted di-
rectly onto 5% gelatin-coated slides, stained with hematoxylin/eosin, dehydrated in ascending
series of ethanol (95–100%) and cleared in xylene. The sections were drawn and analysed by
Neurolucida software (MicroBrightField Inc., VT) and data were obtained by the associated
data analysis software NeuroExplorer (MicroBrightField).

Cytochrome c Oxidase (COX) assay. To assess fiber type composition, the samples (WT
n = 5; SMA n = 3) were cut on the cryostat in transverse 50μm-thick sections free-floating in
phosphate-buffered saline (PBS) and directly processed for the COX histochemistry. The reac-
tion solution contained 10ml PBS 0.1M, 0.4g sucrose, 10mg DAB and 5mg cytochrome C
(Sigma Aldrich). The solution was heated at 37°C before incubating the sections. Quadriceps
were incubated with the reaction solution for 2–3 hours at 37°C on a tilting plate. We classified
the fibers in the COX-stained muscle sections as follows: the dark ones were identified as oxi-
dative fibers (type I), whereas light ones as glycolytic fibers (type II) [38].

Immunofluorescence. The samples (WT n = 5; SMA n = 7) were cut in longitudinal 20μm-
thick sections mounted directly onto 5% gelatin-coated slides, immunoreacted and used to assess
the NMJ innervation/denervation. Briefly, the tissue was permeabilized for 20 min in PBS-Triton
0.3% at RT on a tilting plate and then incubated with Alexafluor 555-conjugated α-Bungarotoxin
(BTX) (1:500; Invitrogen) at RT for 30 min. After blocking non-specific binding sites for 30 min
at RT with 0.3% Triton X-100 and 10% normal donkey serum (Sigma-Aldrich) in PBS 1X (pH
7.4), the sections were incubated with the monoclonal antibody anti-neurofilament 165 kDa
(2H3 clone; mouse; 1:500; Hybridoma bank) in the same solution at 4°C overnight. After being
washed in PBS 1X, the sections were incubated with secondary antibody Alexa488 (anti-mouse
1:200; Jackson Immunoresearch) followed by 4’,6 Diamino-2 phenyindole Dilactate (DAPI;
Sigma Aldrich) in PBS 1:50 for 3 min. Samples were washed and coverslips were mounted with a
drop of PB 0.1M with glycerol. The slices were analysed with a Nikon Eclipse 90i epifluorescence
microscope and photographed by a Nikon DS-5Mc digital camera. In order to analyze the inner-
vation, we evaluated the number of NF-positive nerves reaching each endplate at high magnifica-
tion (100x objective): for each sample, about 100 NMJs were randomly evaluated [39]. We
classified them as denervated, mono-innervated or multi-innervated. Moreover, for checking
double staining and making 3D reconstructions, some preparations were examined also with a
Leica TCS SP5 confocal laser scanning microscope. Additionally, some images were also ana-
lyzed using the isosurface module of Imaris software (Bitplane). Finally, we studied the endplate
area and the NMJ density inWT and SMAmice (WT n = 3; SMA n = 3): all the BTX-positive
endplates present in 20μm-thick longitudinal quadriceps sections were analyzed and drawn by
Neurolucida software (MicroBrightField Inc., VT). Mean NMJ areas were calculated for both
groups, and size distribution histograms (expressed in percentage) were constructed by grouping
cross-sectional areas in 10μm2 bins. NMJ density has been expressed as a percentage of the end-
plate area covered on the total quadriceps area.

Transfection
The myoblast cell line C2C12 (ATCC) was grown in RPMI supplemented with 10% FBS, peni-
cillin (100units/ml) and streptomycin (100μg/ml) (Life Technologies). C2C12 cells were seeded
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at a density of 4x104 (30% confluence) and 8x104 (60% confluence) on 12-mm diameter plastic
dishes and maintained at 37°C in a humified 5% CO2/95% air atmosphere. Twenty-four hours
after seeding, they were transfected with 40pmols of miRNA-206/non targeting control
miRNA (NT-miRNA, Bioneer) with lipofectamine 2000 following supplier’s instructions (Life
Technologies). After a 4 hours incubation period, the medium was replaced with a fresh one.
Forty-eight hours after transfection cells were collected for RT-PCR and WB analysis.

RT-PCR analysis
C2C12 cells transfected with miRNA-206/NT-miRNA were collected in Trizol and total RNA
was extracted following supplier’s instructions (Life Technologies). Quadriceps were quickly
removed from P5 and P10, P11 and P12 mice after decapitation, then immediately frozen on
dry ice and stored at -80°C until use (WT n = 14; SMA n = 15). Mice tissues were homogenated
in liquid nitrogen and total RNA, enriched in miRNAs, was extracted with MirVana extraction
Kit following supplier’s instructions (Life Technologies). The first-strand cDNA was synthe-
sized with 0.5μg or 2μg of total RNA using the High Capacity cDNA Reverse Transcription Kit
following supplier’s instruction (Life Technologies). Quantitative real-time PCR was per-
formed with SYBR green core reagent kit for pri-miRNA-206 or TaqMan assays for mature
miRNA-206 and FGFBP1 in a StepOne real time PCR system (Life Technologies). The primers
used for pri-miRNA-206 were 5’-GTGTGTGGTTTTGGCAAGTG-3’ and 5’-GGGAGCATA
GTTGACCTGAAA-3’ [29]; and for the Rpl26, used as housekeeping gene for data normaliza-
tion, were 5’-CGAGTCCAGCGAGAGAAGG-3’ and 5’-GCAGTCTTTAATGAAAGCCGTG-3’
[40]. Samples were amplified simultaneously in triplicate in 1 assay run. Changes in mRNA
levels were determined as the difference in threshold cycle (ΔCt) between the target gene and
the reference gene.

We considered as a single group P10, P11 and P12 mice (P10/12), since we did not observed
differences in terms of molecular expression of the gene analyzed. On the contrary, for P5
group of animals we used only muscles from pups sacrificed exactly five days after birth, seen
that the change in miRNA-206 expression pathway observed arose in the time lapse between
five and ten days after birth.

Western blot
Total extract proteins were prepared from transfected C2C12 cells and from quadriceps homo-
genated in liquid nitrogen (WT n = 8; SMA n = 8). They were resuspended in ice-cold lysis
buffer (20mMHepes pH 7.5, 1%Triton, 150mMNaCl, 10mM NaF, 1mMNa3VO4, 0.5μg/ml
apronitin, 1μg/ml leupeptin, 1μg/ml pepstatin) and then cleared by centrifugation. The super-
natant was used for Western blot analysis after protein determination by the Bio-Rad protein
assay (Biorad). Samples with equal protein concentration were resolved by SDS-PAGE on
4–12% NUPAGE gels using MES running buffer (Life Technologies) and subsequently blotted
to nitrocellulose membrane (Amersham) To detect the proteins of interest, specific antibodies:
anti-HDAC4 (rabbit polyclonal antibody, 1:500, Santa Cruz Biotechnology) and anti-GAPDH
(mouse monoclonal, 1:1000, Millipore) were used. Immunoreaction was revealed using anti-
mouse and anti-rabbit IgG conjugated to peroxidase, 1:2000 (Ge Healthcare) by the ECL re-
agent (Ge Healthcare). The optical density of the bands was determined by Chemi Doc Imag-
ing System (Biorad) and normalized to the optical density of GAPDH.

Statistical analysis
The data were evaluated as means ± standard error of mean (SEM). All data were expressed as
absolute value, except the fiber type composition following COX histochemistry, the
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classification of NMJ innervation and the NMJ density, that were expressed as a percentage.
For in vivo gene expression analysis, statistically significant differences among means were de-
termined by ANOVA followed by post hoc Newman-Keuls test. For two experimental groups
analysis (SMA vs WT), statistically significant differences among means were determined by t-
test. The threshold for statistical significance data was set at p<0.05. Statistical analysis was
performed using GraphPad Prism 6.0 software (GraphPad Software).

Results

Morphological analysis of quadriceps
We analyzed the morphology of quadriceps muscles, in WT and SMAmice at P10 by Cytor-
ome c Oxidase (COX) histochemistry, hematoxylin/eosin staining (Fig 1), and the innervations
of the NMJs by α-bungarotoxin and NF immunoreactions (Fig 2).

The COX reaction highlighted the mitochondrial activity of the different types of muscle fi-
bers, therefore, we could classify them (Fig 1A and 1B). Our results showed a significant change
in the fiber type distribution: type I fibers in WT mice were 82.00 ± 1.82% and in SMAmice
88.33 ± 0.33%). Consequently type II fibers were 18.00 ± 1.82% in WT and 11.67 ± 0.33% in
SMAmice (Fig 1E).

After hematoxylin/eosin staining (Fig 1C and 1D), we analyzed the morphology of the mus-
cle samples by Neurolucida software. We evaluated the mean fiber area, the mean number of
muscle fibers and the overall quadriceps cross-sectional area in WT and SMAmice. We ob-
served a statistically significant difference in the mean fiber area: WT 146.40 ± 2.35 μm2 vs
SMA 127.39 ± 2.09 μm2 (Fig 1F). The other parameters showed a reduction trend in SMA com-
pared to WT mice, but they did not show statistically significant differences. In particular, the
mean number of muscle fibers was 8521.12 ± 514.59 in WT vs 7206.65 ± 1361.71 in SMAmice
(Fig 1G), whereas the quadriceps total area was 3.21 ± 0.43 x106 μm2 in WT vs 2.59 ± 0.26 x106

μm2 in SMAmice (Fig 1H). Finally we checked the nuclei position into the SMA quadriceps
and we did not observed centrally-nucleated fibers.

Furthermore, the analysis of the NMJ revealed dramatic abnormalities in the NMJs of SMA
(Fig 2). Indeed, we observed altered NMJs, characterized by an aberrant NF accumulation (Fig
2A and 2C). We also observed that SMA NMJ postsynaptic terminals were simplified, with a
decreased number of perforations compared to WT (Fig 2D and 2E). Rare endplates in SMA
quadriceps also presented fragmentation (Fig 2F). Additionally, we classified the fibers accord-
ing to their innervation: WT mice showed 2.75 ± 1.25% denervated fibers, 84.25 ± 2.39%
mono-innervated fibers and 13.25 ± 2.14% multi-innervated fibers, compared to SMA mice
5.71 ± 2.22%, 80.29 ± 3.35% and 14.14 ± 3.38%, respectively (Fig 2G).

Finally, by Neurolucida software analysis, we compared NMJ area of WT and SMA mice.
The analysis of the distribution of NMJ areas (bins = 10 μm) showed a dramatic shift to lower
endplate size in SMA compared to WTmice (Fig 2H). In fact, the mean NMJ area was signifi-
cantly smaller in WT mice compared to SMA quadriceps (87.21 ± 10.79 μm2 vs
53.58 ± 4.31 μm2, respectively; Fig 2I), while the NMJ density, expressed as a percentage of the
endplate area covered on the total quadriceps area, did not differ significantly (0.182 ± 0.025%
in WT vs 0.122 ± 0.007 in SMAmice).

Molecular investigation of miRNA-206 pathway in vitro and in vivo
For molecular investigation, first of all we confirmed the existence of a miRNA-
206-HDAC4-FGFBP1 pathway in C2C12 cell lines. In particular, we transiently transfected a
miRNA-206 mimic and a non targeting miRNA as negative control (NT miRNA), in C2C12 at
two different confluences, 30% and 60%. Forty-eight hours after transfection, cells were
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harvested and HDAC4 protein and FGFBP1 mRNA levels were measured by WB and real time
PCR, respectively. Our results showed, in both experimental conditions, a down-regulation of
HDAC4 (Fig 3A and 3B), as expected for a miRNA target, and a parallel strong up-regulation
of FGFBP1 mRNA (Fig 3C), as a consequence of the miRNA mediated down-regulation of
HDAC4 inhibitory effect on FGFBP1. Therefore, we could assume a direct link between
miRNA-206, HDAC4 and FGFBP1 and decided to investigate the modulation of this molecular
pathway in SMA quadriceps.

The molecular events leading to muscle fibers and NMJs alterations observed at P10 by
morphological analyses might have taken place early in advance. Therefore, seen the overall
differences in quadriceps of SMAmice at P10, we analyzed the expression levels of pri-
miRNA-206 and mature miRNA-206 in a early stage of the disease (P5) and in an advanced
stage of the disease (P10/12) by real time PCR in the quadriceps of both WT and SMAmice.
Our results showed a strong up-regulation of both pri-miRNA-206 (2.5-fold increase) and
miRNA-206 (5.6-fold increase) in SMA compared to WTmice only at P10/12 (Fig 4A and 4B).
In particular, the physiological reduction in mature miRNA-206 occurring after birth in WT
mice did not occur in SMAmice. Furthermore, the HDAC4 protein showed a significant
down-regulation in the quadriceps of SMA mice at P10/12 and not a P5 (Fig 4C). Accordingly,

Fig 1. Fiber morphology of the quadriceps inWT and SMAmice at P10. Panels A-B, Cox immunoreaction
on quadriceps of WT (panel A) and SMA (panel B) mice, revealing the mitochondrial activity and the fiber
types. Scale bar = 40μm. Panels C-D showed the samemuscles (WT: panel C; SMA: panel D) stained by
hematoxylin/eosin. Scale bar = 80μm. Panel E, quantification of fiber type I and II in quadriceps of WT and
SMAmice, expressed as percentage of the total number of fibers. Panels F-H, respectively single fiber area,
number of fibers and total area of quadriceps inWT and SMAmice. *p<0.05; ***p<0.001 by t-test analysis.

doi:10.1371/journal.pone.0128560.g001
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the FGFBP1 mRNA was up-regulated in SMA mice (3-fold increase) only at P10/12, and the
physiological decrease observed in WTmice from P5 to P10/12 did not occur in SMA, in agree-
ment with miRNA-206 modulation (Fig 4D). On the other hand, in the gastrocnemius, we did
not observe differences in miRNA-206 mRNA levels in SMA vs WTmice, excepted for the
physiological down-regulation of miRNA-206 in SMA as well as in WT mice from P5 to P10/
12 (data not shown).

Discussion

Quadriceps histological examination
In the present paper, we correlated morphological and molecular aspects of quadriceps, a mus-
cle rich of slow-twich fibers (type I), in a mouse intermediate model of SMA, the SMNΔ7
mouse (SMA type II). Different aspects of this model have been analyzed but discrepancies re-
garding the NMJ architecture, the composition of the fibers, the extent of neuron loss and de-
nervation still exist [39,41,42]. Our results, by COX histochemistry experiments, showed

Fig 2. Architecture of the NMJ of the quadriceps in WT and SMAmice at P10. Panels A-B,
Immunoreactions for α-bungarotoxin (red) and neurofilament (green) proteins in NMJs of quadriceps of WT
(panel A) and SMA (panel B) mice. Inset C, isosurface module of Imaris software. Nuclei were labeled in blue
with DAPI. The arrow in A points aWT NMJ correctly innervated, whereas arrowheads in B show the
abnormal accumulations of neurofilament in SMA. Scale bar = 10μm. Panels D-F, morphology of NMJs at
higher magnification: WTmice display endplates with a more mature morphology (panel D), compared to
SMA ones (panel E). Additionally rare SMA NMJs appear fragmented, as indicated by arrowhead (panel F).
Scale bar = 10μm. Panel G, quantification of multi-innervated, mono-innervated and denervated endplates in
quadriceps of WT and SMAmice. Panel H, distribution of NMJ area in WT (continuous line) and SMA
(dashed line) endplates expressed as percentage of total number of plaques. Panel I, mean value of NMJ
area in WT and SMA quadriceps. *p<0.05 by t-test analysis.

doi:10.1371/journal.pone.0128560.g002
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significant changes in the fiber type distribution in quadriceps sections of SMAmice sacrificed
at P10. Although skeletal muscle fiber type distribution is quite heterogeneous, the high pro-
portion of type I fibers in the quadriceps is probably due to the fact that these are postural and
locomotive muscles that are active for a long duration, but at low contractile forces [43,44]. In
particular, we found a 33% decrease in type II fibers (fast), and a parallel increase in type I fi-
bers (slow) compared to age-matched WT mice, suggesting that slow motor units of the quad-
riceps are more resistant. These results are in agreement with studies of Dubowitz [45]
conducted on muscle biopsies from severe SMA patients, showing widespread atrophy of type
II (fast) fibers and a compensatory hypertrophic effect of type I (slow) fibers. Furthermore, sev-
eral mouse model studies have concluded that fast fatigable motor units are intrinsically more
vulnerable in ALS [46,47]. On the other hand, studies of Murray in SMAI (the most severe
form of SMA) and SMAII mice revealed that motor neurons innervating the transverses abdo-
minis (TVA), a predominantly slow twitch muscle, are more susceptible compared to the leva-
tor auris longus (LAL) and lumbrical muscles, exclusively fast-twich muscles [41]. In addition,
motor neurons innervating the caudal band of the LAL are more susceptible than those inner-
vating the rostral band, suggesting that motor neurons within a single homogeneous muscle, in
terms of muscle fibers composition, can be differentially vulnerable. Therefore, Murray classi-
fied motor neurons according to their FaSyn/DeSyn characteristics, according to the initial
focal clustering of postsynaptic AchRs, the timing of pre-synaptic maturation, and the mainte-
nance of the NMJ in the adult mice [48], suggesting that FaSyn motor units are more vulnera-
ble [41]. In addition, studies of Ling [39] on SMAII mice revealed that many but not all
vulnerable muscle are predominantly fast-twitch, and that several FaSyn muscles are resistant
to denervation, indicating that both classification, according to muscle fiber type or synapsing
phenotype, cannot be the only determinants of NMJ vulnerability. In conclusion, differences in
vulnerability based on motor neuron properties and muscle fiber type exist as our and others

Fig 3. HDAC4 and FGFBP1 expression levels in C2C12 cells transiently transfected with miRNA-206.
Panels A-B, representative Western blots displaying HDAC4 protein levels in C2C12 cells transfected at 30%
confluence (panel A) and at 60% confluence (panel B) with a mimic miRNA-206 (miRNA-206) and with a non
targeting miRNA (NT miRNA) used as control. Graphs below each image report the quantification of HDAC4/
GAPDH protein levels. Panel C, evaluation of FGFBP1mRNA levels in C2C12 cells transfected at 30% and
60% confluence with miRNA-206 and NTmiRNA. *p<0.05 vs respective control by t-test analysis.

doi:10.1371/journal.pone.0128560.g003
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studies showed, although these parameters are not the only ones to be considered to predict
motor neuron vulnerability.

Next, by hematoxylin/eosin staining, we observed a significant 15% reduction in the area of
the single muscle fibers in agreement with previous results. In particular, Lee and coll. [49] re-
ported in the same animal model a severe and uniform reduction in the size of sternomastoid,
extensor digitorum longus and soleus muscles. According to that, muscle shrinkage was also
observed in the transversus abdominis at P7, with a higher degree at P14, in the levator auris
longus muscles at P14 [41] and in the tibialis anterior at P9, reaching higher levels at P13 [42].
Therefore, in an advanced phase of the disease, muscle shrinkage seems to be a widespread
event in SMA fibers [50,51], responsible for the profound muscle weakness observed in SMA
mice. In fact, the myofiber contractile strength is determined by its diameter [52] and by the
composition of myosin heavy chains [53]. Finally, we checked the presence of centrally nucle-
ated fibers, since this is considered a common pathological feature in a number of myopathies
(as myotonic dystrophy and limb-girdle muscular dystrophies), but we did not detected myofi-
bers with centralized nuclei. Indeed, such phenomenon is a very rare event in this SMA model,
as confirmed by Avila’s group, that has conversely used this parameter as a sign of regenera-
tion, to be checked after a treatment [54].

Fig 4. pri-miRNA-206, maturemiRNA-206, HDAC4 and FGFBP1 expression levels in quadriceps of WT and SMAmice at P5 and P10/P12. Panels A,
B,D, evaluation of pri-miRNA-206 (panel A), mature miRNA-206 (panel B) and FGFBP1 (panel D) mRNA levels in WT and SMAmice, five (P5) and ten (P10/
12) days after birth. #p<0.05 vs P10/12WT, § p<0.05 vs all group by ANOVA followed by post hoc Newman-Keuls test. Panels C, representative Western
blots displaying HDAC4 protein levels in WT and SMAmice, at P5 (left blot) and P10 (right blot). Graphs below each image report the quantification of
HDAC4/GAPDH protein levels. *p<0.05 vs WT by t-test analysis.

doi:10.1371/journal.pone.0128560.g004
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Quadriceps immunohystochemical examination
Finally, by immunohystochemistry analysis we revealed a deep alteration of the NMJs, in terms
of neurofilament accumulation and endplate area, but we did not observe a significant degree
of denervation of the synaptic terminals. In agreement with our results, NF accumulation was
also observed in the transversus abdominis and in the levator auris longus muscles of SMNΔ7
mice at P7 [41], in the flexor digitorum brevis 2 and 4 already at P1 [39], and in the extensor
digitorum longus, the gastrocnemius, the tibialis anterior and the sternomastoid muscles at
P15 in a different SMNΔ7 mouse model, where the mutation is restricted to neurons, that has a
lifespan of 30 days [3]. Therefore, NF accumulation at the pre-synaptic terminal of the NMJ, a
morphological hallmark of SMA, probably represents an early event in the pathogenesis. Nev-
ertheless, NF accumulation did not seem to correlate with NMJ denervation. In fact, we did not
observe significant differences in the number of denervated, mono-innervated, and multi-in-
nervated plaques in SMA compared to WTmice at P10, in agreement with the minimal dener-
vation observed in the quadriceps of SMAmice at P13 by Kong and coll. [42], and the recent
studies of Ling and coll. [39]. Indeed, Ling found denervation in the majority of the NMJs of
axial muscles investigated and in few appendicular muscles, but not in the quadriceps of end-
stage SMAmice.

Furthermore, our data showed that NMJs of SMA quadriceps were significantly smaller and
immature compared to WT, while the overall density of plaques did not significantly differ.
Our results are in agreement with previous works demonstrating that SMA nerve terminals of
the sternomaistoid at P15 and the tibialis anterior at P5, P9 and P13 are smaller and immature
[42,49]. In fact, postsynaptic AChR aggregates initially appear as simple plaques and then be-
come more complex as perforated plaques, and eventually mature with pretzel-like morpholo-
gy [55]. Our results showed that in the quadriceps of SMA mice, this differentiation is
incomplete, with less perforations and also fragmentation in some endplates. In particular, syn-
aptic dysfunction, due to a decreased density of synaptic vesicles released at motor nerve termi-
nals, results in reduced quantal content of neurotransmission [42,56,57]. These features are
consistent with an abnormally persistent expression of embryonic type of AChRs (γ/fetal vs ε/
adult subunit of AChR) at SMA NMJs that precedes axonal degeneration [42,49]. We did not
detect significant differences in the density of NMJs, probably because to a reduced size of end-
plates area corresponds a smaller total area of quadriceps in SMA mice.

Overall, our studies confirmed and provided novel information on the deep morphological
alterations of SMA quadriceps.

Investigation of miRNA-206 pathway
We investigated the molecular pathway of miRNA-206 in the quadriceps, since its role
emerged in ALS disease [29]. SMA and ALS have very different etiology, but are both charac-
terized by progressive paralysis due to selective death of lower [58] and upper motoneurons
[4]. Furthermore, among the miRNAs that are predominantly expressed in skeletal muscle,
miRNA-206 has been defined as a key promoter of myogenic commitment [59,60]. Its expres-
sion is induced by MyoD, a critical transcriptional factor for muscle differentiation [61]. Aug-
menting the pro-myogenic effect of miRNA-206 has been considered as a therapeutic strategy
to delay not only ALS [29], but also rhabdomyosarcoma [62] and muscular dystrophies
[63,64,65]. Our results showed a miRNA-206 up-regulation in SMA quadriceps at P10/12, in
an advanced stage of the pathology, while at P5, an early phase, we did not observe differences
in miRNA-206 levels compared to WT muscles. Furthermore, in the gastrocnemius, a distal
muscle affected later during pathology [50], we did not observe a miRNA-206 up-regulation,
but on the contrary the physiological decrease observed after birth in WT mice. In fact,
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previous studies showed that, during embryonic development in the mouse, miRNA-206 is
first detected at a very low level as early as E9.5 and thereafter begins to significantly increase
[66]. Post-natal expression of miRNA-206 appears to peak at three days after birth, then it de-
clines [60]. Down-regulation of HDAC4 protein levels have also been observed in SMA quadri-
ceps at P10/12 compared to age matched WTmice. In fact, HDAC4 is a miRNA-206 target
[29,67], as predicted by computational analysis [68,69]. Furthermore, Williams and coll. [29]
show that FGFBP1 was down-regulated in miRNA-206 knock-out mice and up-regulated in
HDAC4 knock-out mice, suggesting a strict correlation between miRNA206-HDAC4 and
FGFBP1; our results confirmed a miRNA-206-HDAC4-FGFBP1 axis in the same in vitro
model. In fact, over-expression of miRNA-206 in C2C12 cells by miRNA mimic transfection
strategy, clearly showed a decrease in HDAC4 protein levels and resulted in FGFBP1 transcrip-
tional up-regulation, as expected following down-regulation of HDAC4 inhibitory effect on
FGFBP1 mRNA.

Role of HDAC inhibitors and FGFs in SMA
HDAC4 is a class II histone deacetylase, highly expressed in striated muscle [70], implicated in
the regulation of cardiac and skeletal muscle growth [71]. Interestingly, inhibitors of HDACs,
such as suberoylanilide hydroxamic acid (SAHA) [72], trichostatin A (TSA) [54], phenylbuty-
rate [73], sodium butyrate [74], valproic acid [75], and hydroxyurea increase SMN2 full length
transcript and have been demonstrated to ameliorate SMA phenotype at least in mouse models
[76,77]. HDAC4 has been well characterized for its ability to repress the myogenic transcrip-
tion factor Mef-2 [78], inducemyogenin expression through the repression of Dach2 gene, a
repressor ofmyogenin [79,80]. In particular, up-regulation of HDAC4 protein by down-regula-
tion of miRNA-206 expression, promotes hypertrophy of cultured myotubes [81]. On the
other hand, over-expression of miRNA-206 in vitro and in vivo, did not result in muscle atro-
phy. Hence, miRNA-206-HDAC4 axis did not alter skeletal muscle mass of young adult mice
[81]. Therefore, we speculated, consistent with Williams’ hypothesis [29], that FGFBP1 is the
key protein downstream HDAC4, responsible of miRNA-206 neuroprotective actions. In fact,
FGFBP1 interacts with FGF-7, FGF-10 and FGF-22 family members and potentiates their bio-
activity by releasing them into the extracellular matrix [82]. FGFs are muscle-derived regula-
tors that promote presynaptic differentiation of the NMJ [83]. For this reason, we speculate
that endogenous miRNA-206 up-regulation, with consequent HDAC4 protein reduction and
FGFBP1 mRNA increase might be a neuroprotective mechanism activated by muscle cells to
increase re-innervation of muscle endplates, however not sufficient, to rescue motor neuron
from death. The late activation of this neuroprotective mechanism might be correlated to the
late denervation of the NMJs. On the contrary, to treat animals in the very early stage disease
would very important for therapeutic efficacy. Indeed, previous studies with self-complementa-
ry adeno-associated virus 9 to delivery SMN (scAAV9-SMN) in SMA pups, demonstrated that
injection of scAAV9-SMN at P1 rescues motor function, neuromuscular physiology and in-
creases lifespan of mice; at P5 results in partial correction; at P10 the treatment has little effect
[84]. According to this study, TSA administration at P5, but not at P10, increases SMN and
SMNΔ7 proteins [54].

Future perspectives in SMA therapy
We speculate that increasing miRNA-206 levels in quadriceps muscles, in a pre-symptomatic
phase of the pathology, can protect motor neurons, improve motor ability and life expectancy
of transgenic mice, similar to the neuroprotective effect observed in ALS mice [29]. Therefore,
further studies are necessary to unravel this important aspect. Indeed, future experiments will
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be drawn to up-regulate miRNA-206 levels in muscles of SMAmice to investigate its neuropro-
tective role and to characterize the complete molecular pathway downstream miRNA-206 acti-
vation. A list of putative miRNA-206 target genes compiled from TargetScan, PicTar and
Miranda databases revealed an over-representation of genes associated with protein modifica-
tion, transport, cytoskeleton organization, RNA metabolism and transcription [69]. However,
further studies are required to investigate other molecular targets of miRNA-206 that could be
relevant in motor neuron diseases. In fact, any given miRNA may have hundreds of targets,
therefore altering the cellular level of a single miRNA has the potential to regulate multiple cel-
lular pathways simultaneously. This property can be advantageous as a means to modulate a
disease process in its entirety. In particular, miRNA therapeutics for neurodegenerative dis-
eases represent a growing field of research as a therapeutic approach. The first miRNA-targeted
drug that enters phase II clinical trials is miravirsen, that specifically binds to miRNA-122 and
effectively decreased hepatitis C virus replication [85]. The mimic of miRNA-34a, a tumor sup-
pressor miRNA, entered phase I clinical trials [86]. Many more miRNA therapeutics are ex-
pected to enter clinical trials as new disease targets are identified and new sequences show
activity in diseases.

Conclusions
Overall, our morphological data confirmed muscle shrinkage in SMA fibers and profound al-
terations of the NMJ, not correlated with denervation of the synaptic terminals; and provided
novel information regarding the fiber type distribution in quadriceps of SMAII mice at P10.
Furthermore, our molecular investigation confirmed a direct link between miRNA-
206-HDAC4 and FGFBP1 in vitro and in vivo, and that this pathway is up-regulated in a late
phase of the disease, suggesting that miRNA-206 could be an innovative, still relatively unex-
plored, strategy to treat SMA. Future studies will be aimed at specifically addressing
these questions.

Acknowledgments
This work was supported by funds from Girotondo/ONLUS and Smarathon-ONLUS associa-
tions to AV, and by University of Turin (ex 60% Linea B 2013) grant to MB.

Author Contributions
Conceived and designed the experiments: VVMB. Performed the experiments: VV MB EdA
AP. Analyzed the data: VVMB. Contributed reagents/materials/analysis tools: VV. Wrote the
paper: VV MB AV.

References
1. Pearn J (1980) Classification of spinal muscular atrophies. LANCET 1(8174):919–22. PMID: 6103267

2. McAndrew PE, Parsons DW, Simard LR, Rochette C, Ray PN, Mendell JR, et al. (1997) Identification of
proximal spinal muscular atrophy carriers and patients by analysis of SMNT and SMNC gene copy
number. AM J HUMGENET 60(6):1411–22. PMID: 9199562

3. Cifuentes-Diaz C, Frugier T, Melki J (2002) Spinal muscular atrophy. SEMIN PEDIATR NEUROL 9
(2):145–50. PMID: 12138998

4. d’Errico P, Boido M, Piras A, Valsecchi V, De Amicis E, Locatelli D, et al. (2013) Selective vulnerability
of spinal and cortical motor neuron subpopulations in delta7 SMAmice. PLOSONE 8(12):e82654. doi:
10.1371/journal.pone.0082654 PMID: 24324819

5. Lefebvre S, Bürglen L, Reboullet S, Clermont O, Burlet P, Viollet L, et al. (1995) Identification and char-
acterization of a spinal muscular atrophy-determining gene. CELL 80(1):155–65. PMID: 7813012

MiRNA 206 and SMA

PLOSONE | DOI:10.1371/journal.pone.0128560 June 1, 2015 13 / 17

http://www.ncbi.nlm.nih.gov/pubmed/6103267
http://www.ncbi.nlm.nih.gov/pubmed/9199562
http://www.ncbi.nlm.nih.gov/pubmed/12138998
http://dx.doi.org/10.1371/journal.pone.0082654
http://www.ncbi.nlm.nih.gov/pubmed/24324819
http://www.ncbi.nlm.nih.gov/pubmed/7813012


6. Coovert DD, Le TT, McAndrew PE, Strasswimmer J, Crawford TO, Mendell JR, et al. (1997) The surviv-
al motor neuron protein in spinal muscular atrophy. HUMMOL GENET (8: ):1205–14. PMID: 9259265

7. Lefebvre S, Burlet P, Liu Q, Bertrandy S, Clermont O, Munnich A, et al. (1997) Correlation between se-
verity and SMN protein level in spinal muscular atrophy. NAT GENET (3: ):265–9. PMID: 9354782

8. Lorson CL, Hahnen E, Androphy EJ, Wirth B (1999) A single nucleotide in the SMN gene regulates
splicing and is responsible for spinal muscular atrophy. PROC NATL ACAD SCI USA 96(11):6307–11.
PMID: 10339583

9. Monani UR, Lorson CL, Parsons DW, Prior TW, Androphy EJ, Burghes AH, et al. (1999). A single nu-
cleotide difference that alters splicing patterns distinguishes the SMA gene SMN1 from the copy gene
SMN2. HUMMOL GENET 8(7):1177–83. PMID: 10369862

10. Feldkotter M, Schwarzer V, Wirth R, Wienker TF, Wirth B (2002) Quantitative analyses of SMN1 and
SMN2 based on real-time lightCycler PCR: fast and highly reliable carrier testing and prediction of se-
verity of spinal muscular atrophy. AM J HUMGENET 70(2):358–68. PMID: 11791208

11. Burghes AH, Beattie CE (2009) Spinal muscular atrophy: why do low levels of survival motor neuron
protein make motor neurons sick? NAT REV NEUROSCI 10(8):597–609. doi: 10.1038/nrn2670 PMID:
19584893

12. Zhang Z, Lotti F, Dittmar K, Younis I, Wan L, Kasim M, et al. (2008) SMN deficiency causes tissue-spe-
cific perturbations in the repertoire of snRNAs and widespread defects in splicing. CELL 133(4):585–
600. doi: 10.1016/j.cell.2008.03.031 PMID: 18485868

13. Bäumer D, Lee S, Nicholson G, Davies JL, Parkinson NJ, Murray LM et al. (2009) Alternative splicing
events are a late feature of pathology in a mouse model of spinal muscular atrophy. PLOSGENET 5
(12):e1000773. doi: 10.1371/journal.pgen.1000773 PMID: 20019802

14. Giavazzi A, Setola V, Simonati A, Battaglia G (2006) Neuronal-specific roles of the survival motor neu-
ron protein: evidence from survival motor neuron expression patterns in the developing human central
nervous system. J NEUROPATHOL EXP NEUROL 65(3):267–77. PMID: 16651888

15. Setola V, Terao M, Locatelli D, Bassanini S, Garattini E, Battaglia G (2007) Axonal-SMN (a-SMN), a
protein isoform of the survival motor neuron gene, is specifically involved in axonogenesis. PROC
NATL ACAD SCI USA 104(6):1959–64. PMID: 17261814

16. Kubota M, Sakakihara Y, Uchiyama Y, Nara A, Nagata T, Nitta H, et al. (2000) New ocular movement
detector system as a communication tool in ventilator-assistedWerdnig-Hoffmann disease. DEVMED
CHILD NEUROL 42(1):61–4. PMID: 10665977

17. Mourelatos Z, Dostie J, Paushkin S, Sharma A, Charroux B, Abel L, et al. (2002) miRNPs: a novel class
of ribonucleoproteins containing numerous microRNAs. GENES DEV 16(6):720–8. PMID: 11914277

18. Charroux B, Pellizzoni L, Perkinson RA, Shevchenko A, Mann M, Dreyfuss G (1999) Gemin3: A novel
DEAD box protein that interacts with SMN, the spinal muscular atrophy gene product, and is a compo-
nent of gems. J CELL BIOL 147(6):1181–94. PMID: 10601333

19. Charroux B, Pellizzoni L, Perkinson RA, Yong J, Shevchenko A, Mann M, et al. (2000) Gemin4. A novel
component of the SMN complex that is found in both gems and nucleoli. J CELL BIOL 148(6):1177–
86. PMID: 10725331

20. Liu Q, Fischer U, Wang F, Dreyfuss G (1997) The spinal muscular atrophy disease gene product, SMN,
and its associated protein SIP1 are in a complex with spliceosomal snRNP proteins. CELL 90
(6):1013–21. PMID: 9323129

21. Meister G, Bühler D, Laggerbauer B, ZobawaM, Lottspeich F, Fischer U (2001) Characterization of a
nuclear 20S complex containing the survival of motor neurons (SMN) protein and a specific subset of
spliceosomal Sm proteins. HUMMOLGENET 9(13):1977–86.

22. Gubitz AK, FengW, Dreyfuss G (2004) The SMN complex. EXP CELL RES 296(1):51–6. PMID:
15120993

23. Paushkin S, Gubitz AK, Massenet S, Dreyfuss G (2002) The SMN complex, an assemblyosome of ribo-
nucleoproteins. CURROPIN CELL BIOL 14(3):305–12. PMID: 12067652

24. Pellizzoni L, Baccon J, Rappsilber J, Mann M, Dreyfuss G (2002) Purification of native survival of motor
neurons complexes and identification of Gemin6 as a novel component. J BIOL CHEM 277(9):7540–5.
PMID: 11748230

25. Baccon J, Pellizzoni L, Rappsilber J, Mann M, Dreyfuss G (2002) Identification and characterization of
Gemin7, a novel component of the survival of motor neuron complex. J BIOL CHEM 277(35):31957–
62. PMID: 12065586

26. Pellizzoni L, Yong J, Dreyfuss G (2001) Essential role for the SMN complex in the specificity of snRNP
assembly. SCIENCE 298(5599):1775–9.

27. Dostie J, Mourelatos Z, Yang M, Sharma A, Dreyfuss G (2003) Numerous microRNPs in neuronal cells
containing novel microRNAs. RNA 9(2):180–6. PMID: 12554860

MiRNA 206 and SMA

PLOSONE | DOI:10.1371/journal.pone.0128560 June 1, 2015 14 / 17

http://www.ncbi.nlm.nih.gov/pubmed/9259265
http://www.ncbi.nlm.nih.gov/pubmed/9354782
http://www.ncbi.nlm.nih.gov/pubmed/10339583
http://www.ncbi.nlm.nih.gov/pubmed/10369862
http://www.ncbi.nlm.nih.gov/pubmed/11791208
http://dx.doi.org/10.1038/nrn2670
http://www.ncbi.nlm.nih.gov/pubmed/19584893
http://dx.doi.org/10.1016/j.cell.2008.03.031
http://www.ncbi.nlm.nih.gov/pubmed/18485868
http://dx.doi.org/10.1371/journal.pgen.1000773
http://www.ncbi.nlm.nih.gov/pubmed/20019802
http://www.ncbi.nlm.nih.gov/pubmed/16651888
http://www.ncbi.nlm.nih.gov/pubmed/17261814
http://www.ncbi.nlm.nih.gov/pubmed/10665977
http://www.ncbi.nlm.nih.gov/pubmed/11914277
http://www.ncbi.nlm.nih.gov/pubmed/10601333
http://www.ncbi.nlm.nih.gov/pubmed/10725331
http://www.ncbi.nlm.nih.gov/pubmed/9323129
http://www.ncbi.nlm.nih.gov/pubmed/15120993
http://www.ncbi.nlm.nih.gov/pubmed/12067652
http://www.ncbi.nlm.nih.gov/pubmed/11748230
http://www.ncbi.nlm.nih.gov/pubmed/12065586
http://www.ncbi.nlm.nih.gov/pubmed/12554860


28. Haramati S, Chapnik E, Sztainberg Y, Eilam R, Zwang R, Gershoni N, et al. (2010) miRNAmalfunction
causes spinal motor neuron disease. PROCNATL ACAD SCI USA 107(29):13111–6. doi: 10.1073/
pnas.1006151107 PMID: 20616011

29. Williams AH, Valdez G, Moresi V, Qi X, McAnally J, Elliott JL, et al. (2009) MicroRNA-206 delays ALS
progression and promotes regeneration of neuromuscular synapses in mice. SCIENCE 326
(5959):1549–54. doi: 10.1126/science.1181046 PMID: 20007902

30. Bruijn LI, Miller TM, Cleveland DW (2004) Unraveling the mechanisms involved in motor neuron degen-
eration in ALS. ANNU REV NEURSCI 27:723–49. PMID: 15217349

31. Dunckley T, Huentelman MJ, Craig DW, Pearson JV, Szelinger S, Joshipura K, et al. (2007) Whole-
genome analysis of sporadic amyotrophic lateral sclerosis. N ENG J MED 357(8):775–88. PMID:
17671248

32. Bruneteau G, Simonet T, Bauché S, Mandjee N, Malfatti E, Girard E, et al. (2013) Muscle histone dea-
cetylase 4 upregulation in amyotrophic lateral sclerosis: potential role in reinnervation ability and dis-
ease progression. BRAIN 136(Pt 8):2359–68. doi: 10.1093/brain/awt164 PMID: 23824486

33. Schmidt R, Voit T (1993) Ultrasound measurement of quadriceps muscle in the first year of life. Normal
values and application to spinal muscular atrophy. NEUROPEDIATRICS 24(1):36–42. PMID: 8474609

34. Deymeer F, Serdaroglu P, Parman Y, Poda M (2008) Natural history of SMA IIIb: muscle strength de-
creases in a predictable sequence and magnitude. NEUROLOGY 71(9):644–9. doi: 10.1212/01.wnl.
0000324623.89105.c4 PMID: 18725590

35. Murray LM, Talbot K, Gillingwater TH (2010) Review: neuromuscular synaptic vulnerability in motor
neurone disease: amyotrophic lateral sclerosis and spinal muscular atrophy. NEUROPATHOL APPL
NEUROBIOL 36(2):133–56. doi: 10.1111/j.1365-2990.2010.01061.x PMID: 20202121

36. Le TT, Pham LT, Butchbach ME, Zhang HL, Monani UR, Coovert DD, et al. (2005) SMNDelta7, the
major product of the centromeric survival motor neuron (SMN2) gene, extends survival in mice with spi-
nal muscular atrophy and associates with full-length SMN. HUMMOL GENET 14(6):845–57. PMID:
15703193

37. Valsecchi V, Boido M, Piras A, Spigolon G, and Vercelli A (2013) Motor and Molecular Analysis to De-
tect the Early Symptoms in a Mouse Amyotrophic Lateral Sclerosis Model. HEALTH 5(10):1712–18.

38. Ruiz-Rosado A, Fernanxdez-Valverde F, Mariscal-Tovar S, Hinojosa-Rodriguez CX, Hernández-
Valencia JA, Anzueto-Rios Á, et al. (2013) Histoenzymatic and morphometric analysis of muscle fiber
type transformation during the postnatal development of the chronically food-deprived rat. J HISTO-
CHEMCYTOCHEM 61(5):372–81. doi: 10.1369/0022155413480149 PMID: 23392735

39. Ling KK, Gibbs RM, Feng Z, Ko CP (2012) Severe neuromuscular denervation of clinically relevant
muscles in a mouse model of spinal muscular atrophy. HUMMOL GENET 21(1):185–95. doi: 10.1093/
hmg/ddr453 PMID: 21968514

40. McCarthy JJ, Esser KA, Andrade FH (2007) MicroRNA-206 is overexpressed in the diaphragm but not
the hindlimb muscle of mdx mouse. AM J PHYSIOL CELL PHYSIOL 293(1):C451–7. PMID: 17459947

41. Murray LM, Comley LH, Thomson D, Parkinson N, Talbot K, Gillingwater TH (2008) Selective vulnera-
bility of motor neurons and dissociation of pre- and post-synaptic pathology at the neuromuscular junc-
tion in mouse models of spinal muscular atrophy. HUMMOL GENET 17(7):949–62. PMID: 18065780

42. Kong L, Wang X, Choe DW, Polley M, Burnett BG, Bosch-Marcé M, et al. (2009) Impaired synaptic ves-
icle release and immaturity of neuromuscular junctions in spinal muscular atrophy mice. J NEUROSCI
29(3):842–51. doi: 10.1523/JNEUROSCI.4434-08.2009 PMID: 19158308

43. MacDougall JD, Sale DG, Elder GC, Sutton JR (1982) Muscle ultrastructural characteristics of elite
powerlifters and bodybuilders. EUR J APLL PHYSIOL OCCUP PHYSIOL 48(1):117–26. PMID:
7199447

44. MacDougall JD, Sale DG, Elder GC, Sutton JR (1984) Muscle fiber number in biceps brachii in body-
builders and control subjects. J APPL PHYSIOL RESPIR ENVIRON EXERC PHYSIOL 57(5):1399–
403. PMID: 6520032

45. Dubowitz V. (1978) Muscle disorders in childhood. MAJOR PROBL CLIN PEDIATR 16:iii–xiii, 1–282.
PMID: 661378

46. Pun S, Santos AF, Saxena S, Xu L, Caroni P (2006) Selective vulnerability and pruning of phasic moto-
neuron axons in motoneuron disease alleviated by CNTF. NAT NEUROSCI 9(3):408–19. PMID:
16474388

47. Hegedus J, Putman CT, Gordon T (2007) Time course of preferential motor unit loss in the SOD1 G93A
mouse model of amyotrophic lateral sclerosis. NEUROBIOL DIS 28(2):154–64. PMID: 17766128

48. Pun S, Sigrist M, Santos AF, Ruegg MA, Sanes JR, Jessell TM, et al. (2002) An intrinsic distinction in
neuromuscular junction assembly and maintenance in different skeletal muscles. NEURON 34
(3):357–70. PMID: 11988168

MiRNA 206 and SMA

PLOSONE | DOI:10.1371/journal.pone.0128560 June 1, 2015 15 / 17

http://dx.doi.org/10.1073/pnas.1006151107
http://dx.doi.org/10.1073/pnas.1006151107
http://www.ncbi.nlm.nih.gov/pubmed/20616011
http://dx.doi.org/10.1126/science.1181046
http://www.ncbi.nlm.nih.gov/pubmed/20007902
http://www.ncbi.nlm.nih.gov/pubmed/15217349
http://www.ncbi.nlm.nih.gov/pubmed/17671248
http://dx.doi.org/10.1093/brain/awt164
http://www.ncbi.nlm.nih.gov/pubmed/23824486
http://www.ncbi.nlm.nih.gov/pubmed/8474609
http://dx.doi.org/10.1212/01.wnl.0000324623.89105.c4
http://dx.doi.org/10.1212/01.wnl.0000324623.89105.c4
http://www.ncbi.nlm.nih.gov/pubmed/18725590
http://dx.doi.org/10.1111/j.1365-2990.2010.01061.x
http://www.ncbi.nlm.nih.gov/pubmed/20202121
http://www.ncbi.nlm.nih.gov/pubmed/15703193
http://dx.doi.org/10.1369/0022155413480149
http://www.ncbi.nlm.nih.gov/pubmed/23392735
http://dx.doi.org/10.1093/hmg/ddr453
http://dx.doi.org/10.1093/hmg/ddr453
http://www.ncbi.nlm.nih.gov/pubmed/21968514
http://www.ncbi.nlm.nih.gov/pubmed/17459947
http://www.ncbi.nlm.nih.gov/pubmed/18065780
http://dx.doi.org/10.1523/JNEUROSCI.4434-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19158308
http://www.ncbi.nlm.nih.gov/pubmed/7199447
http://www.ncbi.nlm.nih.gov/pubmed/6520032
http://www.ncbi.nlm.nih.gov/pubmed/661378
http://www.ncbi.nlm.nih.gov/pubmed/16474388
http://www.ncbi.nlm.nih.gov/pubmed/17766128
http://www.ncbi.nlm.nih.gov/pubmed/11988168


49. Lee YI, Mikesh M, Smith I, Rimer M, ThompsonW (2011) Muscles in a mouse model of spinal muscular
atrophy show profound defects in neuromuscular development even in the absence of failure in neuro-
muscular transmission or loss of motor neurons. DEV BIOL 356(2):432–44. doi: 10.1016/j.ydbio.2011.
05.667 PMID: 21658376

50. Cifuentes-Diaz C, Nicole S, Velasco ME, Borra-Cebrian C, Panozzo C, Frugier T, et al. (2002) Neurofi-
lament accumulation at the motor endplate and lack of axonal sprouting in a spinal muscular atrophy
mouse model. HUMMOL GENET 11(12):1439–47. PMID: 12023986

51. Nicole S, Diaz CC, Frugier T, Melki J (2002) Spinal muscular atrophy: recent advances and future pros-
pects. MUSCLE NERVE 26(1):4–13. PMID: 12115944

52. Lieber RL, JacobsonMD, Fazeli BM, Abrams RA, Botte MJ (1992) Architecture of selected muscles of
the arm and forearm: anatomy and implications for tendon transfer. J HAND SURG AM 17(5):787–98.
PMID: 1401782

53. Gokhin DS, Ward SR, Bremner SN, Lieber RL (2008) Quantitative analysis of neonatal skeletal muscle
functional improvement in the mouse. J EXP BIOL 211(Pt 6):837–43. doi: 10.1242/jeb.014340 PMID:
18310108

54. Avila AM, Burnett BG, Taye AA, Gabanella F, Knight MA, Hartenstein P, et al. (2007) Trichostatin A in-
creases SMN expression and survival in a mouse model of spinal muscular atrophy. J CLIN INVEST
117(3):659–71. PMID: 17318264

55. Kummer TT, Misgeld T, Lichtman JW, Sanes JR (2004) Nerve-independent formation of a topologically
complex postsynaptic apparatus. J CELL BIOL 164(7):1077–87. PMID: 15037598

56. Ling KK, Lin MY, Zingg B, feng Z, Ko CP (2010) Synaptic defects in the spinal and neuromuscular cir-
cuitry in a mouse model of spinal muscular atrophy. PLOSONE 5(11):e15457. doi: 10.1371/journal.
pone.0015457 PMID: 21085654

57. Ruiz R, Casañas JJ, Torres-Benito L, Cano R, Tabares L (2010) Altered intracellular Ca2+ homeostasis
in nerve terminals of severe spinal muscular atrophy mice. J NEUROSCI 30(3):849–57. doi: 10.1523/
JNEUROSCI.4496-09.2010 PMID: 20089893

58. Cleveland DW, Rothstein JD (2001) From Charcot to Lou Gehrig: deciphering selective motor neuron
death in ALS. NAT REV NEUROSCI 2(11):806–19. PMID: 11715057

59. Kim HK, Lee YS, Sivaprasad U, Malhotra A, Dutta A (2006) Muscle-specific microRNAmiR-206 pro-
motes muscle differentiation. J CELL BIOL 174(5):677–87. PMID: 16923828

60. Anderson C, Catoe H, Werner R (2006) MIR-206 regulates connexin43 expression during skeletal mus-
cle development. NUCLEIC ACIDS RES 34(20):5863–71. PMID: 17062625

61. Rosenberg MI, Georges SA, Asawachaicharn A, Analau E, Tapscott SJ (2006) MyoD inhibits Fstl1 and
Utrn expression by inducing transcription of miR-206. J CELL BIOL 175(1):77–85. PMID: 17030984

62. Taulli R, Bersani F, Foglizzo V, Linari A, Vigna E, Ladanyi M, et al. (2009) The muscle-specific micro-
RNAmiR-206 blocks human rhabdomyosarcoma growth in xenotransplanted mice by promoting myo-
genic differentiation. J CLIN INVEST 119(8):2366–78. doi: 10.1172/JCI38075 PMID: 19620785

63. Yuasa K, Hagiwara Y, Ando M, Nakamura A, Takeda S, Hijikata T (2008) MicroRNA-206 is highly ex-
pressed in newly formed muscle fibers: implications regarding potential for muscle regeneration and
maturation in muscular dystrophy. CELL STRUCT FUNCT 33(2):163–9. PMID: 18827405

64. Greco S, De Simone M, Colussi C, Zaccagnini G, Fasanaro P, Pescatori M, et al. (2009) Common
micro-RNA signature in skeletal muscle damage and regeneration induced by Duchennemuscular dys-
trophy and acute ischemia. FASEB J. 23(10):3335–46. doi: 10.1096/fj.08-128579 PMID: 19528256

65. Liu N, Williams AH, Maxeiner JM, Bezprozvannaya S, Shelton JM, Richardson JA, et al. (2012) micro-
RNA-206 promotes skeletal muscle regeneration and delays progression of Duchenne muscular dys-
trophy in mice. J CLIN INVEST 122(6):2054–65. doi: 10.1172/JCI62656 PMID: 22546853

66. Takada S, Berezikov E, Yamashita Y, Lagos-Quintana M, KloostermanWP, Enomoto M, et al. (2006)
Mouse microRNA profiles determined with a new and sensitive cloning method. NUCLEIC ACIDS RES
34(17):e115. PMID: 16973894

67. Winbanks CE, Wang B, Beyer C, Koh P, White L, Kantharidis P, Gregorevic P (2011) TGF-beta regu-
lates miR-206 and miR-29 to control myogenic differentiation through regulation of HDAC4. J BIOL
CHEM 286(16):13805–14. doi: 10.1074/jbc.M110.192625 PMID: 21324893

68. Lewis BP, Burge CB, Bartel DP (2005) Conserved seed pairing, often flanked by adenosines, indicates
that thousands of human genes are microRNA targets. CELL 120(1):15–20. PMID: 15652477

69. McCarthy JJ (2008) MicroRNA-206: the skeletal muscle-specific myomiR. BIOCHIM BIOPHYS ACTA
1779(11):682–91. doi: 10.1016/j.bbagrm.2008.03.001 PMID: 18381085

70. Grozinger CM, Hassig CA, Schreiber SL (1999) Three proteins define a class of human histone deace-
tylases related to yeast Hda1p. PROC NATL ACAD SCI USA 96(9):4868–73. PMID: 10220385

MiRNA 206 and SMA

PLOSONE | DOI:10.1371/journal.pone.0128560 June 1, 2015 16 / 17

http://dx.doi.org/10.1016/j.ydbio.2011.05.667
http://dx.doi.org/10.1016/j.ydbio.2011.05.667
http://www.ncbi.nlm.nih.gov/pubmed/21658376
http://www.ncbi.nlm.nih.gov/pubmed/12023986
http://www.ncbi.nlm.nih.gov/pubmed/12115944
http://www.ncbi.nlm.nih.gov/pubmed/1401782
http://dx.doi.org/10.1242/jeb.014340
http://www.ncbi.nlm.nih.gov/pubmed/18310108
http://www.ncbi.nlm.nih.gov/pubmed/17318264
http://www.ncbi.nlm.nih.gov/pubmed/15037598
http://dx.doi.org/10.1371/journal.pone.0015457
http://dx.doi.org/10.1371/journal.pone.0015457
http://www.ncbi.nlm.nih.gov/pubmed/21085654
http://dx.doi.org/10.1523/JNEUROSCI.4496-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.4496-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20089893
http://www.ncbi.nlm.nih.gov/pubmed/11715057
http://www.ncbi.nlm.nih.gov/pubmed/16923828
http://www.ncbi.nlm.nih.gov/pubmed/17062625
http://www.ncbi.nlm.nih.gov/pubmed/17030984
http://dx.doi.org/10.1172/JCI38075
http://www.ncbi.nlm.nih.gov/pubmed/19620785
http://www.ncbi.nlm.nih.gov/pubmed/18827405
http://dx.doi.org/10.1096/fj.08-128579
http://www.ncbi.nlm.nih.gov/pubmed/19528256
http://dx.doi.org/10.1172/JCI62656
http://www.ncbi.nlm.nih.gov/pubmed/22546853
http://www.ncbi.nlm.nih.gov/pubmed/16973894
http://dx.doi.org/10.1074/jbc.M110.192625
http://www.ncbi.nlm.nih.gov/pubmed/21324893
http://www.ncbi.nlm.nih.gov/pubmed/15652477
http://dx.doi.org/10.1016/j.bbagrm.2008.03.001
http://www.ncbi.nlm.nih.gov/pubmed/18381085
http://www.ncbi.nlm.nih.gov/pubmed/10220385


71. Moresi V, Williams AH, Meadows E, Flynn JM, Potthoff MJ, McAnally J, et al. (2010) Myogenin and class
II HDACs control neurogenic muscle atrophy by inducing E3 ubiquitin ligases. CELL 143(1):35–45. doi:
10.1016/j.cell.2010.09.004 PMID: 20887891

72. Riessland M, Ackermann B, Förster A, Jakubik M, Hauke J, Garbes L, et al. (2010) SAHA ameliorates
the SMA phenotype in two mouse models for spinal muscular atrophy. HUMMOL GENET 19(8):1492–
506. doi: 10.1093/hmg/ddq023 PMID: 20097677

73. Andreassi C, Angelozzi C, Tiziano FD, Vitali T, De Vincenzi E, Boninsegna A, et al. (2004) Phenylbuty-
rate increases SMN expression in vitro: relevance for treatment of spinal muscular atrophy. EUR J
HUMGENET 12(1):59–65. PMID: 14560316

74. Chang JG, Hsieh-Li HM, Jong YJ, Wang NM, Tsai CH, Li H (2001) Treatment of spinal muscular atro-
phy by sodium butyrate. PROCNATL ACAD SCI USA 98(17):9808–13. PMID: 11504946

75. Brichta L, Hofmann Y, Hahnen E, Siebzehnrubl FA, Raschke H, Blumcke I, et al. (2003) Valproic acid
increases the SMN2 protein level: a well-known drug as a potential therapy for spinal muscular atrophy.
HUMMOL GENET 12(19):2481–9. PMID: 12915451

76. Sproule DM, Kaufmann P (2010) Therapeutic developments in spinal muscular atrophy. THER ADV
NEUROL DISORD 3(3):173–85. doi: 10.1177/1756285610369026 PMID: 21179609

77. Arnold WD, Burghes AH (2013) Spinal muscular atrophy: development and implementation of potential
treatments. ANN NEUROL 74(3):348–62. doi: 10.1002/ana.23995 PMID: 23939659

78. Miska EA, Karlsson C, Langley E, Nielsen SJ, Pines J, Kouzarides T (1999) HDAC4 deacetylase asso-
ciates with and represses the MEF2 transcription factor. EMBO J. 18(18):5099–107. PMID: 10487761

79. Cohen TJ, Waddell DS, Barrientos T, Lu Z, Feng G, Cox GA, et al. (2007) The histone deacetylase
HDAC4 connects neural activity to muscle transcriptional reprogramming. J BIOL CHEM 282
(46):33752–9. PMID: 17873280

80. Tang H, Macpherson P, Marvin M, Meadows E, Klein WH, Yang XJ, et al. (2009) A histone deacetylase
4/myogenin positive feedback loop coordinates denervation-dependent gene induction and suppres-
sion. MOL BIOL CELL 20(4):1120–31. doi: 10.1091/mbc.E08-07-0759 PMID: 19109424

81. Winbanks CE, Beyer C, Hagg A, Qian H, Sepulveda PV, Gregorevic P (2013) miR-206 represses hy-
pertrophy of myogenic cells but not muscle fibers via inhibition of HDAC4. PLOS ONE 8(9):e73589.
doi: 10.1371/journal.pone.0073589 PMID: 24023888

82. Beer HD, Bittner M, Niklaus G, Munding C, Max N, Goppelt A, et al. (2005) The fibroblast growth factor
binding protein is a novel interaction partner of FGF-7, FGF-10 and FGF-22 and regulates FGF activity:
implications for epithelial repair. ONCOGENE 24(34):5269–77. PMID: 15806171

83. Fox MA, Sanes JR, Borza DB, Eswarakumar VP, Fässler R, Hudson BG, et al. (2007) Distinct target-
derived signals organize formation, maturation, and maintenance of motor nerve terminals. CELL 129
(1):179–93. PMID: 17418794

84. Foust KD, Wang X, McGovern VL, Braun L, Bevan AK, Haidet AM, et al. (2010) Rescue of the spinal
muscular atrophy phenotype in a mouse model by early postnatal delivery of SMN. NAT BIOTECHNOL
28(3):271–4. doi: 10.1038/nbt.1610 PMID: 20190738

85. Janssen HL, Kauppinen S, Hodges MR (2013) HCV infection and miravirsen. N ENGL J MED 369
(9):878. doi: 10.1056/NEJMc1307787 PMID: 23984739

86. Liu C, Kelnar K, Liu B, Chen X, Calhoun-Davis T, Li H, et al. (2011) The microRNAmiR-34a inhibits
prostate cancer stem cells and metastasis by directly repressing CD44. NAT MED 17(2):211–5. doi:
10.1038/nm.2284 PMID: 21240262

MiRNA 206 and SMA

PLOSONE | DOI:10.1371/journal.pone.0128560 June 1, 2015 17 / 17

http://dx.doi.org/10.1016/j.cell.2010.09.004
http://www.ncbi.nlm.nih.gov/pubmed/20887891
http://dx.doi.org/10.1093/hmg/ddq023
http://www.ncbi.nlm.nih.gov/pubmed/20097677
http://www.ncbi.nlm.nih.gov/pubmed/14560316
http://www.ncbi.nlm.nih.gov/pubmed/11504946
http://www.ncbi.nlm.nih.gov/pubmed/12915451
http://dx.doi.org/10.1177/1756285610369026
http://www.ncbi.nlm.nih.gov/pubmed/21179609
http://dx.doi.org/10.1002/ana.23995
http://www.ncbi.nlm.nih.gov/pubmed/23939659
http://www.ncbi.nlm.nih.gov/pubmed/10487761
http://www.ncbi.nlm.nih.gov/pubmed/17873280
http://dx.doi.org/10.1091/mbc.E08-07-0759
http://www.ncbi.nlm.nih.gov/pubmed/19109424
http://dx.doi.org/10.1371/journal.pone.0073589
http://www.ncbi.nlm.nih.gov/pubmed/24023888
http://www.ncbi.nlm.nih.gov/pubmed/15806171
http://www.ncbi.nlm.nih.gov/pubmed/17418794
http://dx.doi.org/10.1038/nbt.1610
http://www.ncbi.nlm.nih.gov/pubmed/20190738
http://dx.doi.org/10.1056/NEJMc1307787
http://www.ncbi.nlm.nih.gov/pubmed/23984739
http://dx.doi.org/10.1038/nm.2284
http://www.ncbi.nlm.nih.gov/pubmed/21240262

