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Abstract

Background: Duchenne (DMD) and Becker (BMD) muscular dystrophies are caused by mutations in the DMD gene
coding for dystrophin, a protein being part of a large sarcolemmal protein scaffold that includes the neuronal nitric
oxide synthase (nNOS). The nNOS was shown to play critical roles in a variety of muscle functions and alterations of
its expression and location in dystrophic muscle fiber leads to an increase of the muscle fatigability. We previously
revealed a decrease of nNOS expression in BMD patients all presenting a deletion of exons 45 to 55 in the DMD
gene (BMDd45-55), impacting the nNOS binding site of dystrophin. Since several studies showed deregulation of
microRNAs (miRNAs) in dystrophinopathies, we focused on miRNAs that could target nNOS in dystrophic context.

Methods: By a screening of 617 miRNAs in BMDd45-55 muscular biopsies using TLDA and an in silico study to
determine which one could target nNOS, we selected four miRNAs. In order to select those that targeted a
sequence of 3′UTR of NOS1, we performed luciferase gene reporter assay in HEK393T cells. Finally, expression of
candidate miRNAs was modulated in control and DMD human myoblasts (DMDd45-52) to study their ability to
target nNOS.

Results: TLDA assay and the in silico study allowed us to select four miRNAs overexpressed in muscle biopsies of
BMDd45-55 compared to controls. Among them, only the overexpression of miR-31, miR-708, and miR-34c led to
a decrease of luciferase activity in an NOS1-3′UTR-luciferase assay, confirming their interaction with the NOS1-3′
UTR. The effect of these three miRNAs was investigated on control and DMDd45-52 myoblasts. First, we showed
a decrease of nNOS expression when miR-708 or miR-34c were overexpressed in control myoblasts. We then
confirmed that DMDd45-52 cells displayed an endogenous increased of miR-31, miR-708, and miR-34c and a
decreased of nNOS expression, the same characteristics observed in BMDd45-55 biopsies. In DMDd45-52 cells, we
demonstrated that the inhibition of miR-708 and miR-34c increased nNOS expression, confirming that both
miRNAs can modulate nNOS expression in human myoblasts.

Conclusion: These results strongly suggest that miR-708 and miR-34c, overexpressed in dystrophic context, are
new actors involved in the regulation of nNOS expression in dystrophic muscle.
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Background
Duchenne muscular dystrophy (DMD) is a progressive and
fatal X-linked neuromuscular disorder caused by mutations
in dystrophin gene (DMD) [1, 2]. The disease is due to mu-
tations that disrupt the translational reading frame, leading
to the loss of the protein dystrophin expression. Mutations
in the DMD gene that preserve the open reading frame
allow the production of an abnormal truncated dystrophin
still retaining some functional capacity, leading to a milder
muscle disease (Becker muscular dystrophy or BMD) [3, 4].
This feature is the rationale of exon skipping therapy and
genome editing strategies now in development [5–7]. The
principle of these approaches is to delete one or multiple
exons in order to obtain the production of a truncated dys-
trophin, inducing a phenotypic conversion of DMD into
BMD. To apply these strategies to a larger number of eli-
gible patients, the skipping of exons 45 to 55 of the DMD
gene has been proposed since that could correct the read-
ing frame in about 63% of DMD patients with deletions [8,
9]. Given the perspective of this approach, the therapeutic
relevance of the resulting 45–55 truncated dystrophin may
be deduced from the clinical status of BMD patients carry-
ing spontaneous deletion of exons 45 to 55 of the DMD
gene (BMDd45-55). Likewise, molecular investigations of
factors involved in pathophysiological process occurring in
muscle of these patients are of great interest.
Dystrophin is a 427-kDa protein that links the cytoskel-

eton to sarcolemma via the dystrophin-associated protein
complex (DAPC) [10]. DAPC provides stability and integ-
rity to the muscle membrane during contraction. The loss
of dystrophin leads to a breakdown of the DAPC complex,
and as consequences, the muscle fibers become more sen-
sitive to mechanical stresses, leading to muscle degener-
ation, chronic inflammation, or increased fibrosis [11, 12].
Among the partners of the dystrophin, the neuronal nitric
oxide synthase (nNOS), that synthesizes nitric oxide (NO)
, was shown to play critical roles in a variety of muscle
functions, including not only contraction, regeneration, at-
rophy, glucose uptake, and blood perfusion [13] but also
transcriptional regulation [14]. Indeed, NOS enzymatic ac-
tivity was recently demonstrated as essential for the rescue
of muscle mass after atrophy induced by unloading [15],
as well as in reducing the extent of atrophy during disease
[16], and these effects were mostly assigned to activation
of muscle stem cells by the NO production. Three differ-
ent isoforms of nNOS, namely nNOSα, nNOSβ, and
nNOSμ, were described to be expressed in the skeletal
muscle. The nNOSμ, the major one, contains a PDZ do-
main which allows its binding to the rod domain of the
dystrophin at the spectrin-like repeats 16 and 17 (R16/17)
encoded by exons 42–45 [17]. It has been shown that in
the absence of dystrophin, nNOSμ was delocalized from
the sarcolemma of the muscular fibers and its expression
decreased [18, 19]. Alteration of nNOSμ expression and

location was described to contribute to DMD pathophysi-
ology by the disturbance of NO signaling leading to an in-
crease of the muscle fatigability [20, 21].
Our goal was to identify the molecular factors that can

modulate the expression of nNOS and the muscular bi-
opsies of BMDd45-55 patients that were sought to be a
pertinent tool. Indeed, in these patients, the deletion of
the 45–55 exons in dystrophin mRNA should partially
delete the spectrin motif repeat 17 in the resulting pro-
tein and could alter the nNOSμ anchoring. A previous
study revealed that the BMDd45-55 patients displayed
variable clinical and histological phenotypes and that a
subsequent decrease of nNOS protein expression oc-
curred in these patients compared to healthy subjects
[22]. Furthermore, several studies demonstrated a de-
regulation of miRNA expression profiles in dystrophino-
pathies [14, 23–26]. Cacchiarelli et al.’s study showed
also that the loss of nNOS sarcolemmal localization
leads to the deregulation of the expression of several
microRNAs (miRNAs) [14]. miRNAs are short noncod-
ing RNA that regulate mRNA post-transcriptionally ei-
ther by promoting mRNA degradation or by inhibiting
protein translation [27]. miRNAs have been shown to
regulate functions of the skeletal muscle both in normal
and pathological states [14, 28–30]. Altogether, these
studies suggest a link between miRNA expression, nNOS
expression, and physiopathology of dystrophinopathies.
Thus, the aim of the present study was to identify miR-
NAs that could modulate nNOS expression by screening
the miRNA profile in BMDd45-55 muscular biopsies.

Methods
Ethics approvals
Muscle biopsies were collected from patients after in-
formed consent, and this study was performed with
agreement from the Committee for the Protection of
Persons (CPP) concerned.

Cohort of patients
Nine Becker muscular dystrophy (BMD) patients charac-
terized for a deletion of exons 45–55 of the DMD gene
were studied. These patients were already described [22].
Indeed, the clinical status of the patients was scored
using the Gardner–Medwin and Walton scale (GMWS)
[31], and the histopathological status based on routine
hematoxylin and eosin (HE) staining of muscle cryosec-
tions has been investigated showing a large histological
disparity. These criteria allowed defining three classes of
severity: (i) “mild” (GMWS ≤ 2 [i.e., still able to normally
climb stairs] and normal muscle biopsy); (ii) “moderate”
(GMWS ≤ 2 or mild dystrophic muscle biopsy); (iii) “se-
vere” + (GMWS ≤ 2 and/or dystrophic muscle biopsy)
(Table 1). The 9 patients were biopsied at an age ranging
from 9 to 69 years old for diagnostic purposes after
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informed consent, and these biopsies were used during
the experiments in the present article. In addition, the
five muscle biopsies used as healthy control muscles
(Ctrl) were recovered as surgical wastes from orthopedic
surgery of individuals without neuromuscular diseases.
All human muscle biopsies were flash frozen in isopen-
tane cooled in liquid nitrogen and evaluated for dys-
trophin and nNOS expression by Western blotting [22].

Taqman Low-Density Array (TLDA)
Total RNA (including miRNA and mRNA) were ex-
tracted from about 30 mg of muscular biopsy using the
NucleoSpin© miRNA kit from Macherey-Nagel. Total
RNA (200 ng) was reverse-transcribed with the Mega-
plex Primer Pools A and B (human version 3), and miR-
NAs were quantified after a pre-amplification step, with
TaqMan Array MicroRNA Cards A and B (human ver-
sion 3) on the 7900HT Real-Time PCR System (AB) ac-
cording to the manufacturer’s guidelines. Relative
quantification was performed with 2−dCT method, using
the mean of all miRNA expressed as normalizer.

miR-target predictions
The ability of candidate miRNAs to target NOS1-3′UTR was
evaluated with Diana-microTalgorithm and TargetScan v6.2.

Individual RT-qPCR
Thirty milligrams of muscular biopsies from 3 healthy
subjects and patients BMD1, 2, 4, 8, and 11 was extracted
using the NucleoSpin© miRNA kit (Macherey-Nagel).
One hundred nanograms of RNA was reverse-transcribed
with Universal cDNA synthesis kit II (Exiqon) according

to the manufacturer’s instructions. Complementary DNAs
(cDNAs) were analyzed by real-time quantitative PCR per-
formed on Light Cycler 480 instrument (Roche) using Exi-
lent SybR Green Master Mix (Exiqon). LNA™ PCR
Primers set from Exiqon were used for miRNA expression
analysis (miR-212: 204170, miR-708: 204490, miR-34c:
205659, miR-31: 204236). miRNA expression was normal-
ized on miR-30b-5p expression (204765) using 2−dCT

method.

Luciferase assay
Genomic DNA was extracted from biopsies of healthy
subject using NucleoSpin© Tissue kit from Macherey-
Nagel, following the manufacturer’s instructions. gDNA
was eluted after incubation of the silica membrane 3 min,
twice in 50 μL of Elution Buffer BE, followed by centrifu-
gation 1 min at 11,000g, being 100 μl of total gDNA.
NOS1-3′UTR (Ensembl: ENST00000618760) was

cloned downstream of Firefly luciferase gene in HSVTK-
Luc3′ modified plasmid. As this 3′UTR is 7183 pb in
length, it is too large to be fully cloned in this plasmid.
Therefore, we cut it in 4 overlapping parts using follow-
ing primers that add restriction sites (in bold) on gDNA
fragments (Table 2).
Fragments were amplified using Mastermix Phusion

with the following protocol: 98 °C 30s; 10 cycles of 98 °C
10s, 58 °C 30s, and 72 °C 1 min; and 20 cycles of 98 °C
10s, 61 °C 30s, 72 °C 1 min, and 72 °C 10 min.
Amplicons were purified with NucleoSpin© Gel and

PCR cleanup from Macherey-Nagel. 3′UTR parts were
then cloned in HSVTK-Luc3′ modified plasmid between
XbaI and EcorV sites.

Table 1 Clinical and histopathological phenotypes compared with nNOSμ expression in BMDd45-55 patients

Name Severity class Age at muscle biopsy Histopathological status (*) nNOSμ protein expression (**)

Ctrl 1 26 N ++

Ctrl 2 40 N ++

Ctrl 3 10 N ++

Ctrl 4 N ++

Ctrl 5 N ++

Patients

BMD 1 Moderate 35 +/− (35) +/−

BMD 2 Severe + 13 + (13) +

BMD 4 Severe + 33 ++ (33) +

BMD 7 Moderate 40 +/− (40) +

BMD 8 Moderate 12 +/− (12) +/−

BMD 11 Mild 69 N (69) +

BMD 12 Moderate 18 +/− (18) +/−

BMD 18 ND

BMD 31 ND

(*) N normal, +/− mild dystrophy, + and ++ severe dystrophy, ND not determined, (**) +/− traces or not detectable in Western blot, + weak, ++ normal
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Each 3′UTR construction (24.5 ng) was co-transfected
in 293T-HEK cells with 25 pg of either miR-negative
control (AM17111, Ambion) or miR-212, miR-31, miR-
34c, or miR-708 (AM17100, Ambion) using lipofecta-
mine 2000 diluted in Optimem reduced medium. The
plasmid CMV-Renilla luciferase (0.25 ng) was also trans-
fected in each condition as normalizer. Five hours post-
transfection, Optimem reduced medium is replaced with
DMEM added with FBS 10%. Twenty-four hours after
transfection Firefly and Renilla luciferase luminescences
were quantified with Dual-Glo Luciferase Assay System
(according to the manufacturer’s instructions) on Flex-
station 3 Microplate reader. Firefly luciferase activity
was normalized on Renilla luciferase activity.

Human myoblast transfection
Human immortalized myoblasts from a healthy subject
(ctrl) and from a DMDd45-52 patient (DMDd45-52) were
used [32]. Myoblasts were plated 48 h before transfection
at 3 × 104/well of 6-well plate or 6 × 103/well of 24-well
plate in proliferation medium composed of DMEM supple-
mented with 5 μg/ml of insulin, 5 ng/ml of EGF, 0.5 ng/ml
of bFGF, 0.2 μg/ml of dexamethasone, 25 μg/ml of fetuin,
20% of fetal bovine serum, and 16% of medium 199. Cells
were transfected with 12.5 pg of either miR-negative con-
trol (AM17111, Ambion); miR-31, miR-34c, or miR-708
(AM17100, Ambion); or antimiR-34c or antimiR-708
(AM17000, Ambion) using lipofectamine 2000 diluted in
Optimem reduced medium. Twenty-four hours after trans-
fection, transfection medium was replaced with prolifera-
tion medium for 24 h.

miRNA expression
Cells were harvested in 300 μl of Buffer ML (NucleoSpin©
miRNA, Macherey-Nagel). Total RNA (small + large
RNA) was extracted from lysed cells with NucleoSpin©
miRNA kit (Macherey-Nagel) following the manufac-
turer’s instructions. cDNA generated with Universal
cDNA synthesis kit II (Exiqon) according to the manufac-
turer’s instructions was analyzed by real-time quantitative
PCR performed on Light Cycler® 480 instrument (Roche)
using Exilent SybR Green Master Mix (Exiqon). LNA™
PCR Primers set from Exiqon were used for miRNA ex-
pression analysis (miR-708: 204490, miR-34c: 205659,

miR-31: 204236). miRNA expression was normalized on
SNORD44 expression (203902) using 2−dCT method.

Western blotting
For nNOS detection, cells were lysed in 50 μl of RIPA
buffer (150 mM NaCl,50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, pH 7.4, 5 mM ethylene
diamine tetra acetic acid, 1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate, 1 mM PMSF with
a mix of protease inhibitors (Roche), and centrifuged
10 min 1500g at 4 °C.
Protein extracts (20 μg) were denaturated in Laemmli

buffer 2× added of 10% of 2-mercaptoethanol 30 min at
room temperature (RT) and incubated 15 min in ice and
then 15 min at RT. Proteins were resolved by SDS–
PAGE (4–12%, Invitrogen) and transferred to nitrocellu-
lose. Membranes were blocked in tris-buffered saline 0.
1% Tween-20 with 5% non-fat dry milk 1 h at RT and in-
cubated overnight at 4 °C, with rabbit polyclonal nNOS
antibody (R-20, Santa Cruz, 1:100) or with mouse mono-
clonal GAPDH antibody (MAB9748, Tebu-Bio, 1:8000).
After being washed in TBS 0.1% Tween, membranes
were incubated for 1 h at RT with secondary antibodies:
goat anti-rabbit-horseradish peroxidase (HRP) (1/50000)
or sheep anti-mouse HRP (1/15000) (Jackson Immunor-
esearch). Western blots were revealed with enhanced
chemiluminescence (Thermo Scientific) with Image
Quant LAS 4000 system (GE Healthcare Life Sciences).

Immunostaining
Cells in 24-well plate were washed with PBS and fixed
with paraformaldehyde 4% 10 min at RT and washed 3
times in PBS. Fixed cells were permeabilized with 0.5%
Triton X-100 (Sigma-Aldrich), washed, and blocked in
PBS/5% bovine serum albumin (BSA) for 40 min at RT.
Cells were then incubated in PBS/1% BSA/0.1% saponin
with a goat polyclonal anti-nNOS antibody (Ab1376,
Abcam, 1:500), overnight at RT; washed in PBS/1%BSA/
0.1% saponin; and incubated for 1 h with secondary anti-
body: Donkey anti-goat (Alexafluor 594 conjugate, Life
Technologies, 1:500) and with DAPI (1:5000, Sigma).
Fixed cells were then thoroughly washed in PBS/1%
BSA/0.1% saponin and then in PBS and mounted in
Fluoromount (Southern Biotech). Images were acquired

Table 2 Primers used to fragment NOS1-3′UTR

Position in 3′UTR) Forward primer Reverse primer

Part 1 (1-1896) F1-5′TTGTCTAGACTGGACCCTCTTGCCCAGC-3′ R1-5′AAGGATATCCAGGGGAAATTGGGATTAAAGG-3′

Part 2 (1773-3685) F2-5′-AACTCTAGACTATGACTCACCTTGCTCTGC-3′ R2-5′-ATCGATATCCTTACATGCTCCCTGTCCGTG-3′

Part 3 (3607-5523) F3-5′-AATTCTAGACTGGTAGCTTCTGGAAGGTAAG-3′ R3-5′AATGATATCGCCACAAGGCAGGGACTGGC-3′

Part 4 (5358-7149) F4-5′-TAGTCTAGAGAAACACAGGTCTGAGGGTCTG-3′ R4-5′-CCGATATCATTGTAACCATAATGCAAACAAGC-3′

Added restriction sites are indicated in bold characters (XbaI and EcorV)
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with Leica DM2500 confocal microscope using × 63
objective.

Statistical analysis
Statistical analysis were performed using Student’s t test.
A value of p < 0.05 was considered statistically significant.
Methods used for the Additional file 4: Figure S1 are

described in Additional file 1.

Results
miRNA expression profiling in BMDd45-55 muscular
biopsies
To start our analysis, we took advantage of having a
collection of muscle biopsies of Becker patients
(BMDd45-55) bearing an in-frame deletion of exons 45
to 55 in the DMD gene and well characterized from a
genetic point of view [22]. This collection has been the
subject of a preliminary study which showed notably a
decrease in the expression of the protein nNOS in the
muscle of the studied patients [22]. We examine here a
potential role of miRNA in the regulation of nNOS ex-
pression by investigating the expression levels of 617

miRNAs using Taqman Low-Density Array (TLDA) in
muscle biopsies of 9 BMDd45-55 patients, compared to
5 control subjects (Table 1). From TLDA data
(Additional file 2), we established a list of miRNAs
overexpressed in the muscles of BMDd45-55 patients
with the criteria of a fold change higher than 2 and a
p value less than or equal to 0.05. By comparing
miRNA expression levels between BMDd45-55 and
healthy muscles as control (Fig. 1a), a total of 66 miR-
NAs were identified based on the defined criteria of
fold change and p value. Furthermore, the TLDA data
were also analyzed by comparing the level of miRNAs
expressed in muscles of severe patients with those
expressed in muscles of all the other patients (Fig. 1b).
This analysis allowed the identification of 29 overex-
pressed miRNAs. It should be noted that none of these
29 miRNAs were found in the list of miRNAs overex-
pressed in BMD muscles compared to healthy subjects
(Fig. 1a), probably because of the too small number of
severe muscle biopsies preventing the fold change value
from being statistically significant when included to the
values obtained for all the BMD patients.

b

a

Fig. 1 Screening of miRNA expression profiling by TLDA in BMDd45-55 muscular biopsies. Data of TLDA were expressed by the value of Log2(R),
where R is the ratio of the average of the relative quantification (RQ) obtained in BMDd45-55 muscles on the average of RQ values obtained from
muscle of healthy subjects (a), or obtained from muscle of severe BMDd45-55 patients on the average of RQ values obtained from muscle of the
moderate and mild BMDd45-55 patients (b), p ≤ 0.05. RQ are obtained using average of values of all miRNA for normalizer
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miR-708-5p, miR-31-5p, and miR-34c-5p target 3′UTR
sequences of NOS1 gene
To select miRNAs that could modulate nNOS expres-
sion, the total sequence of the 3′UTR of the NOS1 gene
(NOS1-3′UTR) was submitted to two predictive soft-
ware, i.e., TargetScan Human and microRNA.org, that
process alignment of the target sequence with human
miRNA databases (Fig. 2a). From this study, 12 and 24
miRNAs were identified by the 2 predictive software, re-
spectively. Surprisingly, there was no common miRNAs
between the two lists. By combining the previous TLDA
analysis criteria and the in silico investigation data, 4
miRNAs named miR-31-5p (miR-31), miR-708-5p (miR-
708), miR-34c-5p (miR-34c), and miR-212-3p (miR-212)
were finally selected. Overexpression of these 4 miRNAs
was then validated by performing individual RT-qPCR
on 5 BMDd45-55 and 3 healthy muscular biopsies (Fig.
2c). A higher level of expression of the 4 miRNAs was
detected in BMDd45-55 compared to control muscles
with a fold change of 6.6, 4.4, 10.1, and 3.3 for miR-31,
miR-708, miR-34c, and miR-212, respectively, confirm-
ing the results obtained by TLDA (Fig. 2b,
Additional file 2). Furthermore, by analyzing the se-
quence of the NOS1-3′UTR regarding the 4 selected
miRNAs, we identified 5 sequences as potential targets
of miR-31, 5 for miR-708, 9 for miR-34c, and 3 for miR-
212 (Additional file 3: Table S1 and Fig. 3a). Their ability
to bind NOS1-3′UTR was then tested in vitro using the
luciferase reporter gene. If a miRNA interacted with
NOS1-3′UTR, we would measure a decreased luciferase
signal. Nevertheless, the NOS1-3′UTR being 7165 pb in
length, it is too large to be fully cloned. Therefore, our
strategy was to design 4 sequences (parts #1, #2, #3, and
#4) which succeed one another with overlapping avoid-
ing a miRNA-binding sequence being lost and covering
all the NOS1-3′UTR sequence (Fig. 3a). Each part was
sub-cloned in a plasmid downstream of the luciferase
gene, and each of the 4 plasmids was co-transfected in
HEK293T cells with one candidate or a non-specific
control miRNA mimic. This strategy would also provide
a more detailed information about the sequence of
NOS1-3′UTR implicated in miRNA interaction. Our
data showed a significant decrease of luciferase activity
when the part #2 was co-transfected with the miR-31
and the part #3 with the miR-708 and when the parts
#1, or #3, or #4 were co-transfected with the miR-34c.
Nevertheless, no decrease of the reporter gene was ob-
served when miR-212 was co-transfected with the parts
#1, #2, #3, nor #4. These results demonstrated that
miR31, miR-708, and miR34c, but not miR-212, were
able to target NOS1-3′UTR sequences leading to a de-
crease of the reporter gene Firefly luciferase expression.
Altogether, these results demonstrate that these 4 miR-

NAs were overexpressed in the muscles of BMDd45-55

patients compared to control muscle or in severe pa-
tients compared to other patients and that only 3 of
them could target sequences present in the NOS1-3′
UTR and modulate reporter gene activity.

miR-31, miR-708, and miR-34c effect on nNOS expression
in human myoblasts
In order to address the causal relationship between the
overexpression of the 3 selected miRNAs and the nNOS
expression in muscular context, we carried out experi-
ments using immortalized human myoblasts from healthy
subject (control) and from a patient displaying a deletion
of the exons 45 to 52 (DMDd45-52) in the DMD gene
[29]. First, these DMDd45-52 myoblasts were validated as
an appropriate cellular model regarding the expression of
the 3 selected miRNAs. Quantification by RT-qPCR con-
firmed a higher level of expression for miR-31, miR-708,
and miR-34c in DMDd45-52 cells compared to control
with a fold change of 2.2, 2.2, and 3.8, respectively (Fig.
4a). Furthermore, the expression of nNOS protein was in-
vestigated by Western blot and showed a significant de-
crease in DMDd45-52 compared to control cells (Fig. 4b).
Additionally, immunostaining experiments, allowing the
detection of the protein nNOS in the cytoplasm and into
the nucleus of muscle cells, confirmed that nNOS staining
was weaker in the DMDd45-52 compared to the control
myoblasts (Fig. 4c). Overall, these results were consistent
with those obtained on BMDd45-55 muscle biopsies,
namely a higher level of miR-31, miR-708, and miR-34c
and a decrease in the expression of nNOS, thus allowing
the use of these DMDd45-52 myoblasts as a suitable in
vitro cellular model.
To evaluate the effects of the miR-31, miR-708, or

miR-34c on the nNOS expression, each of them was
transfected in control myoblasts (Fig. 5a). Overexpres-
sion of the miRNAs was verified by RT-qPCR (Fig. 5a).
The location and expression of nNOS protein were first
investigated by immunostaining on the transfected myo-
blasts (Fig. 5b). Analysis of the pictures showed a de-
crease of the nNOS labelling in the nuclei of cells
overexpressing miR-708 or miR-34c. However, no effect
on nNOS expression and location could be observed
when miR-31 was overexpressed compared with myo-
blasts transfected with the non-specific control miRNA.
The reduction in the nNOS level was confirmed by
Western blot experiments showing a decrease of about
30% of nNOS expression in cells overexpressing miR-
708 or miR-34c, while no significant decrease could be
observed in overexpressing miR-31 (Fig. 5c). Altogether,
these results demonstrated that miR-708 or miR-34c
could modulate nNOS expression in human healthy
myoblasts.
In DMDd45-52 myoblasts, miR-708 and miR-34c ex-

pressions increased and nNOS expression decreased
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compared to control myoblasts (Fig. 4); we thus investi-
gated in these cells the consequences of an inhibition of
the miR-708 or the miR-34c by using specific antisense
oligonucleotides (antimiR-708 or antimiR-34c) on the
nNOS expression level (Fig. 6). The inhibition of miR-
708 or the miR-34c levels by their antimiRNAs was vali-
dated by RT-qPCR experiments (Fig. 6a). In these cells,
the nNOS location and expression were also investi-
gated. Immunofluorescence experiments showed an in-
creased staining in the nuclei of cells in which the miR-
708 or the miR-34c were inhibited compared to cells

transfected with a non-specific control miRNA (Fig. 6b).
These results were confirmed by Western blot experi-
ments that showed a significant increase of 2.2 of nNOS
expression in cells transfected with antimiR-708 or
antimiR-34c (Fig. 6c).

Discussion
In this study, we used a variety of bioinformatic, molecu-
lar, and cell biological methods to demonstrate the role
of miRNAs in driving nNOS expression. We selected 4
miRNAs (i.e., miR-31, miR-708, miR-34c, and miR-212)

b

a

c

Fig. 2 Selection of candidate miRNAs. a In silico screening of miRNAs that could target NOS1 (TargetScan Human and microRNA.org). Candidate
miRNAs are underlined. TLDA (Additional file 2, TLDA A2, B2) (b) and individual RT-qPCR (c) values of candidate miRNA expression in healthy subject
biopsies (ctrl, black circle) and BMDd45-55 patients with asymptomatic phenotype (gray circle), moderate phenotype (gray square), severe phenotype
(gray triangle), or not determined phenotype (gray hexagon); data are normalized on average of control expression. Lines represent average of each
group. Individual RT-qPCR data are expressed as relative quantification using miR-30b as normalizer, normalized on average of control expression
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since they were overexpressed in muscular biopsies of
BMDd45-55 patients compared to healthy subjects or in
muscular biopsies of patients with severe phenotypes
compared to other patients. We then determined, in
silico, that these miRNAs could target sequences in
NOS1-3′UTR. A luciferase reporter study validated the
targeting of NOS1-3′UTR by miR-31, miR-708, and
miR-34c. Finally, we validated the effects of the candi-
date miRNAs in myoblasts. The experiments were car-
ried out on myoblasts which were a more homogeneous
cell population than those of myotubes, from which we
never observed 100% of differentiated myotubes and for
which efficacy of transfection experiments with miR and
antagomiR was much more effective than on differenti-
ated cells. We thus demonstrated that miR-708 and
miR-34c could decrease nNOS expression in human
healthy myoblasts and that their inhibition led to an in-
crease of this protein in DMDd45-52 human cells.

Several studies showed a deregulation of miRNA expres-
sion in muscles of DMD or BMD patients [14, 23, 33] or
in serum of DMD patients [26, 34]. Eisenberg et al. studied
miRNA profile expression in 10 muscular diseases, and
they showed an upregulation of 5 common miRNAs in
these diseases [33]. They showed also a particular miRNA
expression profile shared by DMD patients and severe
BMD patients but not with moderate BMD patients.
Among the selected miRNAs in our study, miR-31 was

already shown to be overexpressed in mdx mice and in
muscular biopsies of DMD patients [14, 23, 35]. We
found here the same results in muscular biopsies of
BMDd45-55 patients, in DMDd45-52 myoblasts, and in
TA muscle of mdx mice (data not shown). Unlike our
results, Cacchiarelli and colleagues did not observe an
increase of miR-31 expression in the biopsies of BMD
patients. However, no information on the DMD gene
mutations and/or phenotypes was given for the patients

Fig. 3 miR-31, miR-708, and miR-34c targeted 3′UTR sequences of NOS1 gene. a Schematic positions of predicted binding sites by microT-CDS
Diana Tools in 4 parts of 3′UTR of NOS1. b Relative luciferase activity of indicated miRNA-transfected cells normalized on luciferase activity in non--
specific miRNA transfected cells (miR-neg). Cells were transfected with part 1, part 2, part 3, or part 4 of NOS1-3′UTR and with either miR-neg con-
trol (black bar) or miR of interest (gray bar). *p < 0.05
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included in Cacchiarelli et al.’s study. As we found a
higher expression of miR-31 in severe phenotypes than
in moderate phenotypes (Fig. 2c), we assume that Cac-
chiarelli et al.’s patients had moderate phenotypes and
therefore might not exhibit a high level of miR-31. The
fact that miR-31 could target nNOS by mRNA decay
was described in human atrial myocytes from patients
with atrial fibrillation [36]. In this study, the precise
targeted sequence was identified, and it appears to be
the same that we identified by the system of cloning
NOS1-3′UTR downstream luciferase reporter gene
setup in our study (Fig. 3). Surprisingly, our data re-
vealed a slight decrease of nNOS expression by miR-31
overexpression in control human myoblasts. One rea-
son could be the level of miR-31. Indeed, in Reilly et al.
’s work, miR-31-fold increase was 2 × 104 compared to
control condition whereas in our study, miR-31 in-
creased by a factor of 4 × 103 (Fig. 5a) and therefore
non-sufficient to exhibit a significant effect. However,
we could not transfect more miR-31 because of dele-
terious effect of transfection on human myoblasts.

Nevertheless, one has to consider that the complex
regulation displayed by non-coding RNAs might be dif-
ferent according to the studied tissues.
Concerning miR-708 and miR-34c, our results showed

an effect of these two miRNAs on nNOS expression in
human healthy and DMDd45-52 myoblasts. miR-708 is
mostly described in cardiac muscle, where it was pro-
posed to be involved in myocardium regeneration. In-
deed, its overexpression in newborn rodents leads to the
differentiation of cardiac progenitors to cardiomyocytes
by targeting MAPK14, a cell cycle gene [37]. Otherwise,
miR-708 expression is decreased in murine myoblasts at-
rophied by dexamethasone treatment, suggesting that
miR-708 is involved in muscular development [38]. For
miR-34c, several studies described it as overexpressed in
mdx mice and in DMD patients [23, 35]. Our data were
in the same way as miR-34c is overexpressed in
BMDd45-55 muscle biopsies, in DMDd45-52 myoblasts,
and in mdx mice (data not shown). This miRNA was
shown to be a promoter of differentiation of murine
myoblasts targeting YY1, a transcription factor involved

Fig. 4 miR-31, miR-708, miR-34c, and nNOS expression in DMDd45-52 myoblasts. a miRNA expression in control human myoblasts and DMDd45-
52 human myoblasts. Graph represents relative quantification of miRNA normalized on SNORD44 expression. miR-708 n = 7, miR-31 n = 7, and
miR-34c n = 8. b nNOS immunoblot in control and DMDd45-52 cells. GAPDH serves as the loading control. Bar graph shows quantification results
average of 8 independent experiments. c Control myoblasts immunolabeled with anti-nNOS (red) antibody, nuclei with Dapi (blue), and imaged
by confocal microscopy. Scale bars, 10 μm. Representative of 3 independent experiments. *p≤ 0.05
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in cell proliferation [39] and of porcine satellite cells by
inhibiting Notch1 signal pathway that is involved in sat-
ellite cell quiescence [40].
The present study revealed that the nNOS expression

could be modulated by miR-708 and miR-34c. Our re-
sults clearly showed their effect at the protein level, al-
though we did not success to detect nNOS mRNA in
myoblasts to demonstrate also the decay of its transcript.
Interestingly, it should be noted that the isoform of
nNOS that was detected in myoblasts by Western blot is
about 140 kDa in size. In mature skeletal muscle, the
nNOSμ, a 165-kDa protein, is the major isoform; it is
linked to dystrophin via its PDZ domain [41] and thus
located mainly at the sarcolemma (Additional file 4:
Figure S1). However, this isoform seems too large to cor-
respond to the nNOS isoform detected in myoblasts.
Another isoform, the nNOSβ which is 136 kDa in size,
not displaying the PDZ domain [42], was described to be
present in the Golgi apparatus of skeletal muscle fibers
where it modulates the contractile apparatus [17] or at
the sarcolemma of mice TA muscles [43]. Western blot

experiments on human muscular biopsy of healthy sub-
jects showed a major 160 kDa in size nNOS isoform, as
expected but also the 140-kDa isoform (Additional file 4:
Figure S1). Additionally, we described here that the
nNOS protein was localized in the nuclei of human
myoblasts, as shown by immunostaining experiments.
Western blots carried out on nuclear and cytoplasmic
fractions confirmed that 140 kDa nNOS was detected in
nuclei of control and DMDd45-52 myoblasts (Add-
itional file 4: Figure S1). Furthermore, a protein of about
160 kDa in size was only visible in nuclear extracts of
both types of cells. These data were compared to those
obtained from immunostaining experiments performed
on DMD patient muscular biopsies which revealed
nNOS expression in the nuclei of fibers of DMD muscle
whereas nNOS is sarcolemmal in control muscle as ex-
pected (Additional file 4: Figure S1). Nuclear 160-kDa
nNOS localization has been already described during
C2C12 differentiation; however, authors of this study
used a N-terminal nNOS antibody, that did not allow
the detection of nNOS-β, and therefore a 140 kDa

Fig. 5 miR-708 and miR-34c overexpression inhibit nNOS expression in transfected control human myoblasts. a miRNA expression in control
human myoblasts transfected with non-specific control miRNA (miR-neg, black bar) or indicated selected miRNA (gray bar). Graph represents
average of relative quantification of miRNA normalized on SNORD44 expression of 5 (miR-31) or 3 (miR-708 and miR-34c) independent experi-
ments. b Control myoblasts immunolabeled with anti-nNOS (red) antibody, nuclei with Dapi (blue), and imaged by confocal microscopy. Scale
bars, 10 μm. Representative of 4 independent experiments. c nNOS immunoblot in transfected control human myoblasts. GAPDH serves as the
loading control. Bar graph shows quantification results average of 5 independent experiments. *p≤ 0.05
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nNOS isoform [44]. Our data suggest the presence of an
isoform of nNOS not yet described in nuclei of myo-
blasts. At transcriptional level, the precise sequence of a
transcript that encodes a nNOS of 140 kDa in size is not
described in databases (i.e., Ensembl.org). The complex-
ity of the mechanisms modulating NOS1 transcription
indicates that the nNOS isoform expressed in myoblasts
and regulated by miR-34c and miR-708 has not been
precisely identified and that information on the tran-
scriptional regulation of its gene remains to be
thorough.
The exact role of nNOS in nuclear compartment is

still not well-defined. However, NO production has
been designated as a key player which mediates epi-
genetic changes through the direct control of histone
deacetylases (HDACs). Indeed, in the mdx mice de-
fective for NO pathway, the activity of HDAC2 re-
sulted to be specifically increased [45]. Profiling of
human DMDd45-52 patient myoblasts confirmed the
dysregulation of miR-1 but also found a significant

dysregulation in the expression of miR-29a, both of
which regulate a dystrophin-nNOS-HDAC2 pathway
[14]. In the present study, we could not exclude a
link between nuclear nNOS location, HDAC2 nitrosy-
lation, and the modulation of the miR-31, miR-708,
and/or miR-34c expression. Nevertheless, a study in
its own right will be necessary to establish this link.

Conclusions
Altogether, the present work highlights two miRNAs
overexpressed in dystrophic human muscle as modula-
tors of nNOS expression. This work could explain some
pathological consequences caused by nNOS deficiency
(i.e., muscle fatigability due to insufficient vasodilation in
exercise, switch to glycolytic metabolism). In particular,
modification of NOS1 expression has a significant nega-
tive impact on dystrophic muscle regenerative capacity
[15], and it has been shown that treatment with NO do-
nors can attenuate atrophy and metabolic changes and
prevent changes in regulation [16]. We show here that

Fig. 6 Inhibition of miR-708 and miR-34c increased nNOS expression in transfected DMDd45-52 human myoblasts. a miRNA expression in
DMDd45-52 human myoblasts transfected with control non-specific miRNA (miR-neg, black bar) or indicated selected antimiR (gray bar). Graph
represents average of relative quantification of miRNA normalized on SNORD44 expression of 6 (antimiR-708) or 3 (antimiR-34c) independent
experiments. b DMDd45-52 myoblasts immunolabeled with anti-nNOS (red) antibody, nuclei with Dapi (blue), and imaged by confocal micros-
copy. Scale bars, 10 μm. Representative of 5 independent experiments. c nNOS immunoblot in transfected DMDd45-52 human myoblasts. GAPDH
serves as the loading control. Bar graph shows quantification results average of 5 independent experiments. *p ≤ 0.05
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inhibitors of miR-708 and/or miR-34c could also be con-
sidered as therapeutic targets to rescue these defects by
increasing the expression of nNOS. Furthermore, the ex-
pression and the sarcolemmal localization of the nNOS
by interacting with the dystrophin has been shown to be
crucial for contractile activity and muscular strength re-
covery in the canine DMD model (GRMD) [46]. Thus, a
therapeutic strategy combining the inhibition of miR-
708 and miR-34c with the restoration of dystrophin will
most likely be a benefit for the improvement of pheno-
type of DMD and BMD patients.

Additional files

Additional file 1: Supplementary methods. (DOCX 12 kb)

Additional file 2: TLDA data. (XLSX 749 kb)

Additional file 3: Table S1. Predictive candidate miRNA binding sites
on the human NOS1 3’UTR (DOCX 12 kb)

Additional file 4: Figure S1. Nuclear localization of nNOS in DMD
muscular biopsy and in myoblasts. a) Control (ctrl) and DMD human
muscular biopsy sections immunolabeled with anti-nNOS (red) antibody,
nuclei with Dapi (blue), and imaged by confocal microscopy. Representa-
tive of 4 DMD patients. b) nNOS, GAPDH, and histone H3 (H3) immuno-
blots on cytoplasmic (CE) and nuclear (NE) protein extracts from control
(ctrl) and DMDd45-52 myoblasts and total extract of control human mus-
cular biopsy (ctrl biopsy). (TIFF 912 kb)

Abbreviations
BMD: Becker muscular dystrophy; DAPC: Dystrophin-associated protein
complex; DMD: Duchenne muscular dystrophy; GMWS: Gardner–Medwin and
Walton scale; GRMD: Golden Retriever muscular dystrophy; HDAC: Histone
deacetylase; nNOS: Neuronal nitric oxide synthase; TLDA: Taqman Low-
Density Array

Acknowledgements
We thank Philippos Mourikis, Frédéric Auradé, and Nicolas Vignier for
providing us the luciferase plasmids, primers, and technical advices.

Funding
This work was supported by the Association Française contre les Myopathies
(AFM), the Association Institut de Myologie (AIM), the Institut National de la
Santé et de la Recherche Médicale (INSERM), and Sorbonne Université.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on a reasonable request.

Authors’ contributions
FPR conceived the study. FPR and MG wrote the paper. MG made most of
the experiments. LJL performed the TLDA assays. KM provided the
immortalized human myoblasts. FL and RBY provided the BMDd45-55
muscular biopsies and clinical information about patients. CGe, CP, EG, IH,
CGr, and SF provided technical and helpful material. MG, FPR, CGe, SF, KM,
FL, and RBY reviewed the final version of manuscript. All authors read and
approved the final manuscript.

Ethics approval and consent to participate
Muscle biopsies were collected from patients after informed consent, and
this study was performed with agreement from the Committee for the
Protection of Persons (CPP) concerned.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Sorbonne Université-UMRS974-Inserm-Institut de Myologie, 105 bd de
l’Hôpital, 75013 Paris, France. 2AP-HP, Centre de Référence Maladies
Neuromusculaire Nord, Est, Ile-de-France, G.H. Pitié-Salpêtrière, F-75013 Paris,
France. 3Laboratoire de Génétique et Biologie Moléculaire, Hôpital Cochin,
Paris, France. 4Généthon, 1 rue de l’Internationale, 91000 Evry, France.

Received: 26 January 2018 Accepted: 4 April 2018

References
1. Monaco AP, Neve RL, Colletti-Feener C, Bertelson CJ, Kurnit DM, Kunkel LM.

Isolation of candidate cDNAs for portions of the Duchenne muscular
dystrophy gene. Nature. 1986;323:646–50.

2. Koenig M, Hoffman EP, Bertelson CJ, Monaco AP, Feener C, Kunkel LM.
Complete cloning of the Duchenne muscular dystrophy (DMD) cDNA and
preliminary genomic organization of the DMD gene in normal and affected
individuals. Cell. 1987;50:509–17.

3. Monaco AP, Bertelson CJ, Liechti-Gallati S, Moser H, Kunkel LM. An
explanation for the phenotypic differences between patients bearing partial
deletions of the DMD locus. Genomics. 1988;2:90–5.

4. Koenig M, Beggs AH, Moyer M, Scherpf S, Heindrich K, Bettecken T, et al. The
molecular basis for Duchenne versus Becker muscular dystrophy: correlation of
severity with type of deletion. Am J Hum Genet. 1989;45:498–506.

5. Goyenvalle A, Davies KE. Engineering exon-skipping vectors expressing U7
snRNA constructs for Duchenne muscular dystrophy gene therapy. Methods
Mol Biol. 2011;709:179–96.

6. Nelson CE, Hakim CH, Ousterout DG, Thakore PI, Moreb EA, Rivera RMC,
et al. In vivo genome editing improves muscle function in a mouse model
of Duchenne muscular dystrophy. Science. 2016;351:403–7.

7. Tabebordbar M, Zhu K, Cheng JKW, Chew WL, Widrick JJ, Yan WX, et al. In
vivo gene editing in dystrophic mouse muscle and muscle stem cells.
Science. 2016;351:407–11.

8. Béroud C, Tuffery-Giraud S, Matsuo M, Hamroun D, Humbertclaude V,
Monnier N, et al. Multiexon skipping leading to an artificial DMD protein
lacking amino acids from exons 45 through 55 could rescue up to 63% of
patients with Duchenne muscular dystrophy. Hum Mutat. 2007;28:196–202.

9. Young CS, Hicks MR, Ermolova NV, Nakano H, Jan M, Younesi S, et al. A
single CRISPR-Cas9 deletion strategy that targets the majority of DMD
patients restores dystrophin function in hiPSC-derived muscle cells. Cell
Stem Cell. 2016;18:533–40.

10. Ervasti JM, Campbell KP. A role for the dystrophin-glycoprotein complex as
a transmembrane linker between laminin and actin. J Cell Biol. 1993;122:
809–23.

11. Ohlendieck K, Matsumura K, Ionasescu VV, Towbin JA, Bosch EP, Weinstein
SL, et al. Duchenne muscular dystrophy: deficiency of dystrophin-associated
proteins in the sarcolemma. Neurology. 1993;43:795–800.

12. Chang WJ, Iannaccone ST, Lau KS, Masters BS, McCabe TJ, McMillan K, et al.
Neuronal nitric oxide synthase and dystrophin-deficient muscular dystrophy.
Proc Natl Acad Sci U S A. 1996;93:9142–7.

13. Stamler JS, Meissner G. Physiology of nitric oxide in skeletal muscle. Physiol
Rev. 2001;81:209–37.

14. Cacchiarelli D, Martone J, Girardi E, Cesana M, Incitti T, Morlando M, et al.
MicroRNAs involved in molecular circuitries relevant for the Duchenne
muscular dystrophy pathogenesis are controlled by the dystrophin/nNOS
pathway. Cell Metab. 2010;12:341–51.

15. Aguiar AF, Vechetti-Júnior IJ, Souza RW, Piedade WP, Pacagnelli FL,
Leopoldo AS, et al. Nitric oxide synthase inhibition impairs muscle regrowth
following immobilization. Nitric Oxide. 2017;69:22–7.

16. Anderson JE, Zhu A, Mizuno TM. Nitric oxide treatment attenuates muscle
atrophy during hind limb suspension in mice. Free Radic Biol Med. 2018;
115:458–70.

17. Baldelli S, Barbato DL, Tatulli G, Aquilano K, Ciriolo MR. The role of nNOS
and PGC-1α in skeletal muscle cells. J Cell Sci. 2014;127:4813–20.

18. Brenman JE, Chao DS, Xia H, Aldape K, Bredt DS. Nitric oxide synthase
complexed with dystrophin and absent from skeletal muscle sarcolemma in
Duchenne muscular dystrophy. Cell. 1995;82:743–52.

Guilbaud et al. Skeletal Muscle  (2018) 8:15 Page 12 of 13

https://doi.org/10.1186/s13395-018-0161-2
https://doi.org/10.1186/s13395-018-0161-2
https://doi.org/10.1186/s13395-018-0161-2
https://doi.org/10.1186/s13395-018-0161-2


19. Chao DS, Gorospe JR, Brenman JE, Rafael JA, Peters MF, Froehner SC, et al.
Selective loss of sarcolemmal nitric oxide synthase in Becker muscular
dystrophy. J Exp Med. 1996;184:609–18.

20. Kobayashi YM, Rader EP, Crawford RW, Iyengar NK, Thedens DR, Faulkner JA,
et al. Sarcolemma-localized nNOS is required to maintain activity after mild
exercise. Nature. 2008;456:511–5.

21. Percival JM, Anderson KNE, Huang P, Adams ME, Froehner SC. Golgi and
sarcolemmal neuronal NOS differentially regulate contraction-induced
fatigue and vasoconstriction in exercising mouse skeletal muscle. J Clin
Invest. 2010;120:816–26.

22. Gentil C, Leturcq F, Ben Yaou R, Kaplan J-C, Laforet P, Pénisson-Besnier I, et al.
Variable phenotype of del45-55 Becker patients correlated with nNOSμ
mislocalization and RYR1 hypernitrosylation. Hum Mol Genet. 2012;21:3449–60.

23. Greco S, De Simone M, Colussi C, Zaccagnini G, Fasanaro P, Pescatori M,
et al. Common micro-RNA signature in skeletal muscle damage and
regeneration induced by Duchenne muscular dystrophy and acute
ischemia. FASEB J. 2009;23:3335–46.

24. Vignier N, Amor F, Fogel P, Duvallet A, Poupiot J, Charrier S, et al. Distinctive
serum miRNA profile in mouse models of striated muscular pathologies.
PLoS One. 2013;8:e55281.

25. Jeanson-Leh L, Lameth J, Krimi S, Buisset J, Amor F, Le Guiner C, et al.
Serum profiling identifies novel muscle miRNA and cardiomyopathy-related
miRNA biomarkers in golden retriever muscular dystrophy dogs and
Duchenne muscular dystrophy patients. Am J Pathol. 2014;184:2885–98.

26. Hu J, Kong M, Ye Y, Hong S, Cheng L, Jiang L. Serum miR-206 and other
muscle-specific microRNAs as non-invasive biomarkers for Duchenne
muscular dystrophy. J Neurochem. 2014;129:877–83.

27. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell.
2004;116:281–97.

28. Horak M, Novak J, Bienertova-Vasku J. Muscle-specific microRNAs in skeletal
muscle development. Dev Biol. 2016;410:1–13.

29. Chen J-F, Mandel EM, Thomson JM, Wu Q, Callis TE, Hammond SM, et al.
The role of microRNA-1 and microRNA-133 in skeletal muscle proliferation
and differentiation. Nat Genet. 2006;38:228–33.

30. Chen J-F, Tao Y, Li J, Deng Z, Yan Z, Xiao X, et al. microRNA-1 and
microRNA-206 regulate skeletal muscle satellite cell proliferation and
differentiation by repressing Pax7. J Cell Biol. 2010;190:867–79.

31. Gardner-Medwin D, Walton JN. The clinical examination of the voluntary
muscles. In: Walton JN, editor. Disorders of voluntary muscles. Edinburgh,
London: Churchill-Livingstone; 1974. p. 517–60.

32. Mamchaoui K, Trollet C, Bigot A, Negroni E, Chaouch S, Wolff A, et al.
Immortalized pathological human myoblasts: towards a universal tool for
the study of neuromuscular disorders. Skelet Muscle. 2011;1:34.

33. Eisenberg I, Eran A, Nishino I, Moggio M, Lamperti C, Amato AA, et al.
Distinctive patterns of microRNA expression in primary muscular disorders.
Proc Natl Acad Sci U S A. 2007;104:17016–21.

34. Zaharieva IT, Calissano M, Scoto M, Preston M, Cirak S, Feng L, et al.
Dystromirs as serum biomarkers for monitoring the disease severity in
Duchenne muscular dystrophy. PLoS One. 2013;8:e80263.

35. Roberts TC, Blomberg KEM, McClorey G, Andaloussi SE, Godfrey C, Betts C,
et al. Expression analysis in multiple muscle groups and serum reveals
complexity in the MicroRNA transcriptome of the mdx mouse with
implications for therapy. Mol Ther Nucleic Acids. 2012;e39:1.

36. Reilly SN, Liu X, Carnicer R, Recalde A, Muszkiewicz A, Jayaram R, et al.
Up-regulation of miR-31 in human atrial fibrillation begets the arrhythmia
by depleting dystrophin and neuronal nitric oxide synthase. Sci Transl Med.
2016;8:340ra74.

37. Deng S, Zhao Q, Zhou X, Zhang L, Bao L, Zhen L, et al. Neonatal heart-
enriched miR-708 promotes differentiation of cardiac progenitor cells in
rats. Int J Mol Sci. 2016;17 https://doi.org/10.3390/ijms17060875.

38. Shen H, Liu T, Fu L, Zhao S, Fan B, Cao J, et al. Identification of microRNAs
involved in dexamethasone-induced muscle atrophy. Mol Cell Biochem.
2013;381:105–13.

39. Wang Y, Newton DC, Robb GB, Kau C-L, Miller TL, Cheung AH, et al. RNA
diversity has profound effects on the translation of neuronal nitric oxide
synthase. PNAS. 1999;96:12150–5.

40. Hou L, Xu J, Li H, Ou J, Jiao Y, Hu C, et al. MiR-34c represses muscle
development by forming a regulatory loop with Notch1. Sci Rep. 2017;7:9346.

41. Molza A-E, Mangat K, Le Rumeur E, Hubert J-F, Menhart N, Delalande O.
Structural basis of neuronal nitric-oxide synthase interaction with dystrophin
repeats 16 and 17. J Biol Chem. 2015;290:29531–41.

42. Brenman JE, Xia H, Chao DS, Black SM, Bredt DS. Regulation of neuronal nitric
oxide synthase through alternative transcripts. Dev Neurosci. 1997;19:224–31.

43. Baum O, Schläppi S, Huber-Abel FA, Weichert A, Hoppeler H, Zakrzewicz A.
The beta-isoform of neuronal nitric oxide synthase (nNOS) lacking the PDZ
domain is localized at the sarcolemma. FEBS Lett. 2011;585:3219–23.

44. Aquilano K, Baldelli S, Ciriolo MR. Nuclear recruitment of neuronal nitric-
oxide synthase by α-syntrophin is crucial for the induction of mitochondrial
biogenesis. J Biol Chem. 2014;289:365–78.

45. Colussi C, Mozzetta C, Gurtner A, Illi B, Rosati J, Straino S, et al. HDAC2
blockade by nitric oxide and histone deacetylase inhibitors reveals a
common target in Duchenne muscular dystrophy treatment. Proc Natl Acad
Sci U S A. 2008;105:19183–7.

46. Gentil C, Le Guiner C, Falcone S, Hogrel J-Y, Peccate C, Lorain S, et al.
Dystrophin threshold level necessary for normalization of neuronal nitric
oxide synthase, inducible nitric oxide synthase, and ryanodine receptor-
calcium release channel type 1 nitrosylation in golden retriever muscular
dystrophy dystrophinopathy. Hum Gene Ther. 2016;27:712–26.

Guilbaud et al. Skeletal Muscle  (2018) 8:15 Page 13 of 13

https://doi.org/10.3390/ijms17060875

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Ethics approvals
	Cohort of patients
	Taqman Low-Density Array (TLDA)
	miR-target predictions
	Individual RT-qPCR
	Luciferase assay
	Human myoblast transfection
	miRNA expression
	Western blotting
	Immunostaining
	Statistical analysis

	Results
	miRNA expression profiling in BMDd45-55 muscular biopsies
	miR-708-5p, miR-31-5p, and miR-34c-5p target 3′UTR sequences of NOS1 gene
	miR-31, miR-708, and miR-34c effect on nNOS expression in human myoblasts

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher’s Note
	Author details
	References

