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Abstract

Background Duchenne muscular dystrophy (DMD) is a lethal muscle disease detected in approximately 1:5000 male
births. DMD is caused by mutations in the DMD gene, encoding a critical protein that links the cytoskeleton and the
extracellular matrix in skeletal and cardiac muscles. The primary consequence of the disrupted link between the extra-
cellular matrix and the myofibre actin cytoskeleton is thought to involve sarcolemma destabilization, perturbation of
Ca®* homeostasis, activation of proteases, mitochondrial damage, and tissue degeneration. A recently emphasized
secondary aspect of the dystrophic process is a progressive metabolic change of the dystrophic tissue; however, the
mechanism and nature of the metabolic dysregulation are yet poorly understood. In this study, we characterized a
molecular mechanism of metabolic perturbation in DMD.

Methods We sequenced plasma miRNA in a DMD cohort, comprising 54 DMD patients treated or not by glucocorti-
coid, compared with 27 healthy controls, in three groups of the ages of 4-8, 8-12, and 12-20 years. We developed
an original approach for the biological interpretation of miRNA dysregulation and produced a novel hypothesis
concerning metabolic perturbation in DMD. We used the mdx mouse model for DMD for the investigation of this
hypothesis.

Results We identified 96 dysregulated miRNAs (adjusted P-value <0.1), of which 74 were up-regulated and 22 were
down-regulated in DMD. We confirmed the dysregulation in DMD of Dystro-miRs, Cardio-miRs, and a large number of
the DLK1-DIO3 miRNAs. We also identified numerous dysregulated miRNAs yet unreported in DMD. Bioinformatics
analysis of both target and host genes for dysregulated miRNAs predicted that lipid metabolism might be a critical met-
abolic perturbation in DMD. Investigation of skeletal muscles of the mdx mouse uncovered dysregulation of transcrip-
tion factors of cholesterol and fatty acid metabolism (SREBP-1 and SREBP-2), perturbation of the mevalonate pathway,
and the accumulation of cholesterol in the dystrophic muscles. Elevated cholesterol level was also found in muscle bi-
opsies of DMD patients. Treatment of mdx mice with Simvastatin, a cholesterol-reducing agent, normalized these per-
turbations and partially restored the dystrophic parameters.

Conclusions This investigation supports that cholesterol metabolism and the mevalonate pathway are potential ther-
apeutic targets in DMD.
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Introduction

Duchenne muscular dystrophy (DMD) is the most common
inherited paediatric muscle disorder. It is an X-linked genetic
progressive myopathy characterized by muscle wasting and
weakness, which leads to loss of motor functions, cardiac
and respiratory involvement, and premature death.! DMD
occurs at a rate of approximately 1:5000 male births and
arises due to mutations in the dystrophin gene. The disease
is caused by a deficiency of functional dystrophin, a critical
protein component of the dystrophin-glycoprotein complex
acting as a link between the cytoskeleton and the extracellu-
lar matrix in skeletal and cardiac muscles.? The only routinely
used medication for DMD patients is glucosteroid drugs,
which can at best only slightly delay the progression of the
disease.® Experimental therapeutic approaches, based on
gene therapy, cell therapy, and drug discovery, are focused
on the restoration of dystrophin expression.* However, de-
spite increasing efficiency in the restoration of dystrophin ex-
pression in recent clinical trials, only modest muscle
functional improvement has been achieved.>® A recently em-
phasized aspect of the dystrophic process is a progressive
metabolic change of affected muscle.”**

Profiling miRNA can be useful for diagnosis, monitoring,
and understanding mechanisms of diseases. DMD has been
the subject of a large number of miRNA profiling studies.*>™*’
However, these studies have been hampered by one or a
combination of limitations, including the use of animal
models rather than human patients, the relatively small size
of the studied cohorts, the detection of a small number of
predefined miRNAs, or the use of miRNA profiling technolo-
gies with low sensitivities. In the present study, we overcame
these limitations by profiling circulating miRNAs in the
plasma of a relatively large patient cohort, which was com-
posed of three age subgroups between the ages of 4 and
20 years old, and included both glucocorticoids (GC) treated
and untreated DMD patients, as well as an age-match control
group. Additionally, the profiling technology was of miRNA
sequencing, maximizing the detection sensitivity of the entire
spectrum of expressed miRNAs. Finally, an original bioinfor-
matics model for the interpretation of miRNA dysregulation
was employed.

Interestingly, the bioinformatics analysis of plasma miRNAs
dysregulation identified lipid metabolism as the most impor-
tant metabolic perturbation in DMD. In order to validate this
prediction, we screened muscle biopsies of young mdx mice
for the expression of factors that are related to lipid metabo-
lism and identified their dysregulation as early as at the age
of 5 weeks. Specifically, the mevalonate pathway that con-
trols the synthesis of cholesterol was highly affected and cho-
lesterol level was increased in the dystrophic muscles. A
recent paper reported a positive effect of simvastatin on
the dystrophic parameters and muscle function in the mdx
mouse. Surprisingly, considering the known target of

simvastatin, its effect was reported to be unrelated to blood
cholesterol.*® We treated mdx mice with simvastatin and
confirmed improved dystrophic muscle parameters. We dem-
onstrated that components of the muscle mevalonate path-
way and cholesterol levels were dysregulated in the muscle
of mdx mouse compared with those of the healthy control
and returned to normal after simvastatin treatment. In addi-
tion, the normalization of lipid metabolism correlates with
improved dystrophic parameters in mdx dystrophic muscle.
In conclusions, besides the discovery of a large number of
dysregulated miRNA in the plasma in DMD patients, the pres-
ent study provides new understanding of the metabolic per-
turbation in DMD and thus opens up new perspectives for
the treatment of DMD.

Methods
Ethical declaration

The human study (DMD patients and controls) was con-
ducted according to the principles of the declaration of
Helsinki ‘ethical principles for medical research’ and was
specifically approved by the ethical committee CPP lle de
France VI, on 20 July 2010, and the Comité d’Ethique (412)
du CHR La Citadelle (Liege, Belgium) 26 January 2011.

Human patients and cohort composition

Duchenne muscular dystrophy patients were admitted from
10 European medical centres, two of them from Belgium
(n = 35), one from Romania (n = 16), and seven from France
(n = 49). Healthy control patients were admitted from the
same medical centres, Belgium (n = 28), Romania (n = 45),
and France (n = 50). Patients were divided into three age
groups 4-8, 8-12, and 8-20 years old. In the youngest age
group, the same donors contributed the GC-treated and
untreated samples, with untreated samples that were
obtained before, and treated samples after their first GC
treatment, at an interval of less than 6 months. GC-treated
and untreated samples for the age groups of 8-12 and 12—
20 years old were obtained from distinct DMD patients.
Human skeletal muscle tissues were obtained from the
Myobank, the tissue bank of the Association Francaise
contre les Myopathies (AFM). Open skeletal muscle biopsies
were performed after informed consent, according to the
Declaration of Helsinki. Muscle biopsies included in this
study were derived from the paravertebral (two controls
and two DMD), gluteus, and the tensor fasciae latae (one
each control and one DMD) from the group aged 8-12
(DMD) and 12-20 (control) years old.

Journal of Cachexia, Sarcopenia and Muscle 2021
DOI: 10.1002/jcsm.12708



Cholesterol metabolism is a potential therapeutic target

Enrichment analysis of microRNA targets

The miRNA-target gene enrichment analysis was performed
with the web-based mirPath v.3'° http://snf-515788.vm.
okeanos.grnet.gr/, based on predicted miRNA-mRNA interac-
tion in human.

MicroRNA host genes analysis

For this analysis, we considered all the dysregulated miRNAs
(P < 0.05) in DMD patients aged 4-12 years old, compared
with their age-related healthy controls (Supporting Informa-
tion, Table S2). MicroRNA host genes were retrieved from
the miRIAD database®® and were manually validated on the
Ensembl human genome browser GRCh38.p7. We considered
all miRNAs embedded on the sense strand of introns and
exons of protein-coding genes. We assigned to the host-
genes the fold change and P-values of their embedded
miRNAs. When both —3p and —5p isoforms of the same
pre-miRNA were dysregulated, their host-genes were consid-
ered only once, with the lower P-value miRNA isoform. Simi-
larly, host genes for a number of different miRNAs in a miRNA
cluster were considered only once, with the highest dysregu-
lated miRNA (according to P-value). In miRNAs hosted on
more than one host-gene, both host-genes were considered.
The table of host-genes with their assigned dysregulation
values is in Supporting Information, Table S8. Host genes data
were assigned to the core analysis of Ingenuity® Pathway
Analysis (IPA®, QIAGEN Redwood City, www.giagen.com/
ingenuity). Pathway enrichment of the gene list was also per-
formed by ReactomePA and ClusterProfiler R/Bioconductor
packages.”!

For the procedures of blood collection, RNA extraction,
choice of samples for the miRNA profiling, miRNA sequenc-
ing, in vivo mice experiments, RNA expression analysis, west-
ern blotting, immunofluorescence, and measurement of
plasma free cholesterol, creatine kinase, and myomesin-3
are provided in the extended material and methods section
in the supporting information.

Results

Duchenne muscular dystrophy patient
characterization and cohort composition

To perform miRNA profiling in the serum of DMD patients,
we collected samples of 100 DMD patients and 123 healthy
controls from 10 European medical centres (Supporting
Information, Table S1). The study was approved by central
and local Institutional Review Board (IRB) and recorded on
ClinicalTrials.gov (Identifier: NCT01380964). All patients or

parents for minors signed informed consent. Following RNA
extraction from the plasma and quality control validation,
we selected 81 RNA samples and constituted nine groups of
nine patients. The groups consist of DMD patients, either un-
treated (DMD-UT) or receiving treatment with glucocorticoid
(DMD-T) and healthy controls, in three age categories of 4-8,
8-12, or 12-20 years old (Figure 1A). The mean age of dis-
ease onset of the corresponding cohort was 3 years of age.
Walking capacity was preserved in all patients of the first
age group, while three patients of the second group (33%
of untreated DMD), and all but two patients of the
(GC-treated) 12-20 years old had lost their ability to walk
(Supporting Information, Table S2). Overall, the mean age of
loss of walking ability was 9.6 years. Additional clinical and
functional characterization of the patients is shown in
Supporting Information, Table S2, and the spectrum of
dystrophin mutations present in the patients is depicted in
Figure 1B.

MicroRNA dysregulation in Duchenne muscular
dystrophy is age-dependent

After size selection, the 81 RNA samples were all individually
sequenced using the lllumina technique. All mapped reads
were matched to the hgl9 (GRCh38) human genome assem-
bly and were assigned to RNA classes, including rRNA,
snoRNA, piRNA, tRNA, and miRNA (miRbase v20, June
2013%) (Figure 2A). We obtained 9.37, 3.68, and 2.81 million
sequences on average per studied sample for total high qual-
ity (high quality reads), human genome mapped (mapped
reads), and mature miRNA sequences, respectively (Figure
2B). A principal component analysis (PCA) was used for the
identification of overall miRNA profile dysregulation between
the different cohort subgroups. PCA failed to separate DMD
from control samples (Figure 2C, upper left). In contrast,
PCA primary and secondary components separated the
DMD (orange dots) from the control (blue dots) of the 4-8
and 8-12 age groups (Figure 2C, upper middle and right, re-
spectively) but not of the 12—-20 age group (bottom left). In
the 4-12 years old group (combined 4-8 and 8-12 groups),
DMD patients were separated from healthy controls (bottom
middle). However, PCA failed to separate GC-treated from un-
treated DMD patients (bottom right). Of note, PCA analysis
failed to separate miRNA profiles according country of origin
(France, Belgium, and Rumania), in the 4-12 years old DMD
patients, excluding hypothesis of strong impact of country
of origin (data not shown). Of interest, no significant
correlation was found in DMD between the levels of any
single circulating miRNA to patients’ body mass index (BMl)
(data not shown). These results indicate a robust disease
effect, but not such robust GC treatment or country of
origin effects, on circulating miRNA in DMD. This effect is
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Figure 1 DMD cohort characterization. (A) cohort subgroups and age composition. DMD patients and healthy controls were classified into three age
groups of 4-8, 8-12 and, 12-20 years old. DMD patients were glucocorticoid treated (DMD T) or untreated (DMD UT). The figurine symbols represent
the ages of individual patients on the horizontal axis, black for untreated DMD, grey figures for treated DMD, and brown figures for healthy controls.
Treated and untreated DMD of the 4-8 group of age are the same patients before and after GC treatment (except one patient). (B) A graphical pre-
sentation of the spectrum of dystrophin mutations by age group. Dystrophin’s gene 79 exons and protein domains are presented on respectively the
upper and lower vertical bands. Patients of the 4-8 age years old group are represented twice in the cohort (with the exceptions of D8 and D17), be-
fore and after glucocorticoid treatment, by samples D1 to D9 and D10 to D18, respectively. Del (blue) = deletion; dup (red) = duplication; St
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age-dependent as it is no longer observed beyond the age
of 12.

Differentially expressed plasmatic microRNAs in
Duchenne muscular dystrophy patients

The aforementioned data indicate that the overall miRNA
dysregulation in DMD patients is drastically reduced beyond
the age of 12. In accordance, upon stratification on age and
treatment, we noticed that the largest set of dysregulated
miRNAs was identified by comparing the combined GC-
treated and untreated 4-12 years old patient group to their
age-related healthy controls (Supporting Information, Figure
S1), including 65 up-regulated and 25 down-regulated
miRNAs (adjusted P-value <0.1) in DMD patients
(Supporting Information, Tables S3 and S4, and Figure 3A).
Among the dysregulated miRNAs, we validated the dysreg-
ulation in DMD of the dystro-miRs,**>™*° the heart-enriched
cardiomiRs, and a large number of miRNAs belonging to
the DLK1-DIO3 cluster.’® Of the newly identified dysregu-
lated miRNAs, we noticed in particular a large number of
the Let-7 family members, the entire miR-320 family, and
many miRNAs, which are known modulators of diverse bio-
logical functions in skeletal and cardiac muscles, including
miR-128,%% miR-199a,%* miR-223,%> miR-486,% and members
of the miR-29%” and miR-30?® families. Of interest, six of
the dysregulated miRNAs were reported to target dystro-
phin expression in the dystrophic muscle, including the up-
regulated miR-494, miR-223, miR-103a, Let-7d and Let-73,
and the down-regulated miR-320a.2° The proximity be-
tween miRNA class members on the Volcano plot suggested
their similar dysregulation. Indeed, highly significant expres-
sion correlations were identified among miRNA members
within the distinct miRNA classes (Supporting Information,
Figure S2), supporting their coordinated dysregulation. The
dysregulation pattern of a selected number of miRNAs are
presented graphically (Figure 3), including the up-regulated
miR-206, miR-208a-3p, miR-128-3p, MiR-199a-3p, and miR-
369-5p (Figure 3B), the down-regulated miR-342-3p, miR-
320a, miR-361-3p, miR-29b-3p, and miR-30e-5p (Figure
3C), and the GC-responsive miR-223-3p, miR-379-5p, miR-
27b-5p, and Let-7d-5p (Figure 3D). To analyse the glucocor-
ticoid response, we compared miRNA expression before
and after glucocorticoid treatment in the 4-12 age group
DMD patients and identified 11 miRNAs, which were dys-
regulated in untreated DMD patients compared with
healthy controls, and for which the expression was signifi-
cantly changed by the glucocorticoid treatment. The expres-
sion of nine of these miRNAs shifted toward normalization
by the GC-treatment. Of note, miR-27b-5p, let-7i-5p, and
miR-379-5p were no longer dysregulated in the group of
treated DMD versus healthy control (Supporting

Information, Table S5). Similarly, miR-27b-5p and miR-379-
5p were not statistically different from healthy controls
when all DMD patients (treated + untreated) are grouped
together.

Bioinformatics interpretation of miRNA
dysregulation

Investigation of predicted target genes for dysregulated
miRNAs

MicroRNAs control the expression and/or stability of target
genes, and consequently, the biological functions of miRNAs
are mediated by their targets. A common method for inves-
tigating miRNAs functions consists of identifying signalling
pathways and cellular functions of these target genes. To
identify pathways that dysregulated miRNAs in DMD might
control, we used the KEGG function of DIANA TOOLS
miRPath V3,'° considering all upregulated and downregu-
lated miRNAs (adjusted P-value <0.1) of 4-12 years old
DMD compared with age-matched controls. The analysis
identified 20 distinct significantly enriched (P-value <0.05)
pathways, including pathways already suspected of partici-
pating in the DMD disease such as extra-cellular matrix
(ECM)-receptor interaction, fatty acid biosynthesis, focal ad-
hesion, PI3K-AKT signalling, and Foxo signalling (Supporting
Information, Table S6).

Investigation of host-genes for dysregulated microRNAs in
Duchenne muscular dystrophy

We also attempted to develop a complementary procedure
for the biological interpretation of miRNA dysregulation.
More than half of human miRNAs are embedded within in-
trons and exons of protein-coding genes.?’ The embedded
miRNAs are often co-expressed with their host genes and
can regulate their expression and activity,>>>? which support
functional relations between the miRNA, host-gene, target
genes, and biological activity. Indeed, we found that 12 of
the identified dysregulated miRNAs were embedded in seven
host genes that are known to be dysregulated in DMD
models and patients (Supporting Information, Table S7). Ac-
cordingly, we explored the possibility that analysis of host
genes for dysregulated miRNAs may provide an insight into
functional causes and consequences of miRNA dysregulation.
The Ingenuity pathway analysis (IPA) package (Qiagen-
bioinformatics) was used for the algorithmic prediction of
host-gene networks, assigning the fold change and P-value
of their embedded miRNAs (Supporting Information, Table
S8). Three networks were identified, all of which including
the terms Lipid Metabolism and Small Molecule Biochemistry
(Table 1). Of interest, the three networks integrate a number
of biomolecules that are known to be involved in DMD path-
ophysiology, some of which are recognized as therapeutic tar-
gets, supporting the relevance of the analysis. It included, in
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Figure 3 Plasma miRNA profiling in the DMD cohort. (A) a volcano plot of miRNA dysregulation in the plasma of 4-12 years old DMD patients (treated
and untreated together, n = 36) versus healthy control (n = 18). Up-regulated miRNA in DMD are on the right side and down-regulated on the left side
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Table 1 Network analysis of host genes for dysregulated miRNAs

Number focus Most connected

Network Score molecules molecule
1 Lipid metabolism, small molecule biochemistry molecular transport 1 e-64 31 SREBF1
2 Lipid metabolism, small molecule biochemistry, molecular transport 1 e-41 22 Beta estradiol
(oestrogen)
3 Lipid metabolism, small molecule biochemistry, dermatological 1e-32 18 HNFA4
diseases, and conditions
4 Lipid metabolism, molecular transport SREBF1

(Merged 1-3)

A pathway analysis was used for the construction of gene networks, using the core analysis of ingenuity® pathway analysis (IPA) with a
threshold of 70 molecule per network. The constructed networks are composed of host-genes for dysregulated miRNAs (P < 0.05) in the
plasma of the 4-12 years old DMD patients. The P value denotes the ‘probability’ of the coincidental construction of a network out of its
components. The focus molecule (3rd column) denotes the number of the network’s principal molecules, and the identity of the most
connected molecule of each network is provided in the 4th column. The 4th network was obtained by merging all networks function

of IPA algorithm.

network-1, insulin, MAPK, Erk1/2, PI3K and Akt, all members
of the canonical muscle hypertrophy pathway, NF-kB, H3/H4
histones, PDGF and PDGFR, Hox9A, and the mediator com-
plex. The SREBP-1 gene was identified as the most connected
in the first and largest network (Network 1, Figure 4A).
Network 2 includes cholesterol,*® EGFR,*® a- and B-estradiol,
and their oestrogen receptor.3* Beta-estradiol was the most
connected molecule in this network (Network 2, Figure 4B).
Network 3 includes TGF-beta and the hepatocyte nuclear fac-
tor HNF4a, which is its most connected molecule (Network 3,
Figure 4C). Finally, upon integrating the three networks using
the IPA software, the SREBP-1 molecule was the most con-
nected molecule of the combined network (Figure 4D). This
basic helix—loop—helix transcription factor, as well as its fam-
ily member SREBP-2, can bind specific sterol regulatory ele-
ment DNA sequences to up-regulate the synthesis of
enzymes involved in sterol biosynthesis, thus are master reg-
ulators of lipid metabolism.3®

In a complementary approach, the same 71 host genes
(Supporting Information, Table S&) were subjected to a gene
ontology (GO) enrichment analysis using the ReactomePA.
Particular enrichment was identified for terms that are
related to lipid metabolism, including the activation of gene
expression by SREBP (at the upper position by P-value), reg-
ulation of lipid metabolism by peroxisome proliferator acti-
vated receptor alpha (PPARA), COPlI mediated transport,
regulation of cholesterol biosynthesis by SREBP and metabo-
lism of steroids (Figure 4E). Considering that a large propor-
tion of host genes are involved in lipid metabolism, the
ClusterProfiler R package was used on a sub-selection of
the host genes which are known to participate in lipid
metabolism. This analysis suggested the involvement of this
network in the functions of transport to Golgi, PPARA tran-
scriptional activity and regulation of lipid metabolism, regula-
tion of cholesterol synthesis, COPI mediated anterograde
transport, metabolism of fat-soluble vitamins (vitamin D)
and of steroids (Figure 4F). Thus, two different bioinformatics
analyses identified the SREBP-dependent transcription
program and the metabolism of lipid and cholesterol in the

centre of a network of host genes for dysregulated miRNAs
in DMD.

Evidence for lipid metabolism dysregulation in the mdx
model

The miRNA-host gene analysis predicted the dysregulation of
the SREBP pathway in DMD. To investigate the relevance of
this prediction, we quantified the expression level of lipid
metabolism components, with a focus on the SREBP pathway
in the mdx mouse model (Figure 5A). In addition to SREBP-1
and SREBP-2, this analysis included the SREBP upstream reg-
ulator, SCAP,3® the SREBP-1 target gene, FASN, and the
SREBP-2 target genes, HMGCR and LDLR.>” In 5-week-old
mdx mice, four and three (out of the six) transcripts were
significantly up-regulated in gastrocnemius (GA) and dia-
phragm, respectively (Figure 5B,C). At the protein level, FASN,
HMGCR, SREBP-1 and SREBP-2 were up-regulated in GA
(Figure 5D,E), whereas the FASN, HMGCR, SCAP, and
SREBP-2 were significantly up-regulated in diaphragm (Figure
5F,G). Thus, it indicated the up-regulation of both SREBP-1
and SREBP-2 expressions and activities in the dystrophic
muscles.

Simvastatin alleviated the dystrophic phenotype
and partly normalized muscle cholesterol content
in mdx mouse

A positive effect of the cholesterol synthesis inhibitor simva-
statin on the dystrophic muscle was previously reported in
the mdx mouse model.?® The observed beneficial effect was
attributed to the reduction of oxidative stress, fibrosis, and in-
flammation. Interestingly, a recent study reported an abnor-
mally higher cholesterol content in muscles of DMD
patients.'! Therefore, we aimed at validating the beneficial ef-
fect of simvastatin in the mdx mouse and its possible relation
with modulation of muscle cholesterol. Orally administrated
simvastatin during a 3-week period significantly reduced the
level of serum myomesin-3, a sensitive serum biomarker of
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Figure 5 SREBP pathway in the mdx muscle. (A) A schematic presentation of the components in the SREBP pathway (see text for details). (B, C) Fold
change SREBP pathway transcripts in the gastrocnemius (B) and the diaphragm (C) in the mdx versus healthy control mouse. (D-G) A western blot
analysis of SREBP pathway protein expression in the gastrocnemius (D) and its graphical quantification (E), and of the diaphragm muscle (F) and its
graphical quantification (G). SREBP-1 = sterol regulatory binding element 1; SREBP-2 = sterol binding regulatory element 2; HMGCR = HMG-CoA reduc-
tase; FASN = fatty acid synthase; LDLR = low density lipoprotein receptor; SCAP=SREBP cleavage-activating protein.
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muscular dystrophy®® (Figure 6A,B). The level of mCK was re-
duced as well in the simvastatin-treated mdx mice (Figure 6C).
Histological analysis of the diaphragm muscle revealed signif-
icantly reduced fibrosis in treated mdx mice (Figure 6D,E).
The serum cholesterol level was not reduced by simva-
statin (Supporting Information, Figure S3), in agreement with
the observation made in a previous study.'® We sought to in-
vestigate the consequences of simvastatin treatment at the
level of the muscle tissue. Filipin is a naturally fluorescent
polyene antibiotic that binds to free but not esterified sterols
and is useful for detecting free cholesterol in biological
samples. The specificity of filipin staining to cholesterol was
demonstrated by treating C2C12 cells with the cholesterol-
trafficking inhibitor U18666A (Supporting Information, Figure
S4). Importantly, filipin staining of transversal sections con-
firmed increased free cholesterol content in the diaphragm
of 10-weeks-old mdx mice compared to their wild-type con-
trols (Figure 6F). Quantification of confocal images of the same
sections revealed over two-fold (P < 0.001) increased choles-
terol expression in the in mdx compared to wild-type controls,
and a partial normalization of cholesterol expression in the
simvastatin treated group (P < 0.001) (Figure 6G,H). Similar
reduced cholesterol content in treated mdx mice were ob-
served also in the GA and TA muscles (Supporting Information,
Figure S5). Finally, the quantification of the free cholesterol
content in muscle biopsies in a small cohort of human
DMD patients (n = 4) confirmed approximately two-fold
(P = 0.035) increased free cholesterol in DMD muscles
compared to controls (Figure 61). A western blot analysis dem-
onstrated that simvastatin treatment normalized the expres-
sion of SREBP-1, SREBP-2, and HMGCR in the diaphragm of
the mdx mouse (Figure 6J,K). Finally, we employed confocal
microscopy for the investigation of SREBP-1 and SREBP-2 ex-
pression in transversal sections of the diaphragm. Higher
levels of both proteins were observed in mdx compared to
the wild-type control, and this expression was reversed by sim-
vastatin (Figure 6L,M). Importantly, we noticed the expression
of SREBP-1 (Figure 6L) and a more clearly high expression of
SREBP-2 (Figure 6M and Supporting Information, Figure S6) in-
side myonucleus in the mdx mice. The majority of the SREBP-1
and SREBP-2 positive myonucleus was in a central position in
the myofibres, indicating regenerated myofibres. Of particular
interest, the expression of SREBP-1 and SREBP-2 was only
rarely detected in the nuclei of regenerated myofibres of the
simvastatin-treated mdx mice. It has been suggested that a
positive effect of simvastatin treatment on the dystrophic phe-
notype in the mdx mouse may result from the capacity of sim-
vastatin to reduced oxidative stress, indicated by the
down-regulation of Nox2, and to activate the autophagic flux,
indicated by the increased expression of the lipidated form of
LC3 (LC3b).*®* A western blot analysis confirmed the
up-regulation of Nox2, LC3a (cytoplasmic form of LC3), and
the LC3b proteins in the 10-week old mdx mice’s diaphragm
with, however, no detected effect of the simvastatin on their

expressions (Supporting Information, Figure S7). These data
supported that in young adult mdx mice, the oxidative stress
and autophagy pathways are not the major targets of the ob-
served positive effect of simvastatin. Taken together, these re-
sults indicate that (i) muscles of the mdx mouse are
characterized by the up-regulation of the transcriptionally ac-
tive nuclear forms of SREBP-1 and SREBP-2 in the centrally po-
sitioned myonucleus of regenerating myofibres. (ii) Muscle
fibres of the mdx mouse are characterized by increased cho-
lesterol content, and (iii) simvastatin treated mdx mice pre-
sented improved dystrophic phenotype in correlation with
normalized muscle SREBP-1 and SERBP-2 expression and cho-
lesterol content.

Discussion

In previous investigations, we profiled circulating miRNA in
the serum of animal models for DMD.***>3° Following these
studies, we are reporting the profiling of miRNA in the
plasma of DMD patients. We validated and confirmed the
dysregulation of many of the previously identified dysregu-
lated circulating miRNAs in muscular dystrophy. In addition,
we are reporting many newly identified dysregulated
miRNAs. An original bioinformatics approach was employed,
based both on target and host genes for dysregulated
miRNAs. This analysis predicted a central role for the pertur-
bation of lipid metabolism in DMD and particularly of the
SREBP/mevalonate/cholesterol synthesis pathway. Analysis
of skeletal muscle biopsies of the mdx mouse confirmed dys-
regulation of the SREBP pathway and increased cholesterol
content. Treatment of mdx mice with simvastatin partially
normalized the SREBP pathway, reduced cholesterol accumu-
lation in the dystrophic muscles, and improved dystrophic pa-
rameters of the treated mice.

The Duchenne muscular dystrophy cohort and
microRNA dysregulation

To our knowledge, this is the first study to report global miRNA
profiling in the plasma of DMD patients over a large age range,
including GC-treated versus untreated patients. The overall
miRNA dysregulation decreased in subjects above the age of
12. Thus, this age-dependent dysregulation pattern, which
was shown previously with the mCK and the myomiRs, was ex-
tended here to a large majority of the dysregulated miRNAs.
This pattern may reflect both the reduced muscle mass and
physical activity of the older DMD patients (quantitative
changes), as well pathophysiological evolution, independently
of muscle mass and activity (qualitative changes). We con-
firmed the up-regulation of many miRNAs identified in previ-
ous investigations, including the dystromiRs, the cardiomiRs,
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and the DLK1-DIO3 clustered miRNAs.1#*54° Of interest, we
are reporting here, to our knowledge for the first time in
DMD, the dysregulation of many members of the Let-7 and
miR-320 families. Among the newly identified dysregulated
miRNA in DMD plasma, we identified many miRNAs known
to play diverse roles in muscle pathophysiology, including
miR-128,%> miR-199a,%* miR-223,%°> miR-486,%° and the miR-
29" and miR-30%% family members. As in previous investiga-
tions, we identified a higher number of up-regulated rather
than down-regulated circulating miRNAs in DMD. Of interest
in the present study is the large number of down-regulated
miRNAs in DMD. The down-regulation of circulating miRNA
is not explained by the alteration of sarcolemma permeability.
Thus, it is likely to result from transcriptional adaptation in
dystrophic tissues. Of the down-regulated circulating miRNAs,
we noticed in particular miR-342 and miR-185, both of which
target the SREBP/mevalonate pathway and the synthesis of
cholesterol.** Additionally, we noted the down-regulation of
the entire (five members) miR-320 family, of which the biolog-
ical consequences in the context of muscular dystrophy are as
yet unknown.

A holistic bioinformatics analysis of microRNA
dysregulation predicted perturbation of cholesterol
metabolism

The conventional method for the biological interpretation of
miRNA dysregulation is based on the analysis of the conse-
quences of miRNAs dysregulation. This interpretation can
be carried out by a pathway enrichment analysis of mRNA
targets for the dysregulated miRNAs. The miRNA target genes
analysis predicted enrichment for the KEGG pathways of the
proteoglycan ECM-receptor interaction,*® focal adhesion,**
fatty acid biosynthesis,* as well as several signalling path-
ways: Hippo,*® PI3K-Akt, oestrogen,*’ Fox0,*® and ErbB,*
all of which are known to be dysregulated in DMD. The dys-
regulation of these pathways is well-known in the field and
thus supports the pertinence of our miRNA dysregulation re-
sults. However, the target genes analysis failed to produce
novel hypotheses or an explanation for the DMD pathophys-
iology. Importantly, among the dysregulated miRNAs, we no-
ticed some positioned inside mRNA transcripts that are
known to be dysregulated in the dystrophic muscle in DMD.
This observation supports a hypothesis that, in DMD, miRNAs
and their host-gene might be coordinately dysregulated, and
thus, miRNA dysregulation may indicate a host-gene dysregu-
lation. Taking these considerations into account, we hypoth-
esized that a biological interpretation approach for
circulating miRNA that combines both target and host genes,
which is described schematically in Supporting Information,
Figure S8, may provide an improved interpretation of DMD
pathophysiology. The IPA-based gene-interaction analysis
predicted three dysregulated networks, all of which contain

the term lipid metabolism. The SREBP-1 molecule was identi-
fied as being central to the merged network of dysregulation
in DMD. Indeed, in agreement with the bioinformatics predic-
tion, gene expression analysis confirmed the significant
up-regulation of members of the SREBP pathway in the gas-
trocnemius and the diaphragm in the young mdx mouse, pro-
viding supporting experimental data for the hypothesis of
SREBP pathway dysregulation.

Treating mice by simvastatin

In the short duration of only 3 weeks simvastatin treatment,
we observed improved dystrophic parameters, including the
reduction of diaphragm fibrosis, which is yet not highly pro-
nounced at the young mdx mouse. Likely, treating older
mdx mice for a longer period would result in a stronger
anti-fibrotic effect, as previously reported.*® Of note,
Whitehead et al. suggested that the positive effect of simva-
statin is cholesterol-independent.'® Our results support that
HMGCR and the accumulation of cholesterol in the muscle
are the direct therapeutic targets of simvastatin in DMD. This
proposition is in agreement with earlier reports of lipid and
particularly of cholesterol metabolism abnormalities in
DMD.**%>3 Of particular interest, Steen et al. reported the
improved dystrophic parameters in an mdx mouse that over-
express the NPC1 gene, an accelerator of intracellular choles-
terol trafficking,®® Milad et al. reported the correlation
between increased plasma cholesterol and accentuated mus-
cular dystrophy in the mdx mouse,>® and most recently White
et al. reported the high prevalence of plasma lipid abnormal-
ities in DMD patients,”® which together support that pertur-
bation of cholesterol metabolism affects the DMD
phenotype. Not only does our study concords with these pre-
vious findings, it also provides a molecular framework for this
dysregulation. In summary, from the plasma samples of a
large DMD cohort, the present study identified that perturba-
tion of lipid metabolism, and in particular of cholesterol ho-
meostasis, plays an important role in the pathophysiology
of DMD. Thus, cholesterol metabolism is a potential thera-
peutic target in DMD.
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Table S1. Cohort’s medical center composition

Table S2. Clinical features of the DMD patients. Glucocorti-
coid treated (T) patients are in blue. Untreated patients
(UT) are in black. (*) from Martinique; (**) Mother from
the Reunion island and Martinique, Father Caucasian, (***)
Mother from Brazil, Father Caucasian. NA: not available.
ND: not done.

Table S3. Up-regulated plasma miRNA 4-12 years old DMD
versus control. MiRNAs were ranked by FDR-adjusted p-
value. MiRNA categories include dystromiRs, heart-enriched
miRNAs (CardiomiR), miRNAs residing in the DLK1-DIO3 ge-
nomic locus, and Let-7 or miR-320 family members. MiRNAs
of none of these categories were designed as unclassified.
Table S4. Down-regulated plasma miRNA 4-12 years old DMD
versus control. MiRNAs were ranked by FDR-adjusted p-
value. MiRNA categories include the miR-320 family mem-
bers and unclassified miRNAs.

Table S5. dysregulation of glucocorticoid-responsive miRNAs
in 4-12 years old DMD patients (5a, Table). Eleven DMD
dysregulated miRNAs were GC-responsive. MiRNAs are clas-
sified by order of p-value in treated versus untreated DMD
patients. All but miR-30e-5p and miR-425-5p were upregu-
lated in DMD and reversed by the GC treatment toward
normalization. In contrast, GC-treatment increased the
downregulation in DMD of miR-30e-5p and miR-425-5p.
Three miRNAs, miR-27-5p, miR-379-5p and let-7i-5p were
no longer dysregulated after GC treatment. The miR-27-5p

and miR-379-5p were not dysregulated in the group of all
DMD patients versus healthy controls (p > 0.05 in red).
FC= fold change, UT = untreated. (5b, Figure). Heat map
of miRNA dysregulation. The miRNA relative level is illus-
trated by Z-scores, colored from blue to red, indicating
from lowest to highest expression.

Table S6. Pathway enrichment analysis of target genes for
dysregulated miRNAs, considering up- and down-regulated
miRNAs in the 4-12 vyears old DMD/control samples
(Adjusted p-value < 0.1). Pathways are classified according
to p-values (FDR-adjusted). Shown are the 20 most
enriched pathways.

Table S7. List of the host genes of the identified dysregu-
lated intragenic miRNAs that are known to be dysregulated
in DMD models and patients. Both 3’ (3p) and 5 (5p)
mature miRNA forms of a given pre-miRNA were consid-
ered when both are dysregulated. The reference column
refers to the study that described the dysregulation of
the host gene.

Table S8. Dysregulated intragenic miRNA in DMD plasma and
their related host-gene, considering all miRNAs embedded on
the sense strand of introns and exons of protein-coding
genes. FC and p (student T-test) values are of miRNA expres-
sion in the blood plasma of 4-12 old DMD patients versus
healthy controls. When both 3p and 5p isoforms of the same
pre-miRNA were dysregulated, their host-genes were consid-
ered only once, with the lower p-value miR isoform. Host
genes for a number of different miRNAs were considered
only once, taking into account FC and p-values of the miRNA
with the lowest p-value.13

Table S9. RT-gPCR primers, and antibody information.
Figure S1. Venn diagram analysis of differentially expressed
miRNAs in age and treatment stratified groups (a) Venn
diagram of age-specific and age overlapping dysregulated
miRNAs between DMD and healthy control samples and a
table presentation of (a) is shown in (b). (c) Dysregulated
miRNAs in the 4-20 years old. (d) Specific and overlapping
dysregulated miRNAs in the 4-12 YO group between
treated and untreated DMD versus healthy control.
34 and 49 miRNAs are dysregulated in the 4-8 and
8-12 years old group, respectively (a and b). No miRNA
(fdr<0.1) is differentially-expressed between DMD
and healthy control in the 12-20 YO group. When age
groups are combined, 90 and 45 miRNAs are dysregulated
in the 4-12 and 4-20 years old groups, respectively (a and
b). Dysregulated miRNAs in the 4-12 years old DMD pa-
tients included all but one (miR-122) of the dysregulated
miRNAs in the 4-20 years old group (c). When looking only
at the 4-12 years old group, the classification into
GC-treated and untreated as compared to the healthy con-
trol samples reduced the number of dysregulated miRNAs
from 90 to 77 (d).

Figure S2. Correlogram of plasma miRNA expression in DMD
patients of the 4-12 years old age group
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Expression correlations were analyzed among members of
miRNA classes that were identified as dysregulated in the
plasma in DMD patients. Dysregulated miRNA classes in-
cluded the (a) MyomiRs, (b) CardiomiR, (c) Let-7 miRs, (d)
miR-320 and (e) DLK1-DIO3 cluster miRNAs. Presented only
significant Spearman correlations (r <0.05), whereas “X” rep-
resents the absence of correlation. The elliptic shape and the
relative intensity of the blue color are proportional to the
level of positive correlation. Correlation r values are pre-
sented inside the elliptic shapes. The r values for the correla-
tions in the DLK1-DIO3 miRNAs (e) are presented in (f).
Figure S3. Cholesterol level in the serum of mdx mice treated
by Simvastatin. Serum cholesterol in a 7-week old (young
adult) mdx and control mice treated by Simvastatin during
three weeks

Figure S4. Filipin staining of free cholesterol in C2C12 cells
C2C2 myoblast were treated by the cholesterol trafficking in-
hibitor U18666A (Lu et al., 2015), without (middle) or with
(right) 24 hours treatment by the cholesterol synthesis inhib-
itor, simvastatin. Nucleus was stained by Sytol3. Accumu-
lated free cholesterol was stained with filipin.

Figure S5. Confocal analysis of cholesterol expression in
transversal sections of the Tibialis anterior and the Gastroc-
nemius muscles

Transversal sections of mdx and control healthy C57BI/10
mice, Gastrocnemius (GA) and Tibialis Anterior (TA), were la-
beled by Syto13 (nucleus) in blue, and Filipin (cholesterol) in
red. Mdx mice were untreated (center; mdx), or treated
(right; mdx + Simv) by Simvastatin.

Figure S6. Confocal analysis of SREBP-2 expression in the
mouse diaphragm

Transversal sections were immunostained with wheat germ
agglutinin (WGA) in green, which stains the sarcolemma
and the myonucleus membrane, with DAPI for nuclear stain-
ing, and with the anti-SREBP-2 antibody. White arrows indi-
cate myonucleus in a central position in regenerated
myofibres. Note that mdx nucleus are positive to all
three colors (pink), while only residual faint red dotes can
be observed in the nucleus (blue) of the mdx treated by sim-

Figure S7. Effect of simvastatin on markers of oxidative stress
(Nox2) and autophagic flux (LC3) in the dystrophic skeletal
muscle

Western blotting analysis (upper panel) and its quantifica-
tion (lower panel) of diaphragm biopsies of 10 weeks old
mice (n=6), treated or not (Simvastatin during three weeks,
80 ng/kg, orally, integrated into the diet). The protein ex-
pression is normalized to GAPDH. All markers are upregu-
lated in mdx compared to control mice. No significant
differences observed in mdx mice upon simvastatin
treatment

Figure S8. Approach for the biological interpretation of
miRNA dysregulation, based on both target and host genes
of the dysregulated miRNAs

Transcriptional adaptation in the diseased tissue affects both
intergenic miRNAs (miRNA between genes, on the left) and
intragenic miRNAs (miRNA inside genes, on the right). Intra-
genic miRNAs are often co-transcribed with their host genes,
cooperatively affecting downstream events. The functional
link between a miRNA to its host gene is thought to be
strong, while the link between a miRNA to its many predicted
target genes is questionable. Dysregulation of intragenic
miRNAs and their host genes provides information on up-
stream signaling in the disease, which causes transcriptional
dysregulation, while the analysis of target genes may provide
information on downstream events, which are the conse-
quences of miRNA dysregulation.
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