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Abstract

Purpose

Greater muscle fragility is thought to cause the exhaustion of the muscle stem cells during
successive degeneration/repair cycles, leading to muscle wasting and weakness in
Duchenne muscular dystrophy. Chronic voluntary exercise can partially reduce the suscep-
tibility to contraction induced-muscle damage, i.e., muscle fragility, as shown by a reduced
immediate maximal force drop following lengthening contractions, in the dystrophic madx
mice. Here, we studied the effect of Prospero-related homeobox factor 1 gene (Prox1) trans-
fer (overexpression) using an AAV on fragility in chronically exercised mdx mice, because
Prox1 promotes slower type fibres in healthy mice and slower fibres are less fragile in mdx
muscle.

Methods

Both tibialis anterior muscles of the same mdx mouse received the transfer of Prox1and
PBS and the mice performed voluntary running into a wheel during 1 month. We also per-
formed Prox1 transfer in sedentary madx mice. In situ maximal force production of the muscle
in response to nerve stimulation was assessed before, during and after 10 lengthening con-
tractions. Molecular muscle parameters were also evaluated.

Results

Interestingly, Prox1 transfer reduced the isometric force drop following lengthening contrac-
tions in exercised mdx mice (p < 0.05 to 0.01), but not in sedentary mdx mice. It also
increased the muscle expression of Myh7 (p <0.001), MHC-2x (p <0.01) and Trpc1 (p <
0.01), whereas it reduced that one of Myh4 (p < 0.001) and MHC-2b (p < 0.01) in exercised
mdx mice. Moreover, Prox1 transfer decreased the absolute maximal isometric force (p <
0.01), but not the specific maximal isometric force, before lengthening contraction in exer-
cised (p <0.01) and sedentary mdx mice.
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Conclusion

Our results indicate that Prox1 transfer increased the beneficial effect of chronic exercise on
muscle fragility in mdx mice, but reduced absolute maximal force. Thus, the potential clinical
benefit of the transfer of Prox1 into exercised dystrophic muscle can merit further
investigation.

Introduction

Duchenne muscular dystrophy (DMD), the most common X-linked inherited muscular dis-
ease, is caused by mutations in the DMD gene, leading to dystrophin deficiency that results in
skeletal muscle fibre injury and progressive muscle wasting and weakness. Dystrophin is a
costameric protein that plays a role in force transmission and sarcolemma stability in skeletal
muscle [1]. In line, muscle of dystrophin-deficient mdx mouse, the “classic” animal model for
DMD, exhibits two important functional dystrophic features. First, muscular weakness that is
the decrease of the specific maximal force (the absolute maximal force generated relatively to
muscle cross-sectional area or weight) with an unmodified/maintained absolute maximal
force due to the muscle hypertrophy [2]. A second robust phenotype is muscle fragility that is
revealed by the high susceptibility of the fast and low oxidative mdx muscle for damage caused
by the lengthening (eccentric) contractions, leading in particular to an immediate marked
force drop following lengthening contractions [2-4]. This force drop is proportional to both
the length of the stretch and the absolute maximal lengthening force produced during the first
contraction in fast mdx muscle [3, 4]. It was also found no muscle histological structural
change immediately following lengthening contractions in mdx mice [5], as well as no reduc-
tion in maximal force of permeabilized muscle fiber [5, 6]. The greater fragility in mdx mice is
associated to reduced muscle excitability [5, 7-9], and several genes coding ion membrane
channels interacting with dystrophin are involved in muscle excitability, such as Scn4a, Cac-
nals, Slc8al, Trpcl and chrnal [10, 11]. Increased fragility is also related to NADPH oxidase 2
(NOZX2) activity [12-14] and aggravated by inactivation of Utrn and Des coding utrophin and
desmin respectively in mdx mice [15, 16].

The fragility of the dystrophic muscle is thought to cause the exhaustion of the muscle
stem cells during successive degeneration/repair cycles [17]. Thus, attempt to reduce this
fragility is very important because it has the potential to slow the progression of the dystro-
phic disease. Interestingly, chronic muscular exercise can improve (reduced) the fragility in
mdx mice [9, 18-20]. In particular, voluntary running decreases fragility, i.e., reduces the
force drop following lengthening contractions, in mdx mouse fast muscle [9, 19], whereas
physical inactivity aggravates it [19]. Recently, it was found that the reduced fragility
induced by voluntary running in mdx mice was related to calcineurin pathway activation,
and changes in the program of genes involved in slower contractile features of muscle fibre
and genes coding membrane ions channels involved in muscle excitability [9]. However,
voluntary running only partly reduced the susceptibility to exercise-induced muscle damage
[9, 19], so it would be interesting to combined the effects of exercise with those of another
treatment.

While voluntary exercise offers potential therapeutic benefit, additional adjunct therapies
could further improve functional dystrophic features. In the recent years, genetic or pharma-
cological treatments promoting slower and more oxidative fibres are been shown to be benefi-
cial in the mdx mice. In fact, several studies support the idea that activation of the AMPK,
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calcineurin, E2F1, ERRy, IGF1, SIRT1 and PGCI1 signalling pathways alleviates some of the
dystrophic features in mdx muscle [21-30]. For example, genetic activation of calcineurin
pathway improves fragility in fast muscle of the mdx mouse, but decreases maximal force pro-
duction, thus, aggravating weakness [28]. Recently, in healthy fast muscle, it was demonstrated
that the loss of Prospero-related homeobox factor 1 (Prox1), a transcription factor essential for
the development of several organs like [ymphatic vessels and highly conserved among verte-
brates, represses the expression of slow contractile genes, whereas its overexpression via Prox1
transfer has the opposite effect and down-regulates the fast contractile genes, [31, 32]. In par-
ticular, the inactivation of ProxI reduces the expression of the slowest myosin heavy chain
Mpyh?7 in fast healthy muscle, without affecting oxidative capacity (succinate dehydrogenase
staining) and absolute maximal force [32]. ProxI, that is more expressed in slow fibres, is
involved in the activation of the NFAT/calcineurin pathway, and promotes the slow contractile
gene program in healthy muscle [31].

The principal purpose of the present study was to determine whether Prox1 transfer using
an adeno-associated vectors (AAV9) carrying the Prox1 construct reduced muscle fragility in
voluntary exercised mdx mice, with fragility being defined as the immediate loss of muscle
function (i.e., maximal force drop) following lengthening contractions. The study including
physiological outcome measurement of fragility was complemented by molecular analyses.
Because we found that voluntary running and Prox1 transfer have additive beneficial effects on
fragility, a second set of experiment was performed to compare the effect of ProxI transfer on
fragility between voluntary exercised and sedentary mdx mice. Interestingly, ProxI transfer
did not reduced fragility in sedentary mdx mice.

Materials and methods
Animal groups and voluntary running

All procedures were performed in accordance with national and European legislations and
were approved by our institutional Ethics Committee “Charles Darwin” (Project #
01362.02). Male mice with exon 23 mutation in the dmd gene encoding dystrophin (Mdx
mice) were used (hybrid background C57Bl/6 x C57Bl/10). Mice (2-3 months of age) were
randomly divided into different control and experimental groups (Fig 1). In the first set of
experiment, Mdx mice were placed (Mdx+W) in separate cages containing a wheel and
were allowed to run 1-month ad libitum. The muscles of Mdx mouse runners received
(Mdx+W+P) or not (Mdx+W) ProxI transfer into the muscle 3 days before the initiation of
voluntary exercise. The running distances were collected and daily running distance was
4.2 £ 0.1 km/day. A group of sedentary Mdx mice was also studied (Mdx). At the end of the
experiment, the body weight of the Mdx+W+P/Mdx+W mice and Mdx mice was 29.9 + 0.3
gand 31.4 £ 0.2 g respectively (p = 0.019). The first set of experiment was performed to
study the effect of ProxI transfer in exercised Mdx mice. Because we found an effect of
ProxI transfer on fragility in Mdx+W+P muscle, we then performed a second set of experi-
ment to compare the effect of Prox1 transfer on fragility between voluntary exercised mus-
cle and sedentary muscle. In the second set of experiment, the muscles of sedentary Mdx
mice received (Mdx+P) or not (Mdx) ProxI transfer. The muscles were measured and col-
lected 4 weeks after ProxI transfer.

Prox1 transfer

To overexpress Prox1, adeno-associated vectors (AAV9) carrying the Prox1 construct (AAV--
Proxl1) [31] was injected in one of the Tibialis anterior (TA) muscles of the mouse (2.1 x 10"
vector genomes). The other TA muscle (control muscle) of the same mouse was injected with
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Fig 1. Experimental design. Two sets of experiments were performed. In the first set of experiment, we want to determine the effect of ProxI transfer on
fragility in voluntary exercised mdx mice. AAV-Prox1 and PBS were injected in TA muscles of the same mdx mice before voluntary exercise. The aim of the
second set of experiment was to compare the effect of ProxI transfer between voluntary exercised and sedentary mdx mice.

https://doi.org/10.1371/journal.pone.0254274.9001

saline solution only (Fig 1). The mouse was anesthetized (3% isoflurane) and TA muscles were
injected (30 pl). Briefly, hProx1 cDNA’s were cloned into psub plasmid (promoter CMV) [31].
The plasmid was purified using the PureYield™ endotoxin-free Plasmid Maxiprep System (Pro-
mega, Lyon, France) and then verified by restriction enzyme digestion and by sequencing
(Eurofins MWF Operon, Ebersberg, Germany). The AAV-Prox1 was produced in human
embryonic kidney 293 cells by the triple-transfection method using the calcium phosphate pre-
cipitation technique. The virus was then purified by 2 cycles of cesium chloride gradient cen-
trifugation and concentrated by dialysis. The final viral preparations were kept in PBS solution
at -80°C. The number of viral genomes was determined by a quantitative PCR. Titer for AAV--
Prox1 was 7.1 x 10" vector genomes (vg).ml ™.
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Muscle fragility measurement

Muscle fragility (susceptibility to contraction induced damage) was evaluated by measuring the in
situ TA muscle contraction properties in response to nerve stimulation, as described previously
[5]. Fragility was estimated from the isometric force drop resulting from lengthening contraction-
induced damage. Briefly, mice were anesthetized using pentobarbital (60 mg/kg, ip). Body tem-
perature was maintained at 37°C using radiant heat. The knee and foot were fixed with pins and
clamps and the distal tendon of the muscle was attached to a lever arm of a servomotor system
(305B, Dual-Mode Lever, Aurora Scientific) using a silk ligature. The sciatic nerve was proximally
crushed and distally stimulated by a bipolar silver electrode using supramaximal square wave
pulses of 0.1 ms duration. We first determined the optimal length (L0, length at which maximal
isometric force was obtained during the tetanus). Once L0 was obtained, a maximal isometric
contraction of the TA muscle was initiated during the first 500 ms. Then, muscle lengthening
(10% L0) at a velocity of 5.5 mm/s (0.85 fibre length/s) was imposed during the last 200 ms. Nine
lengthening contractions of the TA muscles were performed in Mdx mice, each separated by a 60
s rest period. Absolute maximal isometric force was measured 1 min after each lengthening con-
traction and expressed as a percentage of the initial maximal force (force drop). Absolute maximal
isometric force measured before the first lengthening contraction was also normalized to the mus-
cle mass in order to calculate the specific maximal isometric force, an index of muscle weakness.
In addition, we measured the absolute maximal lengthening force during the first lengthening
contraction, and index of the muscle stress. After contractile measurements, the animals were
killed with cervical dislocation.

Real-time quantitative PCR (polymerase chain reaction)

Muscles (TA) were snap frozen in liquid nitrogen and stored at —80°C until use. Total RNA
was isolated from TA muscles using Trizol (Invitrogen). Complementary DNA (cDNA) was
then synthesized from 1 pg of total RNA using the RevertAid First Strand cDNA Synthesis kit
with random hexamers, according to the manufacturer’s instructions (Thermo Scientific).
RT-PCR was performed on a LightCycler 480 System at the platform iGenSeq of the Institut
du Cerveau et de la Moelle epiniére, using LightCycler 480 SYBR Green I Master Mix (Roche,
Basel, Switzerland) [5]. The expression of Hmbs was used as reference transcript because it’s
expression did not differ between groups. The 2-AACP method has been used as a relative
quantification strategy for quantitative real-time polymerase chain reaction (QPCR) data anal-
ysis. All sequences of primers used are presented in Table 1.

SDS-PAGE electrophoresis of MHC isoforms (proteins)

The muscles were extracted on ice for 60 min in four volumes of extracting buffer containing 0.3
M Na(l, 0.1 M NaH2PO4, 0.05 M Na2HPO4, 0.01 M Na4P207, 1 mM MgCI2, 10 mM EDTA,
and 1.4 mM 2-mercaptoethanol (pH 6.5). Following centrifugation, the supernatants were diluted
1:1 (vol/vol) with glycerol and stored at -20°C. MHC isoforms (proteins) were separated on 8%
polyacrylamide gels, which were made in the Bio-Rad mini-Protean II Dual slab cell system. The
gels were run for 31 h at a constant voltage of 72 V at 4°C [33]. Following migration, the gels were
silver stained. The gels were scanned using a video acquisition system. The relative level of MHC
isoforms was determined by densitometric analysis using Image J software.

Histology

Transverse serial sections (8 um) of TA muscles were obtained using a cryostat, in the mid-
belly region. For determination of muscle fibre diameter (min ferret), frozen unfixed sections
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Table 1. Sequences of primers used.

Gene

Forward

Reverse

House keeping gene

Hmbs

5’ - AGGTCCCTGTTCAGCAAGAA -3’

5’ - TGGGCTCCTCTTGGAATGTT -3’

Genes of interest

Cacnal 5’ -CCTCATCAGCAAGAAGCAGG-3’ 5’ -TATGACAGACAGACCCTGGC-3"
Chrnal 5/ - TGGTCTTTGTCATTGCGTCC -3’ 5’ - GATAAAAACCTTCCGCACCCA -3’
Des 5’ - GTCCTCACTGCCTCCTGAAG-3’ 5’ - AGCATGAAGACCACAAAGGG-3'
Fnl4 5’ - AGGGGCTATAATGCCACTCC -3’ 5’ - GGGAGATGGTTGTTTCCGTG -3’

Fst 5’ - CGAGTGTGCCATGAAGGAAG -3’ 5’ - GGTCTTCCTCCTCCTCCTCT -3’
Gadd4s 5/ - GGTGACGAACCCACATTCAT -3’ 5’ - GATTAATCACGGGCACCCAC -3’
Gp9lphox 5’ -TCACATCCTCTACCAAAACC-3’ 5/ -CCTTTATTTTTCCCCATTCT-3"
Hdac4 5’ - AAGTAGCTGAGAGACGGAGC -3’ 5’ - GCATGCGGAGTCTGTAACAT -3’

Igfl 5’ -ACAAGCCCACAGGCTATGGCTC -3’ 5’ -AGTCTCCTCAGATCACAGCTCCG -3’

Lc3 Maplic3a 5’ - CATGAGCGAGTTGGTCAAGA -3’ 5’ - CCATGCTGTGCTGGTTGA -3’
Mafbox 5’ -TCACAGCTCACATCCCTGAG-3’ 5’ - TCAGCCTCTGCATGATGTTC-3’
Mstn 5’ - GCTACCACGGAAACAATCAT-3’ 5’ -CAATACTCTGCCAAATACCA-3’
Murfl 5’ -TGAGGTGCCTACTTGCTCCT-3" 5/ -GTGGACTTTTCCAGCTGCTC-3"
Myh2 5’ -AAGCGAAGAGTAAGGCTGTC-3" 5/ -GTGATTGCTTGCAAAGGAAC-3"
Myh4 5’ -ACAAGCTGCGGGTGAAGAGC-3" 5’ -CAGGACAGTGACAAAGAACG-3"

Myh7 5’ -AGGTGTGCTCTCCAGAATGG-3’ 5/ -CAGCGGCTTGATCTTGAAGT-3"
P47phox 5’ -AGAACAGAGTCATCCCACAC-3’ 5/ -GCTACGTTATTCTTGCCATC-3"

PrxII 5’ -GGTTTGGGCCACGCATAAAA-3' 5/ -GCCATGACTGCGTGAGCAAG-3"

Proxl 57 -GCTACCCCAGCTCCAACATGCT-3" 5/ -TGATGGCTTGACGCGCATACTTCT-3’

Racl 5’ -GTAAAACCTGCCTGCTCATCA-3"' 5’ -GAGAGGGGACGCAATCTGT-3’

Reddl Ddit4 5’ - ACTACTGACCTGTTCGAGGC -3’ 5’ - TCAAGTGTCGAAGATCCCGA -3’

Redd2 Ddit4l 5’/ - GTGCAGCCCCATCAAAACATA -3’ 5’ - GAAGCCATGCTCTTGTCACTG -3’
Sdha 5’ -TTACAAAGTGCGGGTCGATG-3" 5/ -GTGTGCTTCCTCCAGTGTTC-3"
Scnda 5’ -GCAACCTGGTGGTCCTGAAT-3" 5/ -CAGCCCCAAGAGGAAGGTTT-3"
Slc8al 5’ - GGAGACTGCTCGTGTGTCTA -3’ 5’ - TGTTGGTTGGCCTGAGAGAT -3’

Smox 5’ -AAGTTGTGAATCCAGTGGCG-3" 5/ -GTCTCCAAGCCTCACACTCT-3"

Tnnil 5’ -ATGGAGGAGGTGGATCTGC-3’ 5/ -TTCAARATTTGGCCCGGCAC-3’

Trpcl 5’ - TCTATAGATGTCTGGCCAGTCC-3’ 5’ - CATTTTGCACTGACGGGCTA-3'

Utrn 5/ - CACTATGACCCCTCCCAGTC -3’ 5’ - CGCTTCCTGTTGTAGAGCTG -3’

https://doi.org/10.1371/journal.pone.0254274.t001

were blocked 1h in phosphate buffer saline plus 2% bovine serum albumin, 2% fetal bovine
serum. Sections were then incubated overnight with primary antibodies against laminin
(Sigma, France). After washes in PBS, sections were incubated 1 h with secondary antibody
(Alexa Fluor, Invitrogen). Slides were finally mounted in Fluoromont (Southern Biotech).
Images were captured using a digital camera (Hamamatsu ORCA-AG) attached to a motorized
fluorescence microscope (Zeiss Axiolmager.Z1), and morphometric analyses were made using
the software Image]. We attempt to analyze all the fibers of the muscle section, but some were
excluded from the analysis for reasons of improper labeling (mean: 1474 fibres measured per
muscle).

Statistical analysis

Groups were statistically compared using the Prism software v8 (GraphPad, La Jolla, CA,
USA). Data were tested for homogeneity of variance using a Brown-Forsythe test. For the first
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set of experiment, one-way ANOVA was used to analyze the following variables: mRNA
expression, absolute and specific maximal force, absolute maximal lengthening force, the ratio
of absolute maximal lengthening force to the absolute maximal lengthening force, and muscle
weight. Fragility was analyzed by two-way ANOVA, groupes (Mdx, Mdx+W, Mdx+W+P) by
lengthening contractions (0, 3, 6, 9), with the repeated measures on lengthening contractions.
Unpaired t-test with Welch’s correction was used to analyze the % of MHC-2x and MHC-2a
(electrophoresis) and body weight of the mice. For experiment 2, unpaired t-test with Welch’s
correction was used for the following variable: mRNA expression, absolute and specific maxi-
mal force, absolute maximal lengthening force, and muscle weight. Fragility was analyzed by
two-way ANOVA, groupes (Mdx, Mdx+P) by lengthening contractions (0, 3, 6, 9), with the
repeated measures on lengthening contractions. Moreover, when significant main effect
(ANOVA) was observed, multiple-comparisons were performed with Tukeys test. Finally,
when significant interaction was found (ANOVA), differences were tested with Holm-Sidak
test. Values are means + SEM.

Results

Prox1 transfer in voluntary exercised Mdx muscle promotes slower
contractile features

In the first set of experiment, we first determined whether Prox1 transfer increased slower con-
tractile features in voluntary exercised Mdx mice. ProxI transfer into the TA muscle markedly
increased the expression of Prox1 (x 37.0) in voluntary exercised Mdx TA muscle (Mdx+W
+P) as compared to voluntary exercised Mdx TA muscle (Mdx+W)(p < 0.0001) (Fig 2A), as
assessed by qPCR analysis. We also found that the expression of Myh7 coding for MHC-1 (x
15.1)(p < 0.001) was increased in Mdx+W+P muscle as compared to Mdx+W muscle, whereas
that of Myh4 coding for MHC-2b was reduced (x 0.6) (Fig 2B) (p < 0.001). In agreement,
using gel electrophoresis technique, we found that the relative amounts (percentage of total) of
MHC-2b protein were reduced (x 0.8, p < 0.01) whereas that of MHC-2x protein was
increased (x 1.6, p < 0.01), respectively (Fig 2C) in Mdx+W+P muscle as compared to Mdx
+W muscle. In contrast, there was no difference between Mdx+W+P and Mdx+W muscles in
the expression of a marker of oxidative capacity, Sdha, a gene encoding a complex of the mito-
chondrial respiratory chain (Fig 2B).

These data indicate that intramuscular delivery of AAV-ProxI induced a fast to slow con-
tractile transition in the TA muscle of voluntary exercised Mdx mice.

ProxlI transfer in voluntary exercised Mdx muscle further improves muscle
fragility

The first set of experiment revealed that the immediate isometric force drop following length-
ening contractions in Mdx+W muscle was reduced as compared to Mdx muscle (p < 0.0001)
(Fig 3A). Interestingly, Prox1 transfer in voluntary exercised Mdx muscle further reduced the
isometric force drop following lengthening contractions (Fig 3A). In fact, the isometric force
drops following the 6t (p < 0.05) and gth (p < 0.01) lengthening contractions were lower in
Mdx+W+P muscle as compared to Mdx+W muscle (Fig 3A), indicating that Prox1 transfer
improved (reduced) fragility in voluntary exercised Mdx muscle.

The fast to slower contractile conversion described above can explained, at least in part, the
improved fragility in Mdx+W+P muscle. Moreover, we tested the possibility that ProxI trans-
fer also improved fragility via the modifications of the expression of genes coding membrane
ions channels. The expression of Trpcl encoding for transient receptor potential cation
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N = 6-8 per group. (C) Relative amounts of MHC-2x and MHC-2b proteins in Mdx+W+P and Mdx+P muscle. N =3
per group. Mdx+W+P: voluntary exercised mdx muscle that received Prox1 transfer into the muscle. Mdx+W:
voluntary exercised mdx muscle. Mdx: mdx muscle. a2, a3, a4: significant different from Mdx, p < 0.01, p < 0.001,

p < 0.0001, respectively. b2, b3, b4: significant different from Mdx+W, p < 0.01, p < 0.001, p < 0.0001, respectively.

https://doi.org/10.1371/journal.pone.0254274.9002
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Mdx+W, p < 0.05, p < 0.01, respectively.

https://doi.org/10.1371/journal.pone.0254274.9003

channel subfamily C member 1 (x 2.1) was increased in Mdx+W+P muscle as compared to
Mdx+W muscle (p < 0.01) (Fig 3B). No difference between Mdx+W+P and Mdx+W muscles
was observed concerning the expression of Scnda, Cacnals, Slc8al and Chrnal (Fig 3B). Then,
we determined whether the reduced isometric force drop following lengthening contractions
induced by Prox1 transfer was associated to change (decrease) in NOX2 pathway. We found
no change in the expression of PrxII, Gp91phox, P47phox and Racl (Fig 3C) in Mdx+W+P
muscle as compared to Mdx+W muscle (Fig 3C). We also determined whether ProxI transfer
increased Utrn and Des expression. The expression of Utrn was not increased in Mdx+W+P
muscle as compared to Mdx+W muscle, whereas that one of Des increased (x 1.2) in Mdx+W
muscle, although not significantly (p = 0.052) (Fig 3D).

Thus, the improved TA muscle fragility induced by ProxI transfer in voluntary exercised
mice was associated with the modification of expression of MHC-2b and MHC-2x proteins
and several genes involved in different aspects of muscle function and structure (Myh7, Myh4,
Trpcl).

Prox1 transfer in voluntary exercised Mdx muscle reduced absolute
isometric maximal force

In addition, the first set of experiment revealed that Prox1 transfer combined to voluntary run-
ning and voluntary running alone did not affect specific maximal isometric force before
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lengthening contractions (Fig 4A). However, absolute maximal isometric force was reduced in
Mdx+W+P muscle (x 0.6) as compared to Mdx+W muscle (p < 0.01) (Fig 4B). Similarly, abso-
lute maximal lengthening force was lower (x 0.6) in Mdx+W+P muscle (157.2 g + 7.5) com-
pared to Mdx+W muscle (240.0 g + 10.8) muscle (p < 0.01). In addition, the ratio of absolute
maximal lengthening force to the absolute maximal isometric force was not different between
Mdx+W+P muscle (1.9 + 0.1) and Mdx+W muscle (1.8 £ 0.1).

The reduced absolute maximal isometric force was related to a lower muscle weight (x
0.7)(p < 0.001) (Fig 4C) and reduced fibre diameters (p < 0.01) (Fig 4D and 4E) in Mdx
+W+P muscle as compared to Mdx+W muscle. Numerous genes encoding proteins are
involved in muscle atrophy, growth and maintenance [34, 35]. The ubiquitin-proteasome
system plays a key role in triggering muscle atrophy when the expressions of MurfI and
Mafbox are increased. Quantitative real-time PCR revealed that the expressions of these
genes were not increased in Mdx+W+P muscle as compared to Mdx+W muscle (Fig 4F).
We then analyzed another atrophic mechanism, autophagy, which involves a battery of
genes including Lc3 which could contribute to the degradation of muscle proteins [36].
We did not find any change in Lc3 expression in Mdx+W+P muscle (Fig 4F). Similarly,
Gadd45, Hdac4, Fnl4, Reddl, Redd2, Mstn, Fst, Igfl, and Smox genes also did not seem to
participate to the atrophic state of Mdx+W+P muscle (Fig 4F). For example, Mstn, the
negative regulator of muscle growth, was down-regulated in Mdx+W+P muscle as com-
pared to Mdx+W muscle (p < 0.001) (Fig 4F).

Thus, the reduction in maximal isometric force induced by ProxI transfer in voluntary
exercised Mdx muscle was related to decreased muscle weight and increased expression of
Mstn.

Prox1 transfer in sedentary Mdx muscle promotes slower contractile
features but does not reduce muscle fragility

A second set of experiment was performed to compare the effect of ProxI transfer on fragility
between voluntary Mdx mice and sedentary Mdx mice. Similarly to voluntary exercised Mdx
muscle, Prox1 transfer in sedentary Mdx muscle (Mdx+P muscle) increased the expressions of
Prox1 (x27.3)(p < 0.0001) (Fig 5A), Myh7 (x 6.2)(p < 0.05) (Fig 5B), and reduced that one of
Myh4 (x0.7)(p < 0.05) (Fig 5B) compared to sedentary Mdx muscle. In contrast to voluntary
exercised Mdx muscle, Prox1 transfer increased the expression of Tnnil (x 2.4)(p < 0.01),
reduced the expression of Sdha (x 0.8) (Fig 5B) (p < 0.01) and did not change the relative
amounts of MHC-2b and MHC-2x proteins (Fig 5C) in Mdx+P muscle as compared to Mdx
muscle. Overall, intramuscular delivery of AAV-ProxI also induced a fast to slow contractile
conversion in the TA muscle of sedentary Mdx mice, but without consequence at the MHC
protein level.

In contrast to voluntary exercised Mdx muscle, we found in the second set of experiment
that the isometric force drop following lengthening contractions was not significantly reduced
by ProxI transfer in sedentary Mdx muscle because there was no significant difference between
Mdx+P muscle and Mdx muscle (Fig 6A). Similarly to voluntary exercised Mdx muscle, ProxI
transfer in Mdx+P muscle increased Trpcl expression (p < 0.01) (Fig 6B), but to lesser extent
(x 1.4), did not alter the expression of PrxII, Gp91phox, P47phox and Racl (Fig 6C), and
increased not significantly Des expression (p = 0.059) (Fig 6D). In contrast to voluntary exer-
cised Mdx muscle, the expression of Cacnls and Chrnal was increased in Mdx+P muscle com-
pared to Mdx muscle (p < 0.01) (Fig 6B).

Thus, Prox1 transfer in sedentary Mdx muscle does not reduced fragility, did not change
the expression of MHC-2b and MHC-2x, whereas it altered the expression of several genes
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Fig 4. Effect of ProxI transfer on absolute (P0) and specific (sP0) maximal forces, muscle weight and gene
expression of atrophy markers in voluntary exercised mdx mice (first set of experiment). (A) Specific maximal
force in Mdx+W+P Mdx+W+P and Mdx+P muscle. n = 6-8 per group. (B) Absolute maximal force in Mdx+W+P and
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section. Fiber outline was visualized by antilaminin antibody (green). Scale bar = 200um. (F) Expression of genes
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that received Prox1 transfer into the muscle. Mdx+W: voluntary exercised mdx muscle. Mdx: Mdx muscle. al, a2, a3,
a4: significant different from Mdx, p < 0.05, p < 0.01, p < 0.001, p < 0.0001, respectively. b2, b3, b4: significant
different from Mdx+W, p < 0.01, p < 0.001, p < 0.0001, respectively.
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atrophy in Mdx+P and Mdx muscle. n = 6-11 per group. (I) Fibre diameters (min feret) in Mdx+P and Mdx muscle. n = 3 per group. al, a2, a3, a4:
significantly different from Mdx, p < 0.05, p < 0.01, p < 0.001, p < 0.0001, respectively.

https://doi.org/10.1371/journal.pone.0254274.9006

involved in different aspects of muscle function (Myh7, Myh4, Tnnil, Sdha, Trpcl, Cacnls and
Chrnal).

Prox1 transfer in sedentary Mdx muscle also reduced absolute isometric
maximal force

Similarly to voluntary exercised Mdx muscle, we found in the second set of experiment that
Prox1 transfer in Mdx+P muscle did not change specific maximal isometric force (Fig 6E),
reduced absolute maximal isometric force (x 0.7)(p < 0.05) (Fig 6F), reduced muscle weight (x
0.8) although not significantly (p = 0.08) (Fig 6G), and decreased the expression of Mstn

(p < 0.0001) (Fig 6H). Moreover, it decreased absolute maximal lengthening force in Mdx+P
muscle (205.9 g + 18.8) as compared to Mdx muscle (257.0 g + 15.3), although not significantly
(p =0.07). In contrast to voluntary exercised Mdx muscle, ProxI transfer did not change the
fibre diameter (Fig 61). Furthermore, it decreased the expression of Mafbox (p < 0.001), Reed2
(p < 0.05) and Smox (p < 0.01), whereas it increased the expression Gadd45 (p < 0.01), Fnl4
(p < 0.001), and Fst (p < 0.05) in Mdx+P muscle (Fig 6H).

Discussion
Prox1 transfer improved fragility in voluntary exercised Mdx mice

The present study confirms previous studies [9, 19] showing that voluntary exercise alleviates
the great susceptibility to lengthening contraction-induced force drop, a major dystrophic fea-
ture, in fast anterior crural muscles (TA and extensor digitorum longus) of mdx mice, such as
Dmd based preclinical therapy [5]. For the first time, we demonstrate that ProxI transfer fur-
ther improves fragility in voluntary exercised mdx mice. Importantly, the muscle was protected
from damaging lengthening muscle contractions by ProxI transfer only when mdx mice per-
formed voluntary exercise. This improved fragility observed in exercised mdx mice treated
with ProxI transfer might be very interesting if it is assumed that fragility causes the exhaus-
tion of the muscle stem cells during successive degeneration/repair cycles [17]. Prox1 transfer
might reduce the progressive muscle wasting in exercised dystrophic muscle because of the
promotion of less fragile fibres.

This beneficial effect of Prox1 transfer in exercised mdx mice could be explained by a lower
work and stress during lengthening [3]. However, we found that absolute maximal lengthening
force (presumably work) is reduced in exercised mdx mice, in proportion to the absolute maxi-
mal isometric force. We previously observed no strong association between fragility and
lengthening force in mdx mice, when muscle is maximally activated and for a constant stretch
[19]. Indeed, fragility was increased by inactivity and reduced by voluntary exercise in mdx
mice whereas absolute maximal lengthening force was respectively reduced and unchanged
[19].

The reduced fragility induced by ProxI transfer in exercised mdx mice is associated with
the promotion of slower contractile features (increased and reduced expression of Myh7 and
Myh4 respectively, reduced and increased relative amounts of MHC-2b and MHC-2x proteins
respectively). This relation between improved fragility and slower contractile features is in line
with the 2 following points. First, slow muscle appears less fragile than fast muscle in mdx
mice [4, 37]. Second, exercise and pharmacological or genetic activation of signaling pathways,
such as calcineurin, PPAR-B, PGCl1-0, and AMPK, that promote a slower and more oxidative
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gene program, improve fragility in mdx mice [9, 18, 19, 23, 27-29, 38]. It was previously dem-
onstrated that Prox1 promotes slower features, and activates the NFAT-calcineurin pathway
[31], a signaling pathway known to play an important role in fibre type specification [39].

It is also possible that Prox1 transfer improves fragility in voluntary exercised mdx mice by
a preserved excitability, as voluntary exercise and Dmd based therapy [5, 9]. In our experi-
ments, reduced excitability, i.e. plasmalemma electrical dysfunction leading to defective gener-
ation and propagation of muscle potential action, largely contributes to the immediate force
drop following lengthening contractions in mdx mice [5, 9], in agreement with other studies
[7, 8]. Membrane ion channels are likely damaged following by lengthening contractions and
ProxI transfer possibly interferes with this process. It remains to be determined whether the
upregulation of the membrane ion stretch-activated channel Trpcl induced by ProxI transfer
in voluntary exercised mdx mice contributes to this improvement of excitability. However, a
higher level of TRPC1 or activity of stretch-activated channels are generally associated with a
worst dystrophic phenotype and fragility [40, 41]. In line with the present study, it was previ-
ously reported that the improved TA mdx muscle excitability and fragility induced by volun-
tary exercise and calcineurin pathway activation were also related to the changes in expression
of genes encoding membrane ion channels [9].

Previous studies suggest that increased NOX2 activity is related to fragility in mdx mice [13,
14]. However, our results show that ProxI transfer in exercised mdx muscle does not reduce
the expression of Nox2 subunits (Gp91phox, P47phox and Racl), which are shown to produce
an elevated level of ROS in mdx mice [14]. Moreover, we found no increased expression of the
gene encoding the antioxidant enzyme PrxII, whose overexpression improves fragility in mdx
mice [13]. Finally, we found that the improvement of the fragility in response to Prox1 transfer
is not associated with significantly increased expression of Utr and Des in exercised mdx mice,
two genes contributing to fragility in mdx mice [15, 16].

Of note, ProxI transfer alone does not significantly improve fragility in sedentary mdx
mice. It is not excluded that the increase in the number of sedentary mdx mice per group
change this conclusion but the potential beneficial effect would nevertheless be less important.
The difference cannot be attributed to the fact that ProxI was not highly overexpressed in sed-
entary mdx mice treated with Prox1 transfer. However, some changes induced by ProxI trans-
fer are notably different between exercised and sedentary mdx mice: absolute maximal
lengthening force (x 0.6 versus none significant change), MHC-2b (x 0.8 versus none), MHC-
2x (x 1.6 versus none), Myh7 (x 15.1 versus x 6.2), and Trpcl (x 2.1 versus x 1.4). Thus, our
study interestingly indicates that voluntary exercise potentiates a possible gene-based therapy,
at least in the preclinical field.

Proxl1 transfer reduces maximal force production in exercised mdx mice

Although Prox1 transfer improves fragility in voluntary exercised mdx muscle, we found that
it has a detrimental effect on absolute maximal isometric force (and maximal lengthening
force), without change in specific maximal isometric force. The reduced maximal isometric
force is related to a reduced muscle weight and fibre diameter and is associated to the downre-
gulation of Mstn, a negative regulator of muscle growth in mdx muscle [42]. The same effects
were also observed in sedentary mdx mice, although less marked. In line with the reduced
muscle weight induced by Prox1 transfer, several genetic or pharmacological treatments pro-
moting slower and more oxidative fibres has been shown to induce muscle atrophy/reduced
weight in sedentary mdx mice [27, 28, 30], for reasons still largely unknown. It remains to be
determined whether the injection of the AAV itself also contributes to the muscle weight
reduction (independently of the overexpression of Prox1).
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Conclusions

Combined to voluntary exercise, ProxI transfer using an AAV further improves (reduced) the
immediate isometric force drop following lengthening contractions. This beneficial effect on
fragility in exercised mdx mice is associated to the reduction in maximal lengthening force, the
promotion of slower contractile features, and the change in Trpcl expression. However, Prox1
transfer also reduces absolute maximal isometric force production. Thus, ProxI transfer com-
bined to chronic exercise has effects, some of which are beneficial for the mdx dystrophic mus-
cle. Is this knowledge could be exploited for therapeutic advantage?

Supporting information

S1 Fig. MHC electrophoresis.
(PDF)

S2 Fig. Force record set 1.
(PDF)

S$3 Fig. Force record set 2.
(PDF)

$4 Fig. Fibre diameters set 1.
(PDF)

S5 Fig. Fibre diameters set 2.
(PDF)

S1 Table. mRNA.
(PDF)

$2 Table. MHC electrophoresis.
(PDF)

§3 Table. Force and weight.
(PDF)

S$4 Table. Fibre diameters set 1.
(PNG)

S5 Table. Diameters set 2.
(PNG)

Acknowledgments

We are grateful to Kari Alitalo (Wihuri Research Institute and Translational Cancer Biology
Program, University of Helsinki, Finland) for the gift of Prox1 construct, Pierre Joanne (Sor-
bonne Université) for assistance during the experiments, Laura Julien and Sofia Benkhelifa for
AAV-Proxl production (Sorbonne Université), Delphine Bouteiller for JPCR measurements
(Sorbonne Université), and Saline Jabr (Sorbonne Université) for her help in english.

Author Contributions
Conceptualization: Arnaud Ferry.
Data curation: Alexandra Monceau.

Formal analysis: Alexandra Monceau, Clément Delacroix, Mégane Lemaitre, Arnaud Ferry.

PLOS ONE | https://doi.org/10.1371/journal.pone.0254274  April 18, 2022 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254274.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254274.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254274.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254274.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254274.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254274.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254274.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254274.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254274.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254274.s010
https://doi.org/10.1371/journal.pone.0254274

PLOS ONE

Prox1 improves fragility of exercised mdx muscle

Funding acquisition: Onnik Agbulut.

Investigation: Alexandra Monceau, Clément Delacroix, Mégane Lemaitre, Gaelle Revet,
Onnik Agbulut, Arnaud Klein, Arnaud Ferry.

Methodology: Alexandra Monceau, Mégane Lemaitre, Onnik Agbulut, Arnaud Klein.
Project administration: Denis Furling, Onnik Agbulut, Arnaud Ferry.

Resources: Denis Furling, Onnik Agbulut.

Software: Alexandra Monceau.

Supervision: Denis Furling, Onnik Agbulut, Arnaud Klein.

Validation: Onnik Agbulut, Arnaud Ferry.

Visualization: Alexandra Monceau, Clément Delacroix, Gaelle Revet.

Writing - original draft: Arnaud Klein, Arnaud Ferry.

Writing - review & editing: Denis Furling, Onnik Agbulut, Arnaud Klein, Arnaud Ferry.

References

1. Hughes DC, Wallace MA, Baar K. Effects of aging, exercise, and disease on force transfer in skeletal
muscle. Am J Physiol Endocrinol Metab. 1 juill 2015; 309(1):E1-10. https://doi.org/10.1152/ajpendo.
00095.2015 PMID: 25968577

2. Dellorusso C, Crawford RW, Chamberlain JS, Brooks SV. Tibialis anterior muscles in mdx mice are
highly susceptible to contraction-induced injury. J Muscle Res Cell Motil. 2001; 22(5):467-75. https:/
doi.org/10.1023/a:1014587918367 PMID: 11964072

3. Lindsay A, Baumann CW, Rebbeck RT, Yuen SL, Southern WM, Hodges JS, et al. Mechanical factors
tune the sensitivity of mdx muscle to eccentric strength loss and its protection by antioxidant and cal-
cium modulators. Skelet Muscle. 1 févr 2020; 10(1):3. https://doi.org/10.1186/s13395-020-0221-2
PMID: 32007101

4. Consolino CM, Brooks SV. Susceptibility to sarcomere injury induced by single stretches of maximally
activated muscles of mdx mice. J Appl Physiol. 2004; 96(2):633-8. https://doi.org/10.1152/japplphysiol.
00587.2003 PMID: 14715682

5. Roy P, RauF, Ochala J, Messéant J, Fraysse B, Lainé J, et al. Dystrophin restoration therapy improves
both the reduced excitability and the force drop induced by lengthening contractions in dystrophic mdx
skeletal muscle. Skelet Muscle. 2016; 6:23. https://doi.org/10.1186/s13395-016-0096-4 PMID:
27441081

6. Lynch GS, Rafael JA, Chamberlain JS, Faulkner JA. Contraction-induced injury to single permeabilized
muscle fibers from mdx, transgenic mdx, and control mice. Am J Physiol Cell Physiol. 2000; 279(4):
C1290-4. https://doi.org/10.1152/ajpcell.2000.279.4.C1290 PMID: 11003610

7. CallJA, Warren GL, Verma M, Lowe DA. Acute failure of action potential conduction in mdx muscle
reveals new mechanism of contraction-induced force loss. J Physiol. 2013; 591 (Pt 15):3765—76. https://
doi.org/10.1113/jphysiol.2013.254656 PMID: 23753524

8. Baumann CW, Warren GL, Lowe DA. Plasmalemma Function Is Rapidly Restored in Mdx Muscle after
Eccentric Contractions. Med Sci Sports Exerc. 2020; 52(2):354—61. https://doi.org/10.1249/MSS.
0000000000002126 PMID: 31415447

9. Delacroix C, Hyzewicz J, Lemaitre M, Friguet B, Li Z, Klein A, et al. Improvement of Dystrophic Muscle
Fragility by Short-Term Voluntary Exercise through Activation of Calcineurin Pathway in mdx Mice. Am
J Pathol. nov 2018; 188(11):2662—-73. https://doi.org/10.1016/j.ajpath.2018.07.015 PMID: 30142334

10. Allard B. From excitation to intracellular Ca2+ movements in skeletal muscle: Basic aspects and related
clinical disorders. Neuromuscul Disord NMD. 2018; 28(5):394—401. https://doi.org/10.1016/j.nmd.2018.
03.004 PMID: 29627324

11. Leyva-Leyva M, Sandoval A, Felix R, Gonzalez-Ramirez R. Biochemical and Functional Interplay
Between lon Channels and the Components of the Dystrophin-Associated Glycoprotein Complex. J
Membr Biol. ao(t 2018; 251(4):535-50. https://doi.org/10.1007/s00232-018-0036-9 PMID: 29779049

PLOS ONE | https://doi.org/10.1371/journal.pone.0254274  April 18, 2022 17/19


https://doi.org/10.1152/ajpendo.00095.2015
https://doi.org/10.1152/ajpendo.00095.2015
http://www.ncbi.nlm.nih.gov/pubmed/25968577
https://doi.org/10.1023/a%3A1014587918367
https://doi.org/10.1023/a%3A1014587918367
http://www.ncbi.nlm.nih.gov/pubmed/11964072
https://doi.org/10.1186/s13395-020-0221-2
http://www.ncbi.nlm.nih.gov/pubmed/32007101
https://doi.org/10.1152/japplphysiol.00587.2003
https://doi.org/10.1152/japplphysiol.00587.2003
http://www.ncbi.nlm.nih.gov/pubmed/14715682
https://doi.org/10.1186/s13395-016-0096-4
http://www.ncbi.nlm.nih.gov/pubmed/27441081
https://doi.org/10.1152/ajpcell.2000.279.4.C1290
http://www.ncbi.nlm.nih.gov/pubmed/11003610
https://doi.org/10.1113/jphysiol.2013.254656
https://doi.org/10.1113/jphysiol.2013.254656
http://www.ncbi.nlm.nih.gov/pubmed/23753524
https://doi.org/10.1249/MSS.0000000000002126
https://doi.org/10.1249/MSS.0000000000002126
http://www.ncbi.nlm.nih.gov/pubmed/31415447
https://doi.org/10.1016/j.ajpath.2018.07.015
http://www.ncbi.nlm.nih.gov/pubmed/30142334
https://doi.org/10.1016/j.nmd.2018.03.004
https://doi.org/10.1016/j.nmd.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29627324
https://doi.org/10.1007/s00232-018-0036-9
http://www.ncbi.nlm.nih.gov/pubmed/29779049
https://doi.org/10.1371/journal.pone.0254274

PLOS ONE

Prox1 improves fragility of exercised mdx muscle

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Khairallah RJ, Shi G, Sbrana F, Prosser BL, Borroto C, Mazaitis MJ, et al. Microtubules underlie dys-
function in duchenne muscular dystrophy. Sci Signal. 7 ao(t 2012; 5(236):ra56. https://doi.org/10.1126/
scisignal.2002829 PMID: 22871609

Olthoff JT, Lindsay A, Abo-Zahrah R, Baltgalvis KA, Patrinostro X, Belanto JJ, et al. Loss of peroxire-
doxin-2 exacerbates eccentric contraction-induced force loss in dystrophin-deficient muscle. Nat Com-
mun. 30 2018; 9(1):5104. https://doi.org/10.1038/s41467-018-07639-3 PMID: 30504831

Whitehead NP, Yeung EW, Froehner SC, Allen DG. Skeletal muscle NADPH oxidase is increased and
triggers stretch-induced damage in the mdx mouse. PLoS One. 2011; 5(12):e15354.

Deconinck N, Rafael JA, Beckers-Bleukx G, Kahn D, Deconinck AE, Davies KE, et al. Consequences
of the combined deficiency in dystrophin and utrophin on the mechanical properties and myosin compo-
sition of some limb and respiratory muscles of the mouse. Neuromuscul Disord. 1998; 8(6):362—70.
https://doi.org/10.1016/s0960-8966(98)00048-0 PMID: 9713852

Ferry A, Messéant J, Parlakian A, Lemaitre M, Roy P, Delacroix C, et al. Desmin prevents muscle wast-
ing, exaggerated weakness and fragility, and fatigue in dystrophic mdx mouse. J Physiol. sept 2020;
598(17):3667-89.

Sacco A, Mourkioti F, Tran R, Choi J, Llewellyn M, Kraft P, et al. Short telomeres and stem cell exhaus-
tion model Duchenne muscular dystrophy in mdx/mTR mice. Cell. 2010; 143(7):1059-71. https://doi.
org/10.1016/j.cell.2010.11.039 PMID: 21145579

Ferry A, Parlakian A, Joanne P, Fraysse B, Mgrditchian T, Roy P, et al. Mechanical Overloading
Increases Maximal Force and Reduces Fragility in Hind Limb Skeletal Muscle from Mdx Mouse. Am J
Pathol. 2015; 185(7):2012—24. https://doi.org/10.1016/j.ajpath.2015.03.027 PMID: 26009153

Hourde C, Joanne P, Medja F, Mougenot N, Jacquet A, Mouisel E, et al. Voluntary Physical Activity Pro-
tects from Susceptibility to Skeletal Muscle Contraction-Induced Injury But Worsens Heart Function in
mdx Mice. Am J Pathol. 2013; 182(5):1509—18. https://doi.org/10.1016/j.ajpath.2013.01.020 PMID:
23465861

Lindsay A, Larson AA, Verma M, Ervasti JM, Lowe DA. Isometric resistance training increases strength
and alters histopathology of dystrophin-deficient mouse skeletal muscle. J Appl Physiol Bethesda Md
1985. 01 2019; 126(2):363-75. https://doi.org/10.1152/japplphysiol.00948.2018 PMID: 30571283

Chakkalakal JV, Harrison M-A, Carbonetto S, Chin E, Michel RN, Jasmin BJ. Stimulation of calcineurin
signaling attenuates the dystrophic pathology in mdx mice. Hum Mol Genet. 15 févr 2004; 13(4):379—
88. https://doi.org/10.1093/hmg/ddh037 PMID: 14681302

Gehrig SM, Ryall JG, Schertzer JD, Lynch GS. Insulin-like growth factor-l analogue protects muscles of
dystrophic mdx mice from contraction-mediated damage. Exp Physiol. nov 2008; 93(11):1190-8.
https://doi.org/10.1113/expphysiol.2008.042838 PMID: 18567600

Gehrig SM, Koopman R, Naim T, Tjoakarfa C, Lynch GS. Making fast-twitch dystrophic muscles bigger
protects them from contraction injury and attenuates the dystrophic pathology. Am J Pathol. 2010; 176
(1):29-38. https://doi.org/10.2353/ajpath.2010.090760 PMID: 19959813

Ljubicic V, Miura P, Burt M, Boudreault L, Khogali S, Lunde JA, et al. Chronic AMPK activation evokes
the slow, oxidative myogenic program and triggers beneficial adaptations in mdx mouse skeletal mus-
cle. Hum Mol Genet. 2011; 20(17):3478-93. https://doi.org/10.1093/hmg/ddr265 PMID: 21659335

Matsakas A, Yadav V, Lorca S, Narkar V. Muscle ERRy mitigates Duchenne muscular dystrophy via
metabolic and angiogenic reprogramming. FASEB J Off Publ Fed Am Soc Exp Biol. oct 2013; 27
(10):4004—16. https://doi.org/10.1096/f].13-228296 PMID: 23781095

Schertzer JD, Ryall JG, Lynch GS. Systemic administration of IGF-I enhances oxidative status and
reduces contraction-induced injury in skeletal muscles of mdx dystrophic mice. Am J Physiol Endocrinol
Metab. sept 2006; 291(3):E499-505. https://doi.org/10.1152/ajpendo.00101.2006 PMID: 16621899

Selsby JT, Morine KJ, Pendrak K, Barton ER, Sweeney HL. Rescue of dystrophic skeletal muscle by
PGC-1ainvolves a fast to slow fiber type shift in the mdx mouse. PloS One. 2012; 7(1):e30063. https://
doi.org/10.1371/journal.pone.0030063 PMID: 22253880

Stupka N, Plant DR, Schertzer JD, Emerson TM, Bassel-Duby R, Olson EN, et al. Activated calcineurin
ameliorates contraction-induced injury to skeletal muscles of mdx dystrophic mice. J Physiol. 2006; 575
(Pt 2):645-56. https://doi.org/10.1113/jphysiol.2006.108472 PMID: 16793906

Al-Rewashdy H, Ljubicic V, Lin W, Renaud J-M, Jasmin BJ. Utrophin A is essential in mediating the
functional adaptations of mdx mouse muscle following chronic AMPK activation. Hum Mol Genet. 1
mars 2015; 24(5):1243-55. https://doi.org/10.1093/hmg/ddu535 PMID: 25324540

Chalkiadaki A, Igarashi M, Nasamu AS, Knezevic J, Guarente L. Muscle-specific SIRT1 gain-of-func-
tion increases slow-twitch fibers and ameliorates pathophysiology in a mouse model of duchenne mus-
cular dystrophy. PLoS Genet. juill 2014; 10(7):1004490. https://doi.org/10.1371/journal.pgen.1004490
PMID: 25032964

PLOS ONE | https://doi.org/10.1371/journal.pone.0254274  April 18, 2022 18/19


https://doi.org/10.1126/scisignal.2002829
https://doi.org/10.1126/scisignal.2002829
http://www.ncbi.nlm.nih.gov/pubmed/22871609
https://doi.org/10.1038/s41467-018-07639-3
http://www.ncbi.nlm.nih.gov/pubmed/30504831
https://doi.org/10.1016/s0960-8966%2898%2900048-0
http://www.ncbi.nlm.nih.gov/pubmed/9713852
https://doi.org/10.1016/j.cell.2010.11.039
https://doi.org/10.1016/j.cell.2010.11.039
http://www.ncbi.nlm.nih.gov/pubmed/21145579
https://doi.org/10.1016/j.ajpath.2015.03.027
http://www.ncbi.nlm.nih.gov/pubmed/26009153
https://doi.org/10.1016/j.ajpath.2013.01.020
http://www.ncbi.nlm.nih.gov/pubmed/23465861
https://doi.org/10.1152/japplphysiol.00948.2018
http://www.ncbi.nlm.nih.gov/pubmed/30571283
https://doi.org/10.1093/hmg/ddh037
http://www.ncbi.nlm.nih.gov/pubmed/14681302
https://doi.org/10.1113/expphysiol.2008.042838
http://www.ncbi.nlm.nih.gov/pubmed/18567600
https://doi.org/10.2353/ajpath.2010.090760
http://www.ncbi.nlm.nih.gov/pubmed/19959813
https://doi.org/10.1093/hmg/ddr265
http://www.ncbi.nlm.nih.gov/pubmed/21659335
https://doi.org/10.1096/fj.13-228296
http://www.ncbi.nlm.nih.gov/pubmed/23781095
https://doi.org/10.1152/ajpendo.00101.2006
http://www.ncbi.nlm.nih.gov/pubmed/16621899
https://doi.org/10.1371/journal.pone.0030063
https://doi.org/10.1371/journal.pone.0030063
http://www.ncbi.nlm.nih.gov/pubmed/22253880
https://doi.org/10.1113/jphysiol.2006.108472
http://www.ncbi.nlm.nih.gov/pubmed/16793906
https://doi.org/10.1093/hmg/ddu535
http://www.ncbi.nlm.nih.gov/pubmed/25324540
https://doi.org/10.1371/journal.pgen.1004490
http://www.ncbi.nlm.nih.gov/pubmed/25032964
https://doi.org/10.1371/journal.pone.0254274

PLOS ONE

Prox1 improves fragility of exercised mdx muscle

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Kivela R, Salmela I, Nguyen YH, Petrova TV, Koistinen HA, Wiener Z, et al. The transcription factor
Prox1 is essential for satellite cell differentiation and muscle fibre-type regulation. Nat Commun. 12 oct
2016; 7:13124. https://doi.org/10.1038/ncomms13124 PMID: 27731315

Petchey LK, Risebro CA, Vieira JM, Roberts T, Bryson JB, Greensmith L, et al. Loss of Prox1 in striated
muscle causes slow to fast skeletal muscle fiber conversion and dilated cardiomyopathy. Proc Natl
Acad Sci U S A. 1 juill 2014; 111(26):9515-20. https://doi.org/10.1073/pnas.1406191111 PMID:
24938781

Agbulut O, Li Z, Mouly V, Butler-Browne GS. Analysis of skeletal and cardiac muscle from desmin
knock-out and normal mice by high resolution separation of myosin heavy-chain isoforms. Biol Cell.
1996; 88(3):131-5. PMID: 9237369

Gao 'Y, Arfat Y, Wang H, Goswami N. Muscle Atrophy Induced by Mechanical Unloading: Mechanisms
and Potential Countermeasures. Front Physiol. 2018; 9:235. https://doi.org/10.3389/fphys.2018.00235
PMID: 29615929

Rlegg MA, Glass DJ. Molecular mechanisms and treatment options for muscle wasting diseases. Annu
Rev Pharmacol Toxicol. 2011; 51:373-95. https://doi.org/10.1146/annurev-pharmtox-010510-100537
PMID: 20936944

Bonaldo P, Sandri M. Cellular and molecular mechanisms of muscle atrophy. Dis Model Mech. janv
2013; 6(1):25-39. https://doi.org/10.1242/dmm.010389 PMID: 23268536

Lindsay A, Southern WM, McCourt PM, Larson AA, Hodges JS, Lowe DA, et al. Variable cytoplasmic
actin expression impacts the sensitivity of different dystrophin-deficient mdx skeletal muscles to eccen-
tric contraction. FEBS J. 3 avr 2019; https://doi.org/10.1111/febs.14831 PMID: 30942954

Miura P, Chakkalakal JV, Boudreault L, Belanger G, Hebert RL, Renaud JM, et al. Pharmacological
activation of PPARbeta/delta stimulates utrophin A expression in skeletal muscle fibers and restores
sarcolemmal integrity in mature mdx mice. Hum Mol Genet. 2009; 18(23):4640-9. https://doi.org/10.
1093/hmg/ddp431 PMID: 19744959

Chin ER, Olson EN, Richardson JA, Yang Q, Humphries C, Shelton JM, et al. A calcineurin-dependent
transcriptional pathway controls skeletal muscle fiber type. Genes Dev. 15 ao(t 1998; 12(16):2499—
509. https://doi.org/10.1101/gad.12.16.2499 PMID: 9716403

Matsumura CY, Taniguti APT, Pertille A, Santo Neto H, Marques MJ. Stretch-activated calcium channel
protein TRPC1 is correlated with the different degrees of the dystrophic phenotype in mdx mice. Am J
Physiol Cell Physiol. déc 2011; 301(6):C1344—1350. https://doi.org/10.1152/ajpcell.00056.2011 PMID:
21900691

Baltgalvis KA, Jaeger MA, Fitzsimons DP, Thayer SA, Lowe DA, Ervasti JM. Transgenic overexpres-
sion of gamma-cytoplasmic actin protects against eccentric contraction-induced force loss in mdx mice.
Skelet Muscle. 2011; 1(1):32. https://doi.org/10.1186/2044-5040-1-32 PMID: 21995957

Dumonceaux J, Marie S, Beley C, Trollet C, Vignaud A, Ferry A, et al. Combination of myostatin path-
way interference and dystrophin rescue enhances tetanic and specific force in dystrophic mdx mice.
Mol Ther. 2010; 18(5):881—7. https://doi.org/10.1038/mt.2009.322 PMID: 20104211

PLOS ONE | https://doi.org/10.1371/journal.pone.0254274  April 18, 2022 19/19


https://doi.org/10.1038/ncomms13124
http://www.ncbi.nlm.nih.gov/pubmed/27731315
https://doi.org/10.1073/pnas.1406191111
http://www.ncbi.nlm.nih.gov/pubmed/24938781
http://www.ncbi.nlm.nih.gov/pubmed/9237369
https://doi.org/10.3389/fphys.2018.00235
http://www.ncbi.nlm.nih.gov/pubmed/29615929
https://doi.org/10.1146/annurev-pharmtox-010510-100537
http://www.ncbi.nlm.nih.gov/pubmed/20936944
https://doi.org/10.1242/dmm.010389
http://www.ncbi.nlm.nih.gov/pubmed/23268536
https://doi.org/10.1111/febs.14831
http://www.ncbi.nlm.nih.gov/pubmed/30942954
https://doi.org/10.1093/hmg/ddp431
https://doi.org/10.1093/hmg/ddp431
http://www.ncbi.nlm.nih.gov/pubmed/19744959
https://doi.org/10.1101/gad.12.16.2499
http://www.ncbi.nlm.nih.gov/pubmed/9716403
https://doi.org/10.1152/ajpcell.00056.2011
http://www.ncbi.nlm.nih.gov/pubmed/21900691
https://doi.org/10.1186/2044-5040-1-32
http://www.ncbi.nlm.nih.gov/pubmed/21995957
https://doi.org/10.1038/mt.2009.322
http://www.ncbi.nlm.nih.gov/pubmed/20104211
https://doi.org/10.1371/journal.pone.0254274

