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Pierre De la Grange,® Jean-Yves Hogrel,” ®France Pietri-Rouxel™*

and (®Sestina Falcone®*

T#These authors contributed equally to this work.

Sarcopenia involves a progressive loss of skeletal muscle force, quality and mass during ageing, which results in in-
creased inability and death; however, no cure has been established thus far. Growth differentiation factor 5 (GDF5)
has been described to modulate muscle mass maintenance in various contexts.

For our proof of concept, we overexpressed GDF5 by AAV vector injection in tibialis anterior muscle of adult aged
(20 months) mice and performed molecular and functional analysis of skeletal muscle. We analysed human vastus
lateralis muscle biopsies from adult young (21-42 years) and aged (77-80 years) donors, quantifying the molecular
markers modified by GDF5 overexpression in mouse muscle. We validated the major effects of GDF5 overexpression
using human immortalized myotubes and Schwann cells. We established a preclinical study by treating chronically
(for 4 months) aged mice using recombinant GDF5 protein (rGDF5) in systemic administration and evaluated the long-
term effect of this treatment on muscle mass and function.

Here, we demonstrated that GDF5 overexpression in the old tibialis anterior muscle promoted an increase of 16.5% of
muscle weight (P = 0.0471) associated with a higher percentage of 5000-6000 pm? large fibres (P = 0.0211), without the in-
duction of muscle regeneration. Muscle mass gain was associated with an amelioration of 26.8% of rate of force gener-
ation (P=0.0330) and better neuromuscular connectivity (P=0.0098). Moreover, GDF5 overexpression preserved
neuromuscular junction morphology (38.5% of nerve terminal area increase, P < 0.0001) and stimulated the expression
of reinnervation-related genes, in particular markers of Schwann cells (fold-change 3.19 for S100b gene expression, P =
0.0101). To characterize the molecular events induced by GDF5 overexpression during ageing, we performed a genome-
wide transcriptomic analysis of treated muscles and showed that this factor leads to a ‘rejuvenating’ transcriptomic sig-
nature in aged mice, as 42% of the transcripts dysregulated by ageing reverted to youthful expression levels upon GDF5
overexpression (P < 0.05). Towards a preclinical approach, we performed a long-term systemic treatment using rGDF5
and showed its effectiveness in counteracting age-related muscle wasting, improving muscle function (17.8% of absolute
maximal force increase, P =0.0079), ensuring neuromuscular connectivity and preventing neuromuscular junction de-
generation (7.96% of AchR area increase, P =0.0125). In addition, in human muscle biopsies, we found the same age-re-
lated alterations than those observed in mice and improved by GDF5 and reproduced its major effects on human cells,
suggesting this treatment as efficient in humans.

Overall, these data provide a foundation to examine the curative potential of GDF5 drug in clinical trials for sarcopenia
and, eventually, other neuromuscular diseases.
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Introduction

Sarcopenia is defined as a progressive age-related loss of strength,
quality and mass of muscle inducing adverse outcomes, including
frailty, disability and mortality." Several mechanisms are proposed
to explain the onset and progression of sarcopenia. Studies in
rodents and humans suggest that age-related muscle denervation
is a major driver of muscle fibre loss and force decline,®* a
phenomena not associated with motor neuron loss in the spinal
cord, indicating that changes in the neuromuscular junction
(NMJ) are key.> Perisynaptic Schwann cells (SCs), covering NMJs,
play a critical role during their formation and maintenance, and
are involved in neurotransmission and muscle reinnervation after
peripheral nerve injury.® Interestingly, low reinnervation capacity
observed in old muscle is associated with SC degeneration at the
NMJ during ageing.”"*°

Nevertheless, many factors are involved in age-related muscle
changes, such as pro-inflammatory mediators and redox signalling
imbalance, contributing to muscle wasting.’** All these aspects
must be considered from a therapeutic perspective for efficient treat-
ment. Today, therapeutic approaches counteracting sarcopenia are
limited to caloric restriction and physical exercise, which are met
with limited patient compliance.’*'” However, pharmacological
strategies have been proposed,’® based on myostatin and activin-A,
modulators of muscle growth, to increase muscle mass,™ but clinical
trials showed no significant effect on muscle strength or physical per-
formance of sarcopenic patients.'®?° Other strategies are to: increase
protein intake or vitamin D supplementation; inhibit interleukin-6 or
tumour necrosis factor-a to reduce inflamm-aging; or administer hor-
mones to enhance anabolism.?' Nevertheless, none of these treat-
ments alone rescue the neuromuscular failures characterizing
sarcopenia.’’ Identification of novel drugs to counteract age-related
neuromuscular failure is still challenging.

In this context, growth and differentiation factor 5 (GDF5) is of
great interest because of its broad functions in the neuromuscular
system.?>">* GDFS5 [also called bone morphogenetic protein (BMP)
14] belongs to the BMP family activating SMAD (fusion of
Caenorhabditis elegans Sma and the Drosophila Mad, or mothers
against decapentaplegic) 1/5 complex phosphorylation, leading to
transcription of inhibitor of differentiation (Id) genes. BMPs are in-
volved in bone and cartilage development and regeneration.>>?®

Genetic polymorphisms and GDF5 mutations are associated with
osteoarthritis susceptibility, joint and bone disorders**® and also
decreased muscle strength in humans over 65 years of age.”
GDFS5 can be considered a pleiotropic factor, modulating physio-
logical processes to shape skeletal tissues, control angiogenesis,°
trigger neuronal development and repair,"* regulate adipose tis-
sue metabolism®*** and, according to several studies, act as a
neurotrophic factor.?>32:353¢ Consistently, Gdf5 transcription has
been shown to be enriched at NMJ regions, and its receptors
BMPR1A/BMPR1B expressed in muscle, motor nerve and
nerve-associated cells.?” After nerve damage, increased GDF5 ex-
pression has been shown to be essential to counteract atrophy,?
sustain reinnervation®” and regulate skeletal muscle mass
homeostasis through signalling in mice.?*?*¢%° Recently, we
showed that age-related muscle mass loss is associated with the
alteration of the compensatory mechanism involving GDF5 axis
in mice and humans and that boosting this signalling prevents
age-related muscle wasting.?*

Here, we aimed to unravel the molecular mechanism underlying
the beneficial effects of GDF5-based strategies on neuromuscular fea-
tures during ageing. We showed that local GDF5 overexpression (OE)
in mice, initiated at the onset of age-related muscle atrophy, in-
creased muscle mass and function, inhibited protein degradation
and ameliorated neuromuscular connectivity and NMJ morphology.
This effect was associated with muscle reinnervation likely linked
to SCs. Whole-transcriptome sequencing of adult/aged muscle over-
expressing GDF5 demonstrated a ‘rejuvenating’ transcriptomic signa-
ture in GDF5-treated aged muscles compared to adult/aged controls.
To translate this finding to humans, we used systemic administration
of recombinant GDF5 protein (rGDF5) in mice and demonstrated its
benefits in preventing age-related neuromuscular failure involving
muscle mass and function, as well as an age-dependent decrease
in the levels of SC-specific markers in human muscle biopsies,
strongly suggesting GDF5 administration to promote SC mainten-
ance. Importantly, we provide evidence of human synthetic GDF5
(hsGDF5) effectiveness in inducing human SC proliferation and de-
creasing MuRF1-ubiquitin ligase expression in human muscle cells.

Altogether, our findings shed light on the benefits of GDF5-based
therapies for the neuromuscular system and are the basis of forth-
coming medical strategies to counteract sarcopenia and other
neuromuscular diseases in humans.
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Materials and methods
Ethics

Animal experimental procedures were approved by the ethics com-
mittee (MENESR: Project #17975). For human muscle biopsies, we
received ethical approval, and participants provided written in-
formed consent.

Animals

Adult (6/7 months), old (20 months) and very old (26-27 months)
C57/BL6 female mice were obtained from the Janvier Lab and
housed under specific-pathogen-free (SPF) conditions.

Human muscle biopsies

Human vastus lateralis biopsies from adult/aged healthy volun-
teers (Supplementary Table 1) were gathered within the framework
of the European project MyoAge** (223576-FP7-HEALTH) and by the
Institute of Myology Myobank (BB-0033-00012).

Cell culture

The hTERT-NF1 cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum (FBS) and
0.1% gentamicin and treated for 48h with PBS or hsGDF5
(X’PROCHEM) at 10 or 50 ng/ml. Cell proliferation was determined
by spectrofluorometry (CytoQuant assay, Life Technologies).

Human healthy immortalized myoblasts (8220 cells)* proliferated
inDMEM, 5 pg/mlinsulin, 5 ng/ml EGF, 0.5 ng/ml bFGF, 0.2 ng/ml dexa-
methasone, 25 pg/ml fetuin, 20% FBS and 16% medium 199; differen-
tiated for 5 days in IMDM, 2% hydrogen sulphide (HS),*? then treated
for 72 h with hsGDFS5 (50 ng/ml) or PBS.

In vivo gene transfer

AAV2/1 (adeno-associated virus) vectors were prepared as de-
scribed.*> AAV2/1-Scramble (-Scra) or -GDF5 were injected in tibi-
alis anterior (TA) muscle of old (20 months) mice at 5.10%vg/TA.
Further details are provided in the Supplementary material.

Recombinant GDF5 administration

Twenty-month-old mice were injected intraperitoneally thrice a
week for 4months with mouse rGDF5 (Merck) or vehicle
[PBS-0.1% bovine serum albumin (BSA)].

Haematoxylin and eosin staining

Muscle cryosections (10 pm) were fixed on glass slides in 4% paraf-
ormaldehyde (PFA) and stained with haematoxylin (BIOGNOST)
and eosin (ScyTek Lab).

Immunofluorescence

Cryosections were fixed in 4% PFA, permeabilized with 0.5% Triton
X-100 and blocked in 10% HS, 0.2% Triton, 5% BSA-PBS and incu-
bated overnight at 4°C with primary antibodies (Supplementary
Table 6). Sections were incubated with secondary antibodies
(Supplementary Table 7) for 1 h at room temperature and mounted
with Fluoromont-G (Invitrogen). Further details are provided in the
Supplementary material.
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Neuromuscular-junction morphology

Isolated muscle fibres were fixed for 1 h in 4% PFA, blocked in 4%
BSA, 5% goat serum, 0.5% Triton-PBS and incubated overnight at
4°C with Neurofilament antibody (Supplementary Table 6). After
washes in 0.1% Triton-PBS, fibres were incubated overnight at 4°C
with a secondary antibody (Supplementary Table 7) and
a-Bungarotoxin-Alexa Fluor™-594. Isolated fibres were mounted on
glass slides with mounting medium. Further details are provided in
the Supplementary material.

Immunoblotting

Muscle cryosections (400 pm) were homogenized (Dounce) in lysis
buffer (Ozyme)/phosphatase inhibitors (Roche). Proteins were de-
natured at 95°C for 5 min with Laemmli buffer, separated by elec-
trophoresis (Nu-PAGE 4-12% Bis-Tris gel) and transferred to
nitrocellulose membranes. Membranes were blocked with 5%
milk or 5% BSA and incubated overnight at 4°C with primary anti-
bodies (Supplementary Table 6). Membranes were incubated with
secondary antibodies (Supplementary Table 7). Images were ac-
quired with ChemiDoc™ MP (Bio-Rad), and the band intensity was
quantified using Image Lab software (Bio-Rad).

Protein synthesis was measured using the in vivo surface sensing

of translation (SUnSET) method, followed by immunoblotting***®

RNA-sequencing

Messenger RNA libraries were realized following the manufac-
turer’s recommendations (Ultra2 mRNA, New England Biolabs).
Twelve sample-pooled library preparations were sequenced on a
Novaseg6000 system from Illumina with SP-200 cycles/cartridge
(2x 800 million 100 base reads). Further details are provided in
the Supplementary material.

RNA isolation and real-time quantitative PCR

Total RNA was extracted from muscle using TRIzol/Direct-zol RNA
MiniPrep w/Zymo-Spin IIC Columns (Ozyme) and from cells using
NucleoSpin RNA Columns (Macherey-Nagel). Reverse transcription
was performed using a SuperScript II Reverse Transcriptase
kit (Thermo Fisher Scientific), and real-time quantitative PCR
(RT-qPCR) was performed on a StepOne Plus Real-Time
PCR System (Applied Biosystems) using Power SYBR Green PCR
MasterMix (Thermo Fisher Scientific). Data were analysed using
the AACT method and normalized to RPLPO (ribosomal protein lat-
eral stalk subunit PO) or, for hTERT NF1 cells, GAPDH (glyceralde-
hyde 3-phosphate dehydrogenase) expression. Primers are listed
in Supplementary Table 8.

In situ muscle force and electroneuromyography
measurements

Muscle force was evaluated by measuring in situ TA muscle contrac-
tion after nerve stimulation®® and electroneuromyography (ENMG)
was achieved in TA muscle.*® Further details are provided in the
Supplementary material.

Grip strength

We used a grip strength meter (Bioseb) to assess hind- and fore-
limb strength. Mice were lifted, held by the tail and gently pulled
backwards until they released the grid. The mean of four
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consecutive measurements was determined and normalized to
body weight.

The MRI system consisted of a 7 T Bruker BioSpec and a transceiver
surface cryoprobe (Bruker BioSpin MRI GmbH). Maximal muscle
cross-sectional area (CSA) was determined with ITK-SNAP soft-
ware.”” Further details are provided in the Supplementary material.

Mice were housed individually in metabolic cages (Labmaster, TSE
systems GmbH) with ad libitum access to food and water. They were
acclimated for 4 days before monitoring for the next 3 days. O, con-
sumption, CO, production, energy expenditure and respiratory ex-
change ratio were measured using the indirect calorimetry
technique. Food and water intake and spontaneous locomotor ac-
tivity were recorded during the entire experiment. Lean and fat
masses were assessed using 7.5-MHz time-domain-nuclear mag-
netic resonance (LF90II MiniSpec; Bruker).

Mice were lightly anaesthetized (0.2%-0.5% isoflurane), and ECG
was performed on a 37°C pad with a probe emitting ultrasound at
a frequency of 9-14 MHz (Vivid7 PRO apparatus; GE Medical
System) applied to the chest wall. Cardiac ventricular dimensions
and fractional shortening were measured in 2D mode and M-mode.

Dried mouse femurs were scanned using in vivo high-resolution
X-ray micro-CT instrument (Quantum FX Caliper, Life Sciences,
Perkin Elmer) hosted by the Life Imaging Facility (URP2496,
Montrouge, France). Further details are provided in the
Supplementary material.

Comparison between two groups was tested for normality using
the Shapiro-Wilk test followed by parametric (two-tailed paired,
unpaired Student’s t-test) or non-parametric test (Mann-
Whitney) to calculate P-values. For more than two groups, ordin-
ary one or two-way ANOVA tests followed by appropriated post
hoc tests were performed. All statistical analyses were performed
with GraphPad Prism 8 software and statistical significance was
setat P <0.05.

Results

We characterized neuromuscular features by analysing parameters
defining muscle mass and function and denervation markers
in younger adult (7 months), old (20 months) and very old
(26-27 months) mice. We found that from 20 months, the masses
of the TA and gastrocnemius (GAS) were progressively reduced,
without significant body weight loss (Fig. 1A), whereas extensor di-
gitorum longus (EDL) and soleus (SOL) were less affected by ageing
(Supplementary Fig. 1A). Muscle fibre quantification revealed a
diminution of fibre size (Supplementary Fig. 1B), particularly of
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fast-twitch glycolytic MyHC-IIB fibres but not a reduction in their
number (Supplementary Fig. 1C).

To establish whether muscle atrophy was associated with im-
paired function, we measured limb muscle grip strength, in situ tetan-
ic force generation and in vivo neuromuscular transmission by ENMG
assessing compound muscle action potentials (CMAPs).***° We
found that grip strength was diminished early in old as well as very
old compared with younger (7-month-old) mice (Fig. 1B); and abso-
lute maximal force generated by TAs was lower in very old mice,
while not different between older and younger adult animals
(Supplementary Fig. 1D). Nevertheless, we found no difference in tet-
anic force normalized to TA weight, meaning that force generation
was directly dependent on muscle mass. Interestingly, we measured
a slower rate of force production in muscles of very old mice, indicat-
ing contractile system impairment®® (Supplementary Fig. 1D).
Consistently, ENMG revealed a CMAP decrement in very old mice
(Fig. 1C), evidencing neuromuscular fatigability in these animals.*®
Altogether, these results showed that ageing affects muscle contract-
ility and neuromuscular function without modifying specific force
generation.

To assess NMJ denervation in aged muscle, the mRNA expres-
sion of related markers such as acetylcholine receptor (AChR) sub-
units (Chrnal, -b1, -d, and -g) and Musk'®** was measured. We
observed a trend towards increased expression of most of these
markers beginning at 20 months, while Chrng levels were signifi-
cantly higher (P =0.0429) in very old mice (Fig. 1D), suggesting the
presence of NMJ instability and/or remodelling beginning in old
mice.

Altogether, these data revealed that muscle mass loss precedes
alterations in force generation and neuromuscular connectivity
during ageing.

Our findings could define a time window to take action with thera-
peutic strategies to prevent signs of sarcopenia. To this aim, we in-
jected TAs of 20-month-old mice with AAV-GDF5 or -Scra and
analysed these muscles 4 weeks after injection (Fig. 1E). First,
transcript and protein GDF5-OE was confirmed by RT-qPCR and
western blotting (WB), respectively (Supplementary Fig. 1E).
GDF5-dependent signalling activation was validated by the quanti-
fication of a higher number of phosphorylated SMAD1/5-positive
nuclei after AAV-GDF5 than after AAV-Scra injection by immuno-
fluorescence. Accordingly, transcription of Id1, 2, 3 and 4 GDF5
gene targets?**? was induced upon GDF5-OE (Supplementary
Fig. 1F). Analysis of muscle weight, fibre size and number showed
hypertrophy of GDF5-OE TAs (Fig. 1E) with a higher percentage of
large fibres without fibre number change (Fig. 1F). The regeneration
process was notinvolved in mass gain as quantification of the num-
ber of myonuclei, indicating muscle cell proliferation, and of the
centrally nucleated fibre, showed no variation in GDF5-OE muscle
compared to control (Fig. 2A). Furthermore, the expression of satel-
lite cell marker Pax7>® and of myogenic regulatory factors MyoD,
myogenin and Myf6>® was not modified by GDF5-OE (Fig. 2B).
Finally, to establish whether GDF5 could target specific fibre type
size, we measured the CSA of MyHC-IIA-, MyHC-IIB- and
MyHC-IIX-positive fibres, without finding difference in the mean
size of any single type (Supplementary Fig. 2A and B). These results
suggest that GDF5-OE leads to hypertrophy of muscle at the early
stage of ageing.
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Figure 1 Age-related neuromuscular failure and GDF5 overexpression in muscle. (A) Weight of tibialis anterior (TA) and gastrocnemius (GAS) of adult
(7 months; n = 10), old (20 months; n = 12) and very old (26-27 months; n = 14) mice normalized to body weight. (B) Grip strength mean of adult (n = 8), old
(n=12) and very old (n = 10) mice normalized to body weight. (C) Representative electroneuromyography traces recorded in TAs across ages and am-
plitudes of compound muscle action potentials (CMAPs) (adult n=11; old n=12; very old n=16). (D) Real-time quantitative PCR for Chrnal, Chrnb1,
Chrnd, Chrng and Musk in TAs across ages (adult n =4; old n=8; very old n=9). (E) Experimental design: AAV-Scramble (Scra) or -GDF5 (GDF5) were in-
jected in 20-month-old mouse TA (created with BioRender.com). Representative picture of TAs injected for 4 weeks with Scra or GDF5 (21-month-old).
Weight of TAs was normalized to body weight (Scra n=12; GDF5 n=10). (F) Representative images of 21-month-old TAs injected with Scra or GDFS5,
immunostained with laminin (staining membrane) and DAPI (staining nuclei); scale bar =100 um. Size distribution of TA fibres and mean myofibre
number were determined in Scra (n=10) or GDF5 (n=_8) conditions. All data are mean + standard error of the mean. *P <0.05, **P <0.01, **P < 0.001.
(A-D) P-values were calculated by ordinary one-way ANOVA followed by Tukey’s multiple comparison test or (E and F) unpaired t-test.

Since muscle mass homeostasis is regulated by the balance be-
tween protein degradation and synthesis,”* we determined active
protein synthesis after GDF5-OE by in vivo SUnSET assay.’ We
found increased puromycin incorporation into GDF5-OE TA ex-
tracts (Fig. 2C), indicating that hypertrophy might be partially due
to increased anabolism. However, we did not observe AKT/
m-TOR/RpS6 phosphorylation, canonically associated with protein
synthesis®® (Fig. 2D and Supplementary Fig. 2C). To investigate pro-
tein breakdown, we quantified the mRNA expression of atrogenes
such as MuRF1, Atroginl and Musa1?® and showed a significant de-
crease (P=0.0437) in only the MuRF1 transcript level in GDF5-OE

TAs (Fig. 2E). Accordingly, we observed increased levels of MyHC
and actin, two proteins directly targeted by MuRF1°®*” for degrad-
ation and higher a-actinin protein level also reported as associated
with MuRF1 downregulation®® in GDF5-OE TAs compared to scram-
ble (Fig. 2F). In addition, to explore eventual effect of GDF5-OE on
the proteasome-ubiquitin system, we quantified protein poly-
ubiquitination® and found a decrease in its levels in GDF5-OE TA
extracts versus scramble (Fig. 2G), indicating a global inhibitory ef-
fect of GDF5 against proteasome-ubiquitin-dependent protein
degradation. The autophagy/mitophagy pathway has been de-
scribed as contributing to proteostasis and being deregulated
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Figure 2 Local GDF5 overexpression in old mice leads to muscle hypertrophy. (A) Representative images of tibialis anterior (TA) cryosections from
21-month-old mice injected with AVV-Scramble (Scra) or -GDF5 (GDF5), stained with haematoxylin and eosin; scale bar = 100 pm. Number of myonuclei
per fibre and proportion of centro-nucleated fibres were determined using an ImageJ-based machine learning algorithm (Scra n=10; GDF5 n=8).
(B) Real-time quantitative PCR (RT-gPCR) for Pax7, Myod, Myog and Myf6 analysed in TAs injected with Scra (n=7) or GDF5 (n=7). (C) Representative
western blot showing the level of puromycin-labelled proteins in TAs injected with Scra or GDFS. Relative signal intensity of puromycin-labelled pro-
teins was determined (Scran = 6; GDF5n=5). Ponceau S staining was used as loading control. (D) Representative western blot showing the level of phos-
phorylated and total Akt, m-TOR and Rps6 proteins in TAs injected with Scra or GDF5. (E) RT-qPCR for MuRF1, Atroginl and Musal analysed in TAs
injected with Scra (n=7) or GDF5 (n=7). (F) Representative western blot showing the level of MyHC, Actin and a-Actinin proteins in TAs injected
with Scra or GDFS. Relative signal intensity of proteins was determined (Scra n=6; GDF5 n=6). Ponceau S staining was used as loading control.
(G) Representative western blot showing the level of ubiquitinated proteins in TAs injected with Scra or GDF5. Relative signal intensity of ubiquitinated
proteins was determined (Scra n = 6; GDF5 n=5). Ponceau S staining was used as loading control. (H) Representative western blot showing the levels of
LC3-1, LC3-II, p62 and Beclinl proteins in TAs injected with Scra or GDFS. Ponceau S staining was used as a loading control. All data are shown as the
mean + standard error of the mean. *P <0.05, **P < 0.01, **P < 0.001. (A-H) P-values were calculated by unpaired t-test. MW = molecular weight.

during ageing.?¢' We thus investigated the gene expression of (Gabarapl), beclin 1 (Becnl), Bcl-2/adenovirus E1B 19 kDa protein-
autophagic markers sequestome 1 (p62 also known as SQSTM1), interacting protein 3 (Bnip3) and lysosomal cathepsin L% as well
microtubule-associated protein 1A/1B-light chain 3 (Ic3b), gam- as the protein levels of lipidated LC3 (LC3-I/LC3-II), p62/SQSTM1

ma-aminobutyric acid receptor-associated protein-Like 1 and Beclinl, of which an increase is associated with autophagy/



3840 | BRAIN 2024: 147; 3834-3848

mitophagy activation.®® We showed that GDF5-OE did not induce
muscle mass gain through modifications in gene (Supplementary
Fig. 2D) and protein expression of all these autophagy/mitophagy
players (Fig. 2H and Supplementary Fig. 2E).

Here, our data revealed that the GDF5-OE hypertrophic effect is
promoted by Akt/mTOR-independent protein synthesis and by the
inhibition of MuRF1 and ubiquitin-dependent protein degradation
without modulation of autophagy/mitophagy.

To investigate the effects of GDF5 on muscle contraction through
NMJ stimulation, we measured the peak of tetanic force and the
rate of force generation in old mouse TAs. We found no difference
in absolute or specific maximal force after nerve stimulation be-
tween GDF5-OE and scramble conditions. However, the rate of
muscle force production was higher after GDF5-OE, indicating a fas-
ter development of contraction®® than in scramble (Fig. 3A and
Supplementary Fig. 3A). In addition, ENMG confirmed that GDF5
improved CMAP in old mice (Fig. 3B), showing that one of its major
effects is the maintenance of neuromuscular transmission.

M. Traoré et al.

These results provided an extensive description of the effects of
GDF5-OE during the earliest phase of age-related muscle wasting
and validated its effectiveness in modulating neuromuscular
function.

The evidence of the GDF5-OE benefit to NMJ activity strongly sug-
gested its impact on NMJ remodelling. Thus, we analysed the morph-
ology of muscle synapses using an ImageJ-based workflow®* and
found that GDF5-OE improved NMJ morphology in 21-month-old
mice by a slight increase of endplate area (P=0.0577) associated
with a significant rise of AChR area (P =0.0145). The presynaptic com-
partment showed increased nerve terminal area and pre- and post-
synaptic overlap percentage (Fig. 3C). However, AChR compactness
and fragmentation were not significantly affected (Supplementary
Fig. 3B), nor was the expression of Chrng, one of the hallmarks of
NM] instability/remodelling (Supplementary Fig. 3C).

To assess the effects of GDF5 on NMJ players, we quantified the
transcript levels of the SC-specific glial markers, S100b, myelin ba-
sic protein (Mbp), myelin protein zero (Mpz) and peripheral myelin
protein 22 (Pmp22) related to SC-dependent endplate stability®> 5,
growth-associated protein 43 (Gap43) associated with axon and
SC regeneration; and fibroblast growth factor binding protein-1
(Fgfbp-1), a trophic factor protecting NMJs from degradation. ®¢>¢%
Strikingly, we found that GDFS increased the mRNA levels of all
of them (Fig. 3D). To investigate whether this was accompanied
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Figure 3 GDFS5 overexpression improves neuromuscular connectivity and neuromuscular junction morphology. (A) Absolute tetanic force and rate of
force production measured in tibialis anterior (TA) from 21-month-old mice injected with AAV-Scramble (Scra n=9) or -GDF5 (GDF5 n=10).
(B) Representative electroneuromyography (ENMG) traces and CMAPs amplitudes recorded in TAs injected with Scra (n=9) or GDF5 (n=10).
(C) Representative images of neuromuscular junction from TAs injected with Scra or GDF5, immunostained with neurofilament (NF: staining nerve
terminal) and bungarotoxin (BTX: staining acetylcoline receptor); scale bar = 10 um. Endplate area, acetylcholine receptor (AChR) area, nerve terminal
area and overlap (nerve terminal area/AChR area ratio) parameters were determined in Scra (n = 4) or GDF5 (n = 3) using an ImageJ-based workflow. (D)
Real-time quantitative PCR for S1008, Mbp, Mpz, Pmp22, Gap-43 and Fgbp1 analysed in TAs injected with Scra (n = 6) or GDF5 (n = 6). All data are shown as
the mean + standard error of the mean. *P < 0.05, **P < 0.01, **P < 0.001. (A, B and D) P-values were calculated by unpaired t-test or (C) by Mann-Whitney

test.


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awae107#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awae107#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awae107#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awae107#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awae107#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awae107#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awae107#supplementary-data

GDFS5 as a rejuvenating treatment

by changes in neurotrophic gene expression, we measured nerve
growth factor (Ngf), brain-derived neurotrophic factor (Bdnf), neuro-
trophin 3 (Nt3), glial cell line-derived neurotrophic factor (Gdnf) and
ciliary neurotrophic factor (Cntf) transcript levels. We observed that
GDF5-OE increased Ngf expression (Supplementary Fig. 3D), sug-
gesting that its effect might also be mediated by this neurotrophin
involved in axon maintenance/guidance.®®

Overall, our data showed that GDF5-OE benefits the integrity of
NMJs and modulates SC markers and Ngf expression, indicating its
therapeutic interest for disorders involving SCs and/or axonal de-
generation as peripheral demyelinating neuropathies.

We investigated whether GDF5-based therapy could be useful
against sarcopenia in humans. For that purpose, we collected
biopsies from quadriceps of adult young (21-42 years) and aged
(77-80 years) volunteers®* (Supplementary Table 1) and assessed
some relevant readouts established in mice. First, the expression
of SC-related markers was measured, revealing S100b and MPZ
mRNA levels significantly lower in aged than in young muscle biop-
sies (P =0.0396 and P = 0.0166, respectively) (Fig. 4A). We then trea-
ted human immortalized SCs with 10 and 50 ng/ml of human
synthetic GDF5 (hsGDF5) for 48 h (Fig. 4B) and observed a significant
increased rate of their proliferation (P=0.0002 and P <0.0001, re-
spectively), as evaluated by spectrofluorometry and RT-qPCR quanti-
fication of KI67 expression (Fig. 4B). In addition, hsGDF5 induced
the differentiation of these cells, as confirmed by the increased
mRNA levels of early myelin-associated markers early growth re-
sponse gene 2 (EGR2), proteolipid protein 1 (PLP1), and PMP22
(Fig. 4C). However, the expression of MPZ and MBP, mature myelinat-
ing SC markers, did not change under the tested conditions
(Supplementary Fig. 4A). Altogether, these data strongly suggested
a direct GDFS5 effect on SCs playing fundamental roles in sustaining
NM]J formation and preservation.®®

One of the relevant effects of GDF5 on aged mouse muscle mass
wasting was decreased MuRF1 expression. We treated differen-
tiated human immortalized myotubes with hsGDF5 for 72 h and
found significantly decreased MuRF1 expression (P=0.0125), con-
firming the ability of GDFS5 to inhibit this protein breakdown medi-
ator in human muscle cells (Fig. 4D).

These results provide evidence of GDF5’s therapeutic potential
in humans and identify the probable targets of the treatment as
both SCs and muscle cells, crucial for neuromuscular connectivity
and muscle mass.

To decipher the effects of GDF5-OE in muscle, we performed a
genome-wide transcriptomic analysis using RNA from TAs of
21-month-old mice overexpressing GDF5 (Old-GDF5) compared to
RNA from scramble-injected TAs of 7-month-old (Adult-Scra) and
21-month-old mice (Old-Scra) (Supplementary Tables 2 and 3).
Principal component analysis revealed distinct gene-expression
profiles among groups; however the Old-GDF5 group clustered
more with the Adult-Scra than the Old-Scra group (Fig. 5A), and
this was confirmed by unsupervised, hierarchical clustering ana-
lysis (Fig. 5B). Remarkably, of 587 genes affected by ageing, 247
genes differentially expressed in the Old-Scra reverted to youthful
expression levels in the Old-GDF5 (42% of the dysregulated
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transcripts) (Fig. 5C and Supplementary Table 4). This reversal
was also observed for the expression of macrophage-specific as
well as mitochondrial metabolism- and redox balance-related
genes, the alterations of which have been reported to contribute
to skeletal muscle disorders and ageing.”®”?

To validate these data, we quantified by RT-qPCR the expression of
some of most relevant genes modulated upon GDF5-OE in RNA extracts
used for transcriptomic analysis. Among macrophage-associated
genes, in the Old-GDF5 group, we observed upregulation of
monocyte-macrophage marker colony stimulating factor 1 receptor
(Csfir)’* and M2 anti-inflammatory macrophage markers Cd163,
Cd209 and Mgl2 (Fig. 5D), known to support tissue repair and muscle
mass maintenance.”>’® In addition, GDF5-OE improved the expres-
sion of uncoupling protein2 (Ucp2)’’’° and superoxide dismutase 3
(Sod3)®° genes, implicated in energy expenditure, and negative
regulator of reactive oxygen species (Nrros), limiting reactive oxy-
gen species generation and oxidative damage (Fig. 5D).5! We also
found increased levels of other markers not altered by ageing,
such as F4/80, CD68, CD206 (macrophage markers), and catalase,
Gpx1 and Hmox1 (antioxidant-related genes) (Supplementary Fig.
5A), suggesting that these modulations are applicable to GDF5 pro-
tective function against muscle wasting. Interestingly, apelin and
follistatin expression, both described as beneficial in preventing
age-related muscle decline and secreted after physical exer-
cise,”#2#% was increased upon GDF5-OE (Fig. 5E). We also investi-
gated the expression of PGC-la, another factor involved in
oxidative energy balance, exercise adaptation, myokine modula-
tion and NMJ formation.®*®> We found that PGC-1a transcription
was not modified upon GDF5-OE under our experimental condi-
tions (Supplementary Fig. 5 B).

To go further, as mitochondrial alterations are associated to sar-
copenia,®® we analysed mitochondrial content and morphology in
TAs overexpressing GDF5. We did not measure significant changes
in mitochondrial DNA amount and succinate dehydrogenase com-
plex subunit A (Sdha-Complex II), cytochrome b-c1 complex sub-
unit 2 (Ugcrc-Complex III) and voltage-dependent anion selective
channel (Vdac) protein expression (Supplementary Fig. 5C and D),
nor in the volume and gross morphology of mitochondria
(Supplementary Fig. 5E). Accordingly, the expression of dynamin-
related protein 1 (Drpl), fission 1 protein (Fisl), optic atrophy 1
(Opa1l) and mitofusin 1 and 2 (Mfn1/Mfn2), regulating mitochondrial
fission and fusion,*” was not modified by GDF5-OE (Supplementary
Fig. SF).

These results represent an important dataset on the wide thera-
peutic potential of GDF5 in modulating various mechanisms con-
tributing to muscle ageing and its involvement in several
muscular and neuromuscular diseases.

With the goal of generating patient-relevant preclinical data to
be used against sarcopenia, we set up a protocol based on recom-
binant mouse GDF5 protein (rGDF5). We treated old mice
(20 months) with rGDF5 (0.2 mg/kg) or vehicle thrice a week sys-
temically (Fig. 6A) as we validated that SMAD1/5 signalling was
activated in TAs 48 h post-injection (Supplementary Fig. 6A).
Four weeks later, we evaluated the expression of genes related
toreinnervation and myokines and analysed the long-term effect
of the treatment on age-related muscle wasting and neuromus-
cular features (Fig. 6A). We observed SC marker upregulation, in-
cluding S100b, Mbp, Mpz, Gap43 and also Fgfbp1 and Ngf, as well as
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Figure 4 Human synthetic GDF5 enhances human Schwann cell proliferation and decreases MuRF1 expression in human muscle cells. (A) Real-time
quantitative PCR (RT-qPCR) for S1008 and MPZ analysed in human quadricep biopsies from Adult (21-42 years; n=6) and Aged (77-80 years; n=10)
healthy volunteers. (B) Graphical representation of in vitro experiment (created with BioRender.com). Human Schwann cells (hTERT NF1) were treated
with human synthetic GDF5 (hsGDF5) or PBS (control) and 48 h after the rate of cell proliferation and gene expression experiments were performed.
Representative images showing hTERT NF1 cell nuclei after treatment for 48 h with PBS or hsGDFS5 at 10 or 50 ng/ml; scale bar = 100 pm. hTERT NF1
cell proliferation rate evaluated by CyQuant assay 48 h after treatment and KI-67 expression analysed by RT-gPCR (n =4 per condition). (C) RT-gPCR
for EGR2, PLP1 and PMP22 analysed in hTERT NF1 cells treated 48 h with hsGDFS5 or PBS (n =4 per condition). (D) Graphical representation of in vitro ex-
periment (created with BioRender.com) using human differentiated muscle cells (8220) treated 72 h with hsGDF5 (50 ng/ml) or PBS (control). RT-gPCR
for MuRF1 was performed in 8220 cells treated 72 h with hsGDF5 or PBS (n=3 per condition). All data are shown as the mean + standard error of the

mean. *P <0.05, *P <0.01, **P <0.001. (A and D) P-values were calculated by unpaired t-test or (B and C) by ordinary one-way ANOVA followed by
Dunnett’s multiple comparison test.

apelin and follistatin levels (Fig. 6B) in old, treated TAs, confirm- The efficacy of chronic rGDF5 treatment was evaluated by MRI
ing the ability of GDF5 to promote these markers and myokine measurement, an in vivo outcome applicable to future clinical stud-
expression. ies. We found that total hind limb muscle CSA was higher after
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Figure 5 GDF5 overexpression rejuvenates old whole muscle transcriptomic profile. (A) Principal component analysis (PCA) for gene expression pat-
terns analysed in tibialis anterior (TA) from 7-month adult and 21-month-old mice injected with AAV-Scramble (Adult-Scra n=4, Old-Scra; n=4) or
GDF5 (01d-GDFS; n =4). (B) Graphical representation of unsupervised hierarchical sample clustering across groups. (C) Heat map showing 247 dysregu-
lated genes in Old-Scra compared with Adult-Scra, which are normalized in Old-GDFS. (D) Real-time quantitative PCR (RT-qPCR) for Csf1r, Cd163, Cd209,
Mgl2, Sod3, Ucp2 and Nrros analysed in TAs of Adult-Scra (n=6), Old-Scra (n=7) and Old-GDF5 (n =6). (E) RT-qPCR for apelin and follistatin analysed in
TAs of Old-Scra (n = 7) and Old-GDFS5 (n = 6-7). All data are shown as the mean + standard error of the mean. *P <0.05, *P < 0.01, **P < 0.001. (D) P-values
were calculated by ordinary one-way ANOVA followed by Dunnett’s multiple comparison test or (E) by unpaired t-test.

treatment compared with the vehicle condition. Accordingly, GAS,
TA, EDL and SOL muscle masses were higher in very old mice
(24 months) after rtGDF5 versus vehicle treatment. Histological ana-
lysis of the GAS revealed that this increase was not due to changes
in fibre number (Fig. 6C) but increased MyHC-IIB- and
MyHC-IIX-positive fibre size (Fig. 6D), rescuing their age-related
phenotype. rGDF5 effect on muscle mass was independent of
body weight as a slight effect was observed on body composition
of fat and lean mass (P=0.4919 and P=0.2366, respectively)
(Supplementary Fig. 6B). The metabolic phenotyping showed that
rGDF5 treatment did not affect food and water intake, ambulatory
activity nor energy expenditure or respiratory rate. Furthermore,
we did not detect modifications in heart weight (Supplementary
Fig. 6D) or function measured by ECG (Supplementary Table 5).
Considering the impact of GDF5 on bone homeostasis,?® we mea-
sured ex vivo femur microarchitecture by micro-CT imaging and
did not observe any difference between rGDF5 and vehicle-treated
groups (Supplementary Fig. 6E).

Chronic rGDF5 administration effects on muscle function
were evaluated by in situ TA force generation, which showed in-
creases in both absolute and specific force and a significantly
higher rate of force generation versus vehicle (P=0.0006)
(Fig. 6E), indicating ameliorated neuromuscular connectivity.
NMJ morphological analysis revealed no difference in nerve ter-
minal compactness and AChR

area, overlap percentage,

fragmentation; however, rGDF5 treatment led to higher endplate
and AChR areas in very old mice (P=0.0211 and 0.0125, respect-
ively) (Fig. 6F).

In summary, our findings demonstrate the effectiveness of
chronic rGDF5 administration in counteracting age-related muscle
wasting, improving muscle function, ensuring neuromuscular con-
nectivity and preventing NMJ instability.

Discussion

Sarcopenia, a widespread age-related disease strongly impacting life
quality and representing a public health issue, is a multifactorial
pathology with no cure to date. Here, we aimed atidentifying a poten-
tial therapeutic strategy for this disease by deciphering the mechan-
isms underlying GDF5 ability to preserve aged muscle. Our data
support its major dual action on both skeletal muscle and NMJs at
the earlier stage of ageing, by increasing muscle mass, ameliorating
neuromuscular connectivity and endplate structure. We dissected
the effect of GDF5 on different pathways as protein synthesis/degrad-
ation, innervation and potential mechanisms related to inflamma-
tion, metabolism and redox equilibrium. We confirmed that
GDF5-OE reduces the expression MuRF1, involved in protein break-
down,” and increases protein synthesis. While muscle wasting
was likely prevented by rebalanced protein catabolism, the canonical
protein synthesis-associated pathway was not affected, consistent
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Figure 6 Chronic rGDF5 systemic administration in ageing mice preserves against age-related muscle wasting and improves neuromuscular junction
morphology. (A) Graphical representation of in vivo experimental design (created with BioRender.com). Recombinant mouse GDF5 (rGDFS5) or control
vehicle (Veh) were administered intraperitoneally into 20-month-old mice. Four weeks after repetitive injections, gene expression was analysed in tibi-
alis anterior (TA) and the therapeutic effect was evaluated 4 months after the beginning of the treatment. (B) RT-qPCR for S1008, Mbp, Mpz, Pmp22,
Gap-43, Fgbp1, Ngf, Apelin and Follistatin analysed in TAs of mice treated for 4 weeks with Veh (n=8) or rGDF5 (n = 8). (C) Quantification of maximal
muscle cross-sectional area (CSA) determined by MRI in hind limbs of mice treated for 4 months with Veh (n=12) or rGDF5 (n=10); scale bar =
1 mm. Muscle/body weight ratio of gastrocnemius (GAS), TA, extensor digitorum longus (EDL) and soleus (SOL) of mice treated for 4 months with
Veh (n=12) or rGDF5 (n=10). Mean myofibre number was determined in GAS of mice treated for 4 months with Veh (n=5) or rGDF5 (n=4). (D)
Representative images of GAS cryosections immunostained with laminin (staining membrane), MyHC-IIB (staining type IIB fibres), MyHC-IIA (staining
type IIA fibres) and MyHC-IIX (staining type IIX fibres). Hybrid MyHC fibres express both MyHC-1IB and MyH-IIA, MyHC-I expressing fibres are absent in
GAS; scale bar =100 um. Mean of myofibre CSA for each fibre type was determined in GAS of mice treated with Veh (n=5) or rGDF5 (n=4) using
ImageJ-based machine learning algorithm. (E) Absolute tetanic force, specific force and rate of force production measured in TAs from mice treated
with Veh (n=12) or rGDF5 (n=10). (F) Representative images of NMJ from EDLs immunostained with neurofilament (NF: staining nerve terminal)
and bungarotoxin (BTX: staining acetylcholine receptor); scale bar = 10 pm. Endplate area and acetylcholine receptor (AChR) area parameters were de-
termined in mice treated with Veh (n=4) or rGDF5 (n=5). All data are shown as the mean +standard error of the mean. *P <0.05, *P<0.01,
**P <0.001. (A and E) P-values were calculated by unpaired t-test or (F) by Mann-Whitney test.
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with previous observations indicating transient/limited impact of
Akt/mTor signalling on muscle mass preservation in different condi-
tions. B8

Regarding muscle innervation parameters, we showed that
GDF5-OE induced the expression of nerve regeneration- and
SC-related reinnervation genes. This finding is consistent with
other studies showing GDF5 as a neurotrophic factor protecting
dopaminergic neurons from neurotoxicity in vitro and in vivo®*°*
and promoting neurite complexity in cultured neurons.
However, we pointed out a more prominent effect of this factor
on SCs, essential for NMJ integrity and neuromuscular mainten-
ance,® which are affected by ageing.?

Overall, our data demonstrated GDF5 rejuvenating effects with
reversed expression of several genes altered in aged muscle, par-
ticularly those linked to impaired inflammation, macrophages
and oxidative balance. Indeed, the steadiness between ATP/heat
productions is crucial to regulating ROS production rates for tissue
maintenance. In this context, UCPs, which have a physiological role
in dissipating energy by decreasing mitochondrial membrane po-
tential, are of interest. Mitochondrial uncoupling reduces free rad-
ical generation and has a protective function in several tissues.**%
Notably, UCP2 expression, upregulated by GDFS5, has been de-
scribed to correlate with lifespan in humans.”®% Here, we showed
that mitochondrial content and morphology were not modified and
that metabolic phenotyping was also unaffected by GDF5 treat-
ment. However, additional extensive studies are needed to analyse
further the possible impact of GDF5-based treatment on the bio-
energetics and redox capacity of muscle and their eventual rela-
tionship to performance and mass homeostasis. Furthermore,
macrophages, essential in muscle regeneration,'*'°! are altered
during ageing,’®’? contributing to inadequate repair and muscle
wasting.’® The expression of other markers associated with both
macrophages and antioxidant responses, yet not significantly
modified during early ageing, was increased upon GDF5-OE, sug-
gesting that it positively modulates inflammation and redox equi-
librium. Noteworthy, a beneficial effect similar to that observed
upon physical exercise in humans'®*'% has been induced by
GDF5-OE, such as increased expression of the myokines apelin
and follistatin. Functions and modulations of these factors have
only been explored partially thus far,°®"'°® and despite their appar-
ent trophic effect in neuromuscular systems,*” #2911 evidence of
their molecular triggers is lacking.?-*'%?

We addressed the challenge of developing a therapeutic ap-
proach using systemic rGDF5 administration, uncovering promis-
ing data on its benefits against sarcopenia. We revealed the
efficacy of hsGDF5 in human cells in promoting nerve regener-
ation/reinnervation markers and proliferation of SCs, found to be
decreased in aged human muscle, indicating a potential medical
use. In addition, we confirmed the inhibition of MuRF1 expression
in human myotubes.

Here, we provide bases for effective medical approaches to age-
ing muscle and strongly suggest that the therapeutic potential of
GDFS5 is not limited to sarcopenia but applicable to neuromuscular
disorders involving SC degeneration and NMJ dismantling, as in
motor neuron diseases (amyotrophic lateral sclerosis, spinal mus-
cular atrophy) and demyelinating neuropathies. Consistently,
SMAD1/5-dependent pathway activation has been described as
beneficial for motor neuron dysfunction in a Drosophila model of
amyotrophic lateral sclerosis.'* In addition, we show that GDFS5 in-
fluences macrophages, inflammation and oxidative balance, dis-
closing its possible benefit in several conditions, considering that
altered inflammatory responses and oxidative stress play a key
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role in muscle wasting following critical illness, cancer cachexia,
and immobilization but also in muscular and neuromuscular dis-
eases, including muscular dystrophies.'***®

Overall, our results establish that the effects of GDF5 might be
exploited for the treatment of different pathological conditions af-
fecting the neuromuscular system as a whole.
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