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Abstract

Limb girdle muscular dystrophy type 2D (LGMD2D) is characterized by progressive weakening of muscles in the hip and shoulder girdles.
It is caused by a mutation in the «-sarcoglycan gene and results in absence of a-sarcoglycan in the dystrophin-glycoprotein complex. The
activin type IIB receptor is involved in the activin/myostatin pathway, with myostatin being a negative regulator of muscle growth. In this
study, we investigated the effects of sequestering myostatin by a soluble activin type IIB receptor (SActRIIB) on muscle growth in Sgca-null
mice, modelling LGMD2D. Treatment was initiated at 3 weeks of age, prior to the disease onset, or at 9 weeks of age when already in an
advanced stage of the disease. We found that early sActRIIB treatment resulted in increased muscle size. However, this led to more rapid
decline of muscle function than in saline-treated Sgca-null mice. Furthermore, no histopathological improvements were seen after sActRIIB
treatment. When initiated at 9 weeks of age, sActRIIB treatment resulted in increased muscle mass too, but to a lesser extent. No effect of
the treatment was observed on muscle function or histopathology. These data show that sActRIIB treatment as a stand-alone therapy does
not improve muscle function or histopathology in Sgca-null mice.
© 2022 Elsevier B.V. All rights reserved.

Keywords: Myostatin; Muscle hypertrophy; Muscle growth; LGMDR3.

1. Introduction the hip and shoulder girdles. There are over 30 subtypes,
which can be divided, based on their mode of inheritance,
into autosomal dominant (LGMD1) and autosomal recessive
(LGMD?2) subgroups [1,2].

Sarcoglycanopathies are the most common forms of
LGMD2 and are caused by mutations in one of the
sarcoglycans («-, §-, y-, and §-sarcoglycan). Sarcoglycans
are essential components of the dystrophin-glycoprotein
complex, which links the intracellular cytoskeleton with the
extracellular matrix and provides muscle fibres with stability

Limb girdle muscular dystrophy (LGMD) is a
large heterogeneous group of neuromuscular disorders
characterized by slow progressive weakening of muscles of
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during contractions. Loss of one of the sarcoglycans results
in impaired structural integrity and consequently contraction-
induced muscle damage [2,3]. Mutations in «-sarcoglycan
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are found in LGMD2D (LGMD R3 «-sarcoglycan-related),
which is the most common form of sarcoglycanopathies [1].
LGMD2D is characterized by severe, progressive weakness
of proximal muscles [1]. It has an early disease onset with
patients becoming wheelchair-dependant around the age of
15 years [1,4]. Respiratory failure and cardiac complications
occur in these sarcoglycanopathies [1,2]. There is no cure for
sarcoglycanopathies at the moment.

Myostatin, mainly expressed by skeletal muscle, is a
member of the TGF-beta family. It is a negative regulator
of muscle growth and acts via the activin type IIB receptor
(ActRIIB) [5,6]. Treatment with soluble ActRIIB (sActRIIB)
can sequester myostatin and prevent it from binding to
its endogenous receptor, thereby enhancing muscle growth
[5,7]. We and others have shown that attenuating myostatin
signalling results in a robust increase in muscle mass in
rodents at any stage in their lifespan [8,9], although this is
not accompanied by proportionate changes in force generation
[9]. However, the clinical value of these studies has to be
viewed in the light that the experimental model was one
which displayed normal muscle growth. A number of studies
have tested myostatin antagonists in models of muscle wasting
[7,10], which are more clinically relevant.

It has been shown that treatment with sActRIIB can
increase muscle mass and alleviate some of the disease
symptoms in a mouse model of Duchenne muscular dystrophy
(DMD) [7,11,12]. In addition to mouse experiments,
SActRIIB treatment was well tolerated in a single-dose phase I
trial. A study in healthy postmenopausal women and a phase
IT clinical trial in DMD boys showed increased lean mass
[6,13]. However, in the mouse model of DMD, we have
shown that the hypertrophic muscle induced by myostatin
antagonists was functionally compromised and predisposed
to fatigue and metabolic myopathy [14].

In this study, we investigated the effects of sActRIIB
administration in the Sgca-null mouse model for LGMD2D,
which is «-sarcoglycan deficient and recapitulates the human
pathology well. Based on natural history studies, it is known
that these mice develop muscle pathology and present with
functional impairments from 4 weeks of age onwards [15,16].
We hypothesized that the attenuation of myostatin would
prevent disease pathological and functional characteristics
when administered to Sgca-null mice prior to disease onset,
and that treatment started at advanced stages of the disease
would result in relative improvements of muscle function
and quality. While sActRIIB treatment increased muscle mass
regardless of the timing of treatment initiation, there was no
improvement of muscle function or histopathology observed
in the Sgca-null mouse model for LGMD2D.

2. Material and methods
2.1. Mice and study setup
Sgca-null (B6.129S6-Sgca™?keam/]) and C57BL/6J mice

were derived from in-house breeding couples. They were
housed in individually ventilated cages (IVC) at 20.5°C with
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12 hour dark/light cycles, and had ad libitum excess to water
and RM3 chow (SDS, Essex, United Kingdom) throughout
the study duration. All animal experiments were approved by
the Animal Experiment Committee of the Leiden University
Medical centre.

Mice were randomly divided over experimental groups
that consisted of n=6 males. Sgca-null mice received
intraperitoneal injections of either 5 mg/kg sActRIIB in 100 pl
saline, or saline alone, two times per week for a duration
of six weeks. C57BL/6J males served as controls and were
treated with saline only. Treatments started at either 3 weeks
of age (prior to initiation of the disease pathology) or at 9
weeks of age (during the acute phase of the pathology).

To assess muscle functionality throughout the study, mice
were weekly subjected to a non-invasive functional test
regimen on consecutive days. One test was performed per day,
and the order was kept constant throughout the study duration.
The functional tests were considered sensitive and reliable,
based on our natural history studies [15,16]. Tests were
executed according to standardized operating procedures from
the TREAT-NMD network for mdx mice wherever possible
[17]. All mice successfully complied with the functional test
regimen.

2.2. Functional test regimen

2.2.1. Two limb hanging test

The mouse was hovered over a metal wire which was
secured above a cage filled with bedding. Once the mouse
grasped the wire with its forelimbs, the experimenter released
the mouse and started the timer. The mouse was allowed to
use all four limbs and the tail during the hanging test if able to
so. The hanging time until fall was recorded. If this was less
than 600s, mice got a maximum of two additional attempts to
do so. Mice were directly retested after falling. The maximum
hanging time was used for analysis.

2.2.2. Four limbs hanging test

In the four limbs hanging test, a mouse was placed on a
grid after which the grid was inverted so that the mouse was
hanging above a cage filled with bedding. Mice were given
three attempts to hang for 600s, and were directly retested
when they fell off earlier. The maximum hanging time until
fall was recorded.

2.2.3. Forelimb gripstrength

The forelimb gripstrength of mice was measured using
a grid attached to an isometric force transducer (Columbus
Instruments, USA). Hereto, the mouse was handled by its
tail and hovered above the grid until it grasped the grid with
both forelimbs. When pulled away from the grid, the maximal
force applied to the grid by the mouse was recorded. This
was repeated three times in a row after which the mouse had
a short resting period of 1min. Thereafter, four additional
sets of three pulls, each followed by a resting period, were
executed so that each mouse pulled 15 times in total. The
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three highest values obtained were averaged and normalized
to body weight.

2.3. Respiratory function analysis

Respiration rate and depth of mice were non-invasively
measured with whole-body plethysmography (RM-80;
Columbus Instruments, Columbus, OH, USA) on a weekly
basis. After an acclimatization period of 30s, the respiration
signal was recorded for two minutes. A Minidigi digitizer and
the Axoscope 10 software were used to digitize the signal
(Axon Instruments/Molecular Devices, Sunnyvale, CA, USA),
which was analysed off-line with the event detection feature
of the Clampfit 10 program (Axon Instruments/Molecular
Devices). The respiration rate and amplitude was analysed,
the latter was normalized for body weight.

2.4. Creatine kinase level measurement

For all cohorts, creatine kinase (CK) levels were measured
at baseline, three and five weeks after treatment initiation, and
prior to sacrifice. Hereto, blood was taken via a small cut in
the tail vein and collected in heparin-coated microvette tubes
(Sarstedt, Numbrecht, Germany). Samples were kept on ice
and plasma was obtained after centrifugation at 13,000 rpm
for 5min at 4°C. Plasma CK levels were measured on the
Reflotron Sprint system with CK Reflotron strips (Roche,
Diagnostics, Basel, Switzerland).

2.5. In situ muscle physiology of the tibialis anterior

Two weeks after the final injection, function of the right
tibialis anterior muscle was assessed. Mice were anaesthetized
with 2% isoflurane and placed on a thermopad to maintain
the body temperature at 37°C during the whole procedure.
After anesthetization, the tendon of the tibialis anterior was
dissected from the surrounding tissue and a thread was
secured around it and tied into a loop. The sciatic nerve
was exposed and all branches were cut away except for the
common peroneal nerve, which stimulates the tibialis anterior.
The mouse was placed on a rig with the foot tightly secured
with tape and the knee immobilized using a needle to avoid
unwanted movement of the leg. The tendon of the tibialis
anterior was then attached to the lever arm of the force
transducer via a custom made S-hook. The tibialis anterior
was stimulated via the distal part of the peroneal nerve with
bipolar platinum electrodes. Data was acquired with a Lab-
view-based dynamic muscle data acquisition and analysis
system (Aurora Scientific, Aurora, Ontario, Canada).

Mice underwent a warming-up protocol of five stimulations
of 50Hz spaced one min apart and optimal muscle length
(Lp) was determined by a series of twitches at increasing
resting tension. Thereafter, the maximum isometric tetanic
force (Pp) was determined from the plateau of the force-
frequency relationship after a series of stimulations at 10, 30,
40, 50, 80, 100, 120, 150 and 180Hz which were spaced
one min apart. The specific force (N/cm?) was determined by
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dividing Po by the cross-sectional area using the following
formula: muscle weight (g)/ [tibialis anterior fibre length (cm)
x 1.06 (g/cm?)]. The tibialis anterior muscle’s susceptibility to
contraction-induced injury was measured after a resting period
of five mins. Hereto, the muscle was stimulated at 120 Hz for
500ms before lengthening at 10% of Lo at a velocity of 0.5
Lo/s. Once the stimulation ended, the muscle was returned
to Lo at a rate of —0.5 Lo s~ !. The stimulation-stretch
cycle was repeated every two mins for a total of 10 cycles.
The maximum isometric force of the first contraction was
used as the 100% baseline. Mice were euthanized by cervical
dislocation after the procedure and muscles and tissues were
isolated and weighed. Muscles were snap-frozen in isopentane
and stored at —80°C.

2.6. Muscle histology

Muscle tissues were mounted in OCT LT Embedding
Compound  (TAAB  Laboratories  Equipment  Ltd,
Aldermaston, United Kingdom), and snap-frozen in liquid
nitrogen-cooled isopentane. Subsequently, the muscles were
cryo-sectioned at a thickness of 15um using a cryostat
(Bright Instruments OTF5000). Cryosections were collected
on slides and stored at —80°C for future histological
analyses.

2.7. Immunohistochemistry (IHC)

Myosin heavy chain (MyHC) typing was analysed in
the extensor digitorum longus (EDL) and soleus for all
cohorts and additionally in the tibialis anterior for mice
where treatment was initiated at 9 weeks of age. Dystrophin
was visualized in the tibialis anterior for both cohorts. The
muscle sections were incubated at room temperature for
15min, and then a PAP pen (Agar scientific L4197S) was
used to create a hydrophobic barrier to select the desired
sections after which they were left to dry for 15min. The
slides were then washed 3 times in PBS for 5min each,
and subsequently incubated in permeabilisation buffer for
15min. The sections were washed in PBS again before they
were incubated in blocking wash buffer for 30min, and
incubated with the desired primary antibody (Supplementary
Table. 1) overnight at 4°C. The unbound primary antibodies
were washed 3 times in blocking washing buffer 10min
each at room temperature. Simultaneously, the complementing
secondary antibody (Supplementary Table. 2) was diluted in
blocking wash buffer and incubated in the dark for 30 min.
The secondary antibodies were applied to the slides and
left for 1h at room temperature. Excess antibodies were
washed three times with blocking washing buffer 10min
each. At this stage, another primary antibody was added
if a double stain was planned and the previous subsequent
steps were repeated. Eventually, the sections were mounted
with a drop of DAPI (1:2000 (Fisher Scientific D1306) with
Dako fluorescence mounting medium (Dako North America
Inc. REF S3023)). The slides were imaged using a Zeiss
Axiolmager epifluorescence microscope that was operated by
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AxioVision SE64 Rel. 4.9.1 software. The exported images
were stitched using Adobe Photoshop elements 2018 (Adobe,
San Jose, CA, USA) software. Dystrophin max intensity,
MyHC fibre type and muscle fibre area were quantified
using Image] (National Institutes of Health, Bethesda, MD,
USA) software. Dystrophin maximum intensity was analysed
for the whole muscle section of the tibialis anterior. When
quantifying the MyHC fibre types and fibre area, whole
muscle sections were analysed for EDL and soleus, while
for the tibialis anterior two fixed size boxes were analysed
from the deep and superficial regions of the muscle.

2.8. Picro Sirius Red stain

Collagen levels were measured on Picro Sirius Red stained
slides of tibialis anterior sections. The muscle sections were
warmed at room temperature for 15min, immersed in Bouin
solution for 15min in a 56 °C water bath, rinsed and washed
in tap water for 15min at room temperature. Then, they
were stained with Picro Sirius Red (Abcam kit ab150681)
for 1 hour. The slides were then quickly rinsed in two
changes of acidified water (1000ml of distilled water, 5ml
of glacial acetic acid) two dips each time. Furthermore,
the sections were dehydrated in ethanol 100% three times,
Smin each. Xylene was used to clear the slides for 5min,
which was followed by mounting of the sections with DPX
mounting media (Fisher, REF D/5319/05). The sections were
imaged using a Zeiss AxioSkop bright field microscope that
was operated by AxioVision SE64 Rel. 4.9.1 software. The
exported images were stitched, and background noise was
removed using Adobe Photoshop elements 2018 (Adobe, San
Jose, CA, USA). A threshold analysis of the green channel
was conducted on ImageJ (National Institutes of Health,
Bethesda, MD, USA) software to quantify the percentage of
fibrosis. The threshold was corrected for stained calcification.

2.9. Haematoxylin and eosin (H&E) staining

To quantify centrally nucleated fibres and unhealthy tissue
in the tibialis anterior, EDL and soleus, muscle sections
were stained with haematoxylin and eosin. Hereto, sections
were retrieved from the —80°C freezer, left to dry at room
temperature for 15min, and washed in phosphate buffer
saline (PBS, Oxoid BR0014G) for 2 min. Harris haematoxylin
(Sigma-Aldrich HHS16) was used in a regressive staining for
1.5 mins. The differentiation step was achieved by immersing
the slides twice in 70% acidic alcohol (200ml 70% ethanol
(Sigma-Aldrich 32,221-2.5L-M)+200p1 37% HCI (Fisher
Scientific 7647-01-0)), followed by washing the slides
under running tap water for 5min. Eosin 1% (160ml 70%
ethanol+40ml Eosin Y (Sigma-Aldrich 318,906-500ML),
5 wt% solution in water=200ml of 1% Eosin)) was used
as a counterstain by leaving the slides in it for 2min.
Subsequently, a dehydration series was performed in ethanol
at increasing concentrations. To displace the ethanol, the
sections were washed in xylene (Fisher Scientific 10,588,070)
for 3 mins each. DPX mounting media (Fisher, REF
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D/5319/05) was applied to mount the sections. The sections
were imaged using a Zeiss AxioSkop bright field microscope
that was operated by the AxioVision SE64 Rel. 4.9.1 software.
The exported images were stitched, and background staining
was removed using Adobe Photoshop elements 2018 (Adobe,
San Jose, CA, USA). The ImageJ software (National Institutes
of Health, Bethesda, MD, USA) was used to quantify the
percentage of centrally nucleated (CN) fibres in whole muscle
sections for the EDL and the soleus, and two fixed size
areas were analysed for both deep and superficial regions
of the TA muscle. The colour deconvolution plugin (https:
/limagej.net/Deconvolution) was applied to quantify the area
of unhealthy tissue (necrotic, fibrotic and recently regenerated
tissue).

2.10. Succinate dehydrogenase (SDH)

The metabolic status of muscle fibres was assessed in
the EDL and soleus with succinate dehydrogenase (SDH)
staining. The muscle sections were retrieved from the —80°C
freezer and left to dry at room temperature for 15 mins.
A PAP pen (Agar scientific L4197S) was used to create a
hydrophobic barrier to select the desired sections and left
to dry for 15min. The succinate and nitro blue tetrazolium
(NBT) stock solutions were placed on ice to prepare the
final reaction solution. The sections were rehydrated with PBS
for 5 mins before adding the reaction solution comprised of
NBT (2ml), succinate solution (0.2ml) and one crystal of
phenazine methosulfate. The sections were stained with the
final mixture for 1 — 2 min until a magenta colour solution was
observed. The reaction was stopped by washing the sections
with distilled water for 1min. Subsequently, the sections
were fixed with formal calcium, and mounted with DPX
mounting media (Fisher, REF D/5319/05). The sections were
imaged using a Zeiss AxioSkop bright field microscope that
was operated by the AxioVision SE64 Rel. 4.9.1 software.
The exported images were stitched with Adobe Photoshop
elements 2018 (Adobe, San Jose, CA, USA). The Imagel
software was utilised to quantify the ratio of dark and lightly
stained fibres in whole muscle sections of the EDL and soleus.

2.11. RNA isolation and gPCR

Tissues were homogenized with a MagNALyser (Roche
Diagnostics) in zirconium bead pre-filled tubes (OPS
Diagnostics, Lebanon, USA) in the presence of TriSure
reagent (Bioline, London, UK). Total RNA was isolated using
the TriSure reagent method according to the manufacturer’s
instructions. Afterwards, samples were further cleaned up
with a NucleoSpin RNA kit (Macherey-Nagel, Diiren,
Germany), according to the manufacturer’s instruction.
Complementary DNA (cDNA) was made from 1 g of RNA
in the presence of random hexamers, dNTPs, Tetro reverse
transcriptase and 5x reaction buffer (Bioline). Expression
levels were assessed with a quantitative PCR (qPCR) for
genes involved in regeneration (myosin heavy chain 3
(Myh3), paired box 7 (Pax7), myogenin (MyoG), NAPDH


https://imagej.net/Deconvolution

JID: NMD
A. Algallaf, S. Engelbeen, A. Palo et al.

[mb5+;April 22, 2022;1:14]

Neuromuscular Disorders xxx (xxxx) xxx

A Body weight B = Creatine kinase levels ,
35 2 6000 e B
- ) *
530 Joww wnns E — Tl
- 25 [ *
£ — 4000 1
220 @
] I
2 15 g
% 10 X 2000
o @
m 5 =
0 | LN LN MO N TR TR ) I g 0
3 4 5 6 7 8 9 10 (] 3 6 8 10
Age (weeks) Age (weeks)
C : : D : :
- Two limb hanging test - Four limb hanging test
D »
g g
S 600 S 600
o =)
s £
g’ 400+ g’ 400
© ©
< <
€ 200 € 200+
3 ]
= E
é 0 é 0 1 1 1 I 1 1
= = 3 4 5 6 7 8
Age (weeks) Age (weeks)
E F =
Force frequency relationship 2 Muscle susceptibility
60 g 120
- -g 1004 -- ...'..0,.
LE’ S 80+
&= -
z = HoH ]
g 3
5 s 407
& £ 204
—8& 2
0 T T 1 1 [4 0 1T T 1T 1T 17T 17T 1T 1T 11
0 50 100 150 200 g 123456738 91011
Frequency (Hz) = Eccentric contraction number
o Wild-type -4 sActRIIB-treated Sgca-null -¥ Saline-treated Sgca-null
G Tissue weights
0.4 *
*kk
1
0.3+ * *
° M [ —
e * % * % —
- 1 1
'g-, 0.2+ * %k * ***L_|
e 1 1
g dkkk dkkk
0.1
0.0-

Qua Gas Sol TA
B Wild-type

EDL Bic Dia
Bl sActRIIB-treated Sgca-null

Heart Kidney Testes
Em Saline-treated Sgca-null

Fig. 1. Effect of sActRIIB-treatment initiated at 3 weeks of age on body weight, creatine kinase levels and muscle function. (A) Bodyweight. (B) Creatine
kinase levels. (C) Two limb hanging test. (D) Four limb hanging test. (E) Force frequency relationship of the tibialis anterior. (F) Susceptibility of the tibialis
anterior to damage during eccentric contractions. (G) Muscle and tissue weights. *P<0.05, ** P<0.01, ***P<0.001, ****P<0.0001. N=6 per group.

oxidase 2 (Nox2), inflammation (cluster of differentiation
68 (Cd68), lectin galactosidase binding soluble 3 (Lgals3))
and adipogenesis (peroxisome proliferator-activated receptor
y (PPARy)). qPCRs were performed in triplicates per sample
with forward and reverse primers (Supplementary Table 3)
and ready to use SensiMix (Bioline) in a LightCycler 480

(Roche). Expression levels were analysed with the LinReg
gPCR software and levels were normalized to the expression
levels of the housekeeping gene Hmbs (tibialis anterior and
soleus), Hprt (gastrocnemius) and Gapdh (EDL). Even though
17 housekeeping genes were tested (Hmbs, Gapdh, Paklipl,
Srpl4, Zfp91, Ap3dl, Hprt, Htatsfl, Rpll3a, Sdha, Actb,
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Cdc40, Fbxw2, Mon2, B2m, Csnk2a2, Hpsf), none of them
was suitable for the EDL of mice in which treatment was
initiated at 3 weeks of age.

2.12. Statistical analyses

Data analyses were performed with either GraphPad
Prism (GraphPad Software, San Diego, California USA,
version 8.1.1) or SPSS (IBM SPSS Statistics for Windows,
Version 25.0. Armonk, NY: IBM Corp.). Values are presented
as means = SEM. P<0.05 was considered statistically
significant for all tests performed.

Body weight, hanging tests, gripstrength and respiratory
assessment data was analysed with a linear mixed-effects
model using fixed effects for treatment and time interaction
and random effects for time. Creatine kinase levels were
analysed with a two-way ANOVA for followed by a
Bonferroni’s multiple comparison test for each timepoint.
Area under curve (AUC) values were calculated per mouse
per treatment group for the force frequency relationship
and the initial force drop over number of contractions per
treatment group and compared between groups with a one-
way ANOVA followed by a Bonferroni’s multiple comparison
test. Differences in muscle and tissue weights were analysed
with a one-way ANOVA followed by a Bonferroni’s multiple
comparison test to compare between the different groups.
Histological data was analysed with a one-way ANOVA
and Bonferroni’s multiple comparison test to determine
differences between groups. Differences in gene expression
were analysed as well with a one-way ANOVA followed by
the Bonferroni’s multiple comparison test.

3. Results

3.1. sActRIIB treatment increases muscle mass, but does not
prevent deterioration of muscle function in young Sgca-null
mice

To study whether sActRIIB treatment was capable of
preventing functional impairment and muscle pathology,
Sgca-null mice were injected with SActRIIB two times per
week for six weeks starting at 3 weeks of age (prior to
the development of any pathological features). Mice were
weighed two times per week and muscle function was
assessed with a series of functional tests. Between the age of 3
and 10 weeks, we observed a steady increase in body weight
in all cohorts (Fig. 1A). As expected, sActRIIB treatment
resulted in an increased body weight over time compared
to saline treated Sgca-null and wild-type mice. Creatine
kinase (CK) levels were elevated in Sgca-null compared to
the wild-type mice reaching statistical significance at 3, 6
and 10 weeks of age. sActRIIB-treated Sgca-null mice had
statistically significantly increased CK levels at 6 and 8 weeks
of age, as compared to wild-type mice (Fig. 1B). CK levels
did not differ between the two Sgca-null cohorts.

Muscle function and fatigability were assessed with the
two and four limb hanging tests. In the forelimb hanging
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test, sActRIIB-treated Sgca-null mice showed a significant
decline over time compared to saline-treated Sgca-null mice
and wild-type mice. Saline-treated Sgca-null mice performed
significantly worse than wild-type mice over time (Fig
1C). While both Sgca-null groups performed significantly
worse from the start of the experiment compared to wild-
type mice in the four limb hanging test (intercept of
P<0.0001 for both Sgca-null groups compared to wild-
type), it did not significantly deteriorate with age (Fig. 1D).
Muscle strength was assessed with the forelimb gripstrength
which was similar for all groups (Supplementary Fig. 1A).
Since the diaphragm is most severely affected in dystrophic
mouse models, we assessed respiratory function with the
whole-body plethysmography. No changes were observed in
respiration amplitude and respiration rate between the groups
(Supplementary Fig. 1C-E).

Two weeks after the last injection, physiology of the
tibialis anterior was investigated . During the force-frequency
protocol, wild-type muscles produced significantly greater
forces than Sgca-null muscles. Treatment with sActRIIB did
not affect the observed muscle weakness (Fig. 1E). No
differences were observed for absolute force between groups
(Supplementary Fig. 1B). Following a series of eccentric
contractions, we saw a decrease in tetanic force of ~24.8%
4 4.6% in saline-treated Sgca-null mice compared to wild-
type. An even more pronounced, and statistically significant,
force deficit was observed in the sActRIIB-treated Sgca-null
mice (57.3% =+ 6.8%) compared to saline-treated Sgca-null
and wild-type mice (Fig. 1F).

After the muscle physiology assessment, mice were
euthanized and muscles and tissues were isolated and
weighed. Saline-treated Sgca-null mice had a significantly
heavier quadriceps, soleus, tibialis anterior, biceps and
diaphragm compared to wild-types. sActRIIB treatment
further increased weight of the gastrocnemius, tibialis
anterior, EDL, biceps and the diaphragm compared to
saline-treated Sgca-null mice. All examined skeletal muscles
had a statistically significantly increased weight in the
sActRIIB-treated Sgca-null mice, compared to wild-types
(Fig. 1G). No differences were seen in the heart, kidney and
testes weights.

3.2. Attenuation of myostatin signalling initiated in young
Sgca-null mice does not resolve disease histopathological
features in skeletal muscle

To determine the cause of the increased muscle mass in
Sgca-null mice compared to wild-type, but more particularly
the increase in muscle mass following sActRIIB treatment, we
examined muscle sections of the EDL (a fast-twitch muscle)
and the soleus (a slow-twitch muscle), using a panel of MyHC
specific antibodies followed by morphometric analysis for
fibre size (Fig. 2A).

First, we profiled the composition of the EDL, which
showed a statistically significant change only in the type I1IB
fibres of saline-treated Sgca-null mice compared to wild-type
mice. In contrast, there was a change in the proportion of
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Fig. 2. Effect of sActRIIB-treatment initiated at 3 weeks of age on MyHC fibre type characteristics. (A) Representative images of EDL and soleus muscles
from wild-type, sActRIIB-treated Sgca-null, and saline-treated Sgca-null mice; EDL: green= MyHC IIA, red= MyHC IIB, blue/DAPI=nuclei, soleus: green=
MyHC IIA, red= MyHC Type I, blue/DAPI=nuclei. (B) Percentage of MyHC fibre types IIA, IIX, and IIB in EDL. (C) Average fibre CSA of non-centrally
nucleated MyHC isoforms in EDL. (D) Percentage of MyHC fibre types I, IIA, and IIX in soleus. (E) Average fibre CSA of non-centrally nucleated MyHC
isoforms in soleus. *P<0.05, ** P<0.01, ***P<0.001, ****P<0.0001. B-E: N=35 per group.

all fibre types when comparing sActRIIB-treated Sgca-null
to wild-type mice. In particular, there was a decrease in
proportion of type IIA and IIX, whereas the proportion of
type IIB fibres had increased (Fig. 2B). Next, we examined
fibre size for these specific forms of MyHC. No statistically
significant differences were seen in fibre size of the different
MyHC isoforms between the different groups (Fig. 2C). We
analysed the cross-sectional area data in detail to determine

whether the fibre hypertrophy phenotype seen in the EDL of
Sgca-null mice was global or resulted from specific fibres by
plotting a frequency distribution graph against cross-sectional
area. We found a general shift towards larger fibres for all
fibre types (Supplementary Fig. 2A-C). Examination of the
soleus showed that its composition was unaffected by either
genotype or intervention (Fig. 2D). Additionally, through fibre
size analysis we observed that saline-treated Sgca-null mice
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had increased fibre size for all MyHC isoforms but reaching
statistical significance only in type I fibres. Increases in
fibre size for the MyHC isoforms were less pronounced in
SActRIIB-treated mice (Fig 2E).

Next, we examined whether non-myocyte tissue
contributed to muscle weight changes in the Sgca-null
cohorts. To that end, we quantified the degree of fibrosis,
the amount of unhealthy tissue and dystrophin expression in
the tibialis anterior. We observed similar levels of fibrosis
based on Picro Sirius Red staining in all three cohorts
(Supplementary Fig. 3A-B). Lastly, we examined fibre
integrity by quantifying the expression of dystrophin protein
at the sarcolemma. The investigations failed to detect any

difference in the amount of dystrophin between the three
cohorts (Supplementary Fig. 3A,C).

Central nucleation is one of the hallmarks of
histopathology in the Sgca-null model. We quantified
the proportion of centrally nucleated fibres, and how this
parameter was influenced by treatment. Indeed, we found
central nucleation in the majority of fibres in the tibialis
anterior, EDL and soleus of solely Sgca-null mice (Fig.
3A,B). Treatment with SActRIIB further increased the
proportion of centrally nucleated fibres only in the tibialis
anterior (Fig. 3B). No statistically significant differences
were observed after the quantification of unhealthy tissue
after H&E staining though a slight increase was observed for
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the sActRIIB-treated Sgca-null mice compared to the other
cohorts (Fig. 3A,0).

We also examined the impact of genotype and treatment
on the metabolic status of muscle fibres by profiling the
proportion of fibres displaying SDH activity (Supplementary
Fig. 4A). Our analysis revealed no impact of either genotype
or treatment in the proportion of dark SDH fibre in the
EDL and soleus (Supplementary Fig. 4B-C). In summary,
treatment of young Sgca-null mice with sActRIIB results in
global muscle fibre hypertrophy without any change in non-
muscle components. However, the increase in muscle mass
is accompanied by force generation deficits and an increased
susceptibility to fatigue.

3.3. sActRIIB treatment does not affect gene expression in
young Sgca-null mice

Muscular dystrophies are characterized by continuous
cycles of degeneration and regeneration. We, therefore,
assessed regeneration with several markers (Myh3, Pax7,
MyoG and Nox2) in the tibialis anterior, soleus and
gastrocnemius. Myh3, expressed in newly formed regenerating
myofibres, was increased in all Sgca-null mice compared to
wild-type. This reached statistical significance in the tibialis
anterior and gastrocnemius of saline-treated Sgca-null mice,
and in the soleus and gastrocnemius of sActRIIB-treated
Sgca-null mice (Fig. 4A). Pax7, involved in muscle stem
cell proliferation, was not significantly different between the
groups (Fig. 4B). MyoG, a marker expressed early in skeletal
muscle differentiation, was only statistically significantly
increased in the tibialis anterior of the Sgca-null groups
(Fig. 4C). Nox2, involved in inflammation and regeneration,
was increased in all Sgca-null samples, reaching statistical
significance in the tibialis anterior and gastrocnemius. In
the gastrocnemius, levels of sActRIIB-treated Sgca-null mice
exceeded those of saline-treated Sgca-null mice (Fig. 4D).

Inflammation was assessed through expression levels
of Cd68 and Lgals3. Levels of both genes were
statistically significantly increased in the tibialis anterior
and gastrocnemius of Sgca-null mice (Fig. 4E-F). sActRIIB
treatment further increased expression of Cd68 and Lgals3 in
the gastrocnemius.

Adipogenesis was assessed by expression of Ppary which
has previously been shown to be a good marker for
fat infiltration (doi: 10.1371/journal.pone.0182704). Sgca-null
mice had lower levels of Ppary than wild-types, reaching
statistical significance in the tibialis anterior and soleus of
saline-treated mice, and in the soleus of sActRIIB-treated
animals (Fig. 4G).

3.4. sActRIIB treatment does not ameliorate disease
pathology when initiated during the acute disease phase

To investigate whether SActRIIB treatment can ameliorate
disease pathology in older mice, that already have extensive
muscle pathology, treatment was initiated in Sgca-null mice
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aged 9 weeks. We subjected mice to the same assessments as
the 3 weeks aged groups.

Saline- and sActRIIB-treated Sgca-null mice had a
statistically significant increase in body weight over time
compared to wild-type mice. While sActRIIB-treated Sgca-
null mice were heavier than saline-treated mice over
the course of the experiment, these differences were not
statistically significant (Fig. 5A). Creatine kinase levels were
elevated in Sgca-null mice compared to wild-type mice,
reaching statistical significance in saline-treated Sgca-null
mice at 9, 14 and 16 weeks of age (Fig. 5B). Both Sgca-
null cohorts performed worse in the hanging tests compared
to wild-type mice. While the intercept of the performance of
Sgca-null mice was significantly different than in wild-type,
saline-treated Sgca-null mice had a significantly different
pattern in performance over time compared to sActRIIB-
treated Sgca-null mice and wild-type mice (Fig. 5C). In
the four limb hanging test, Sgca-null mice once again
had a significant different intercept than wild-type mice
but here the saline-treated Sgca-null mice only showed
a significantly different pattern in performance over time
compared to wild-type (Fig. 5D). In the forelimb gripstrength
test, both Sgca-null groups had a significant different
intercept and performance over time compared to wild-
types (Supplementary Fig. 5A). Respiration rate for Sgca-
null mice was significantly different from wild-type for both
the intercept and the performance over time (Supplementary
Fig. 5C). Respiration amplitude and normalized respiration
amplitude was similar between all groups (Supplementary
Fig. 5D-E).

Physiological assessments of the tibialis anterior were
performed at 16 weeks of age, two weeks after the last
injection. Sgca-null mice exhibited statistically significantly
lower specific forces, compared to wild-type mice, in
the force-frequency relationship analysis (Fig. SE). There
was no difference in specific force between the Sgca-null
cohorts. Absolute force was comparable between all groups
(Supplementary Fig. 5B). The resistance to lengthening
contractions was equally impaired in both Sgca-null cohorts
compared to wild-type mice (Fig. 5F).

Saline-treated Sgca-null mice had an increased weight of
the quadriceps, soleus, tibialis anterior, biceps and diaphragm
compared to wild-types. The increase in bodyweight after
sActRIIB treatment was accompanied by an increased weight
of the quadriceps, soleus, tibialis anterior, EDL, biceps and
diaphragm compared to wild-type. Further gains in muscle
weight were observed, compared to saline-treated Sgca-null
mice, in the tibialis anterior and biceps. No differences were
found in tissue weight for heart, kidney and testes (Fig. 5G).

3.5. Attenuation of myostatin signalling via sActRIIB in
Sgca-null mice during the acute phase does not mitigate
disease histology in skeletal muscle

Analysis of fibre composition for the EDL revealed
a genotype-based shift towards faster-contracting fibres;
a statistically significant decrease was observed in the



JID: NMD
A. Algallaf, S. Engelbeen, A. Palo et al.

A Myh3
c *
S 240 —
]
9 150+
o *k
3 1
o5 100 #xx
ﬁ 1
® 504 *
g —
S
o
=z 0 *‘i
Gas Sol TA
C MyoG
S 157 o
[ 1
]
g *
& 107 1
)
o
Q
2 5
©
£
S
2 o-
Gas Sol TA
*ekkk
E 1 Cd68
1
S 15+ *kk
[ 1
]
2 * %
S 10 1
I3 *k
o 1
°
@
L 54
©
€
S
2 o0-
Gas Sol TA
G
c
o
n
]
o
S
X
)
o
@
2
©
€
b=
o
z

Gas Sol TA

[mb5+;April 22, 2022;1:14]

Neuromuscular Disorders xxx (xxxx) xxx

Pax7
1.5-

Normalised expression @

*%

D — Nox2

*kkk

§ 1594 M
‘» ek
g 1
%10— *
o [
2 5
©
£
1™
2 0-
Gas Sol TA
*%
1
F s Lgals3
[
Faog .
?
e kK
%20- 1
)
°
Q
2 10
©
£
S
2 o-
Gas Sol TA
= Wild-type

B sActRIIB-treated Sgca-null
Bl Saline-treated Sgca-null

Fig. 4. Gene expression analyses of regeneration, inflammation and fatty infiltration markers of mice in which treatment started at 3 weeks of age. (A-D)
Regeneration markers Myh3, Pax7, MyoG and Nox2, (E-F) inflammation markers Cd68 and Lgals3 and (G) fatty infiltration marker Ppary in gastrocnemius
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group. *P<0.05, ** P<0.01, ***P<0.001, ****P<0.0001.

proportion of type IIA fibres, while type IIB fibres were
more abundant in Sgca-null mice compared to wild-type
mice (Fig. 6A-B). Characterisation of MyHC isoform-specific
changes in cross-sectional area revealed only a trend for

hypertrophy in type IIB fibres from sActRIIB-treated Sgca-
null mice, compared to the other two cohorts (Fig. 6C). In
contrast, SActRIIB-treated Sgca-null mice had a statistically
significant decrease in the percentage of IIA fibres in
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combination with a larger cross-sectional area for these ITA
fibres in the soleus (Fig. 6D-E). Saline-treated Sgca-null
mice had a statistically significant increase in proportion
of IIX fibres in the soleus, compared to wild-type mice
(Fig. 6D). For the tibialis anterior, we distinguish between
the superficial (primarily fast-twitch) and deep (primarily

slow-twitch) areas (Supplementary Fig. 6A). Here, we found
no statistically significant difference between groups for the
different fibre types in the superficial area of the tibialis
anterior while type IIB fibres were statistically significantly
decreased in the deep area of Sgca-null mice compared
to wild-type (Supplementary Fig. 6B-C). We observed a
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shift towards smaller fibre cross-sectional areas for the
different fibre types for Sgca-null, compared to wild-types,
in both deep and superficial areas of the tibialis anterior
(Supplementary Fig. 7).

As the cross-sectional area analysis of normal fibre types
failed to offer an explanation for the increase in muscle mass

12

induced by sActRIIB treatment, we examined the regenerating
fibres. Profiling of the tibialis anterior, EDL and soleus
revealed that the vast majority of fibres in both Sgca-null
saline- and sActRIIB-treated groups had a centrally-located
nucleus (Fig. 7A-B). Furthermore, the proportion of fibres
with a centrally-located nuclei increased in all three muscles
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(reaching statistical significance in the EDL and soleus) in the =~ unhealthy tissue was only significantly increased in the saline-
sActRIIB-treated, compared to the saline-treated cohort (Fig. treated group when compared to wild-type (Fig. 7A,C).
7B). Examination of the non-muscle components revealed that ~ Quantification of sarcolemmal dystrophin expression revealed
the degree of fibrosis was unaffected by genotype or treatment ~ a genotype and treatment-based reduction in this parameter
(Supplementary Fig. 8A-B). Interestingly, the quantity of  (Supplementary Fig. 8A,C). Analysis of the SDH profile

13
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failed to reveal any impact of either genotype or treatment
in either the EDL or soleus (Supplementary Fig. 9A-C).

3.6. sActRIIB treatment does not alter expression levels of
regeneration, inflammation and adipogenesis markers in
Sgca-null mice

The regeneration markers Myh3, MyoG and Nox2 were
statistically significantly increased in the gastrocnemius of
Sgca-null mice, compared to wild-types, with an even further
increase in MyoG expression observed in saline-treated Sgca-
null mice compared to sActRIIB-treated Sgca-null mice
(Fig. 8A, C-D). In the tibialis anterior, saline-treated Sgca-
null mice had increased levels of Myh3, Pax7, MyoG and
Nox2 compared to wild-types and increased levels of Nox2
compared to sActRIIB-treated mice (Fig. 8A-C). In the EDL,
saline-treated Sgca-null mice had elevated levels of MyoG and
Nox2 compared to sActRIIB-treated Sgca-null and wild-type
mice (Fig 8C-D).

Inflammation markers Cd68 and Lgals3 were statistically
significantly increased in the tibialis anterior and EDL of
saline-treated Sgca-null mice compared to both wild-types
and sActRIIB-treated Sgca-null mice. Both Sgca-null groups
had elevated levels of Cd68 and Lgals3 in the gastrocnemius
compared to wild-types. Lgals3 was statistically significantly
increased in the sActRIIB-treated Sgca-null mice compared
to wild-types (Fig 8E-F).

The adipogenesis marker Ppary was statistically
significantly elevated in the tibialis anterior of saline-
treated Sgca-null mice compared to wild-types. Sgca-null
mice showed lower levels in the soleus but these were not
statistically significant (Fig. 8G).

4. Discussion

Presently there are no treatments for limb girdle muscular
dystrophy 2D (LGMD2D), although several interesting
approaches are being evaluated not only in animal models
but also, in a limited manner, in humans [18,19]. Whilst
the conventional route for developing treatments for genetic
disorders such as LGMD2D focus on replacing an aberrant
gene, other therapeutic routes have been investigated
especially for muscular disorders. One such alternate route
to address the pathology is through promoting muscle growth
using exogenous agents. Inhibition of myostatin, a negative
regulator of muscle growth, is an interesting therapeutic target
for the treatment of diseases that are characterized by muscle
weakening and muscle loss [20,21]. Here, we studied the
effects of myostatin inhibition with sActRIIB in Sgca-null
mice in which treatment started either prior to the disease
onset (week 3) or when mice were in the advanced stages of
the disease (week 9).

4.1. Bodyweight changes and CK levels

Treatment with sActRIIB resulted in a pronounced increase
in body and muscle weight in the Sgca-null mice regardless
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of the age of treatment initiation. This is in line with studies
where mdx mice (model for Duchenne muscular dystrophy)
were treated with 1 or 10 mg/kg sActRIIB twice weekly for 12
weeks starting at 4 weeks of age [11,12]. sActRIIB treatment
in wild-type mice also resulted in significant increases in body
weight and/or skeletal muscle mass [14,22,23]. While muscle
mass increased upon SActRIIB treatment, plasma creatine
kinase levels were similar in sActRIIB- and saline-treated
Sgca-null mice. This might suggest that muscle membrane
integrity improved when mice were treated with sActRIIB
since one would otherwise expect higher CK levels because
of the increase in diseased muscle mass. In contrast, treatment
with sActRIIB in mdx mice resulted in decreased CK levels
despite an increase in muscle mass. These contrasting results
could be interpreted as the SActRIIB treatment being more
effective in a less severely affected model (mdx) than the
more severe model (Sgca) investigated here [12]..

4.2. Promotion of muscle growth

A previous study by Bartoli had the same aim but used
AAV-mediated delivery of mutated myostatin propeptide in
the same mouse model deployed in this study. Using the
AAV viral delivery system they showed that the myostatin
propeptide was able to promote robust muscle growth in a
wild-type mouse. However, it had no effect on the LGMD2D
model. Bartoli and colleagues demonstrated that the virus
was unable to infect muscle cells and postulated that the
inflammatory environment prevented this from taking place.
However, recent work has shown that AAV viruses are
more than capable of delivering gene cargoes to mouse
LGMD2D muscle. The lack of infectivity described in the
Bartoli work could be because of the use of a more
inflammatory sensitive AAV virus (AAV-2/1) than that used
by Griffin (AAVrh74, which is closely related to AAV-8)
[24]. Not only is the mouse LGMD2D muscle prone to
AAV infection (overturning the notion of Bartoli et al.) but
is also able to undergo growth following the neutralisation
of myostatin/activin. Nevertheless, the ability of sActRIIB
to promote muscle growth was age-related. We found that
administration of this molecule prior to the onset of muscle
pathology provoked a much stronger hypertrophic response
compared to when the intervention was applied when the
disease was established. The decrease in potency of sActRIIB
to promote muscle growth could be due to several factors,
not least that the expression of the ligands that it binds may
decrease as the pathology intensifies.

4.3. Muscle function

One of the main findings of this study was the negative
correlation between sActRIIB-induced muscle growth and
muscle function in the Sgca-null mice; muscle following
sActRIIB-induced growth functioned worse compared to
saline-treated Sgca-null mice, which might be partially due
to the increased body weight. Moreover, when it failed to
promote muscle growth, sActRIIB has no impact on muscle
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Fig. 8. Gene expression analyses of regeneration, inflammation and adipogenesis markers in mice in which sActRIIB treatment started at 9 weeks of age.
(A-D) Regeneration markers Myh3, Pax7, MyoG and Nox2, (E-F) inflammation markers Cd68 and Lgals3 and (G) adipogenesis marker Ppary in gastrocnemius
(Gas), soleus (Sol), tibialis anterior (TA) and EDL. Expression levels were normalized for the housekeeping genes Hmbs (TA and Sol), Hprt (Gas) and Gapdh

(EDL). N=6 per group. *P<0.05, ** P<0.01, ***P<0.001, ****P<0.0001.

function deficit. Therefore, in the context of LGMD2D,
when neutralisation of myostatin/activin results in muscle
hypertrophy it leads to the development of a tissue that
is physiologically compromised. This finding concords with

a volume of evidence showing the same effect. Indeed,
we conducted one of the first studies demonstrating that
genetic deletion of myostatin leads to enlarged muscle with
abnormally low specific force [9]. Additionally, we and
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others have demonstrated that forced muscle growth in the
mdx mouse model for DMD displayed profound fatigue
characteristics [7,14]. We are currently investigating the
reason why the treatment of Sgca-null mice with sActRIIB
promotes muscle performance failure. Our study offers two
explanations.

The first is based on the enlargement of muscle fibres.
We suggest that muscle fibre hypertrophy in the absence
of nuclear accretion leads to an increase in the myonuclear
domain (MND), which is defined as the volume of cytoplasm
serviced by each nuclei. It has been demonstrated that
optimal muscle function is possible within a tightly defined
MND and that either increasing or decreasing this parameter
detrimentally impacts on force-generating capacity [25,26].
We show that muscle fibres, during the early stages of disease
development, were larger than their wild-type counterpart
and that the muscle showed partial functional impairment.
However, when young Sgca-null mice were stimulated to
undergo muscle fibre hypertrophy, it resulted in a tissue
with significantly worse function. We suggest that expansion
of the MND leads to a volume of cytoplasm containing
organelles that cannot be properly serviced by the local
nuclei.

The second explanation for the muscle phenotype could
be based on the abnormally large muscle fibres that display
a centrally located nuclei. The positioning of nuclei in
muscle fibres is a highly regulated and dynamic process
[27]. During muscle development, nuclei are located in the
centre of immature fibres which thereafter translocate to
the periphery [27]. Muscle regeneration, which recapitulates
muscle development, also shows the displacement of nuclei to
central positions within fibres and their subsequent movement
to the periphery following fibre maturation (at least in
humans). Centrally located nuclei are a hallmark of many
neuromuscular disorders, including DMD [28]. There has
been much speculation on the relationship between nuclei
position and force generation. At the most simplistic level, it
was assumed that a centrally located nucleus would interfere
with the contractile apparatus. However, this seems to be
unfounded. It was recently demonstrated that isolated single
fibres harbouring centrally located nuclei perform just as well
as those containing peripherally located nuclei [29]. However,
this was only the case in normal muscle and not in genetic
mutants where they showed that abnormal nuclear positioning
was associated with a host of molecular abnormalities
including suppressed transcriptional activity [29]. We note
that the proportion of fibres harbouring centrally located
nuclei were increased by sActRIIB treatment of Sgca-null
mice, which correlated with a worsening of muscle function.
The case for centrally located nuclei as a driver for attenuated
muscle performance in Sgca-null mice is supported by a study
showing that AAV-mediated delivery of alpha sarcoglycan
reduced the proportion of fibres with centrally located nuclei,
which was accompanied by improved muscle performance
[24]. Collectively, these data suggest that centrally located
nuclei are functionally tolerated by a normal genome, but
that mutations to specific genes may initiate abnormal nuclear
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activities that compromise force generation when nuclei are
centrally localized.

4.4. Conclusion

Inhibition of myostatin does not seem to have a positive
effect on muscle function and pathology in Sgca-null mice.
Since the defect of the dystrophin-glycoprotein complex is
not resolved, more muscle does not equal better muscle
and will only make the pathology worse when treatment
with sActRIIB is started before disease onset. Possibly, a
combination of myostatin inhibition with a therapy to target
the primary defect could have a positive effect on disease
pathology. This has been previously demonstrated in the
mdx mouse model where combination therapy of dystrophin
restoring therapy and sActRIIB, which either resulted in a
similar effect in specific maximal force and resistance to
eccentric contractions-induced damage in the tibialis anterior
[30]. Controversially, other studies were not able to reproduce
the synergic benefits of increasing specific maximal force in
the TA muscle and increasing the muscle mass in combination
therapy [7].

AAV delivery of a-sarcoglycan in Sgca™~ mice starting
at 4 weeks of age resulted in expression in multiple
muscles, including the diaphragm. Furthermore, this resulted
in histopathology and specific force improvements in the
tibialis anterior and diaphragm. Systemic gene transfer was
deemed safe and effective [31].

Combinational therapies may have benefits in a disease-
specific context. But there are still major questions whether
it will be beneficial for LGDM2D. We demonstrated that
attenuating myostatin/activin signalling compromised muscle
function when it induced hypertrophy. In summary, our work
suggests that attenuating myostatin/activin treatment does not
inhibit disease progression of LGDM2D and even might
exacerbate the disease.
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