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Abstract

Limb-girdle muscular dystrophy R3 (LGMDR3) is caused by mutations in the SGCA gene coding for «-sarcoglycan (SG).
Together with 8- y- and §-SG, «-SG forms a tetramer embedded in the dystrophin associated protein complex crucial for
protecting the sarcolemma from mechanical stresses elicited by muscle contraction. Most LGMDR3 cases are due to
missense mutations, which result in non-properly folded, even though potentially functional «-SG. These mutants are
prematurely discarded by the cell quality control. Lacking one subunit, the SG-complex is disrupted. The resulting loss of
function leads to sarcolemma instability, muscle fiber damage and progressive limb muscle weakness. LGMDR3 is severely
disabling and, unfortunately, still incurable. Here, we propose the use of small molecules, belonging to the class of cystic
fibrosis transmembrane regulator (CFTR) correctors, for recovering mutants of a-SG defective in folding and trafficking.
Specifically, CFTR corrector C17 successfully rerouted the SG-complex containing the human R98H-«-SG to the sarcolemma
of hind-limb muscles of a novel LGMDR3 murine model. Notably, the muscle force of the treated model animals was fully
recovered. To our knowledge, this is the first time that a compound designated for cystic fibrosis is successfully tested in a
muscular dystrophy and may represent a novel paradigm of treatment for LGMDR3 as well as different other indications in
which a potentially functional protein is prematurely discarded as folding-defective. Furthermore, the use of small
molecules for recovering the endogenous mutated SG has an evident advantage over complex procedures such as gene or
cell transfer.
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Introduction

LGMDR3, also known as LGMD2D or «-sarcoglycanopathy, is a
rare autosomal recessive disease, affecting mainly the proxi-
mal limb musculature. The onset occurs in the childhood; it
is progressive and very often forces the affected subjects to
the wheel chair. Mild forms are also reported (1,2). The dis-
ease is caused by mutations of the SGCA gene coding for «-SG.
Together with g-, y- and §-SG, «-SG forms a tetramer, which
is part of the dystrophin associated protein complex and plays
a major role in preserving sarcolemma from damage due to
the repeated contractile mechanical stresses (2). The majority
of the SGCA disease-causing defects are missense mutations
and it has been observed that a single amino acid substitution
may result in a folding defective «-SG, recognized by the quality
control (QC) and delivered to the ubiquitin-proteasome system
of the muscle cells for degradation (3-6). Consequently, the SG-
complex is disrupted and unable to traffic to the membrane.
This results in sarcolemma instability, muscle fiber damage
and progressive muscle weakness (2). The disclosure of the
molecular mechanism of the disease allowed the identifica-
tion of potential novel druggable targets and notably evidenced
that most of the mutants are still functional if prevented from
being degraded (3,4,6-8). Like in LGMDRS3, there are several other
genetic diseases sharing a similar primary pathogenic event.
Among them, there is cystic fibrosis (CF) when caused by class
II mutations of the CF transmembrane regulator (CFTR) (9,10).
Thus, we hypothesized that compounds able to recover CFTR
mutants defective in folding and trafficking would have been
active on «-SG too (11,12). Indeed, we have recently verified
that small molecules, known as CFTR correctors, are effective
in recovering missense mutants of «-SG in cellular models (13).
More importantly, some of them promoted the rescue of the SG-
complex in differentiated primary myogenic cells isolated from
a LGMDR3 patient carrying the V247M/L31P mutations on the
SGCA alleles. The rescued complex was stable and improved
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the sarcolemma integrity, even though containing a defective
subunit (13,14). Here, we complete the study proving the efficacy
of CFTR correctors in vivo, paying particular attention to muscle
performance. Regrettably, the currently available SG knock in (KI)
mice are unusable to this intent, as these animals do not develop
a dystrophic phenotype (3,15,16). Therefore, we developed a
novel model of the disease, in which the hind-limbs of the sgca-
null mouse have been transduced by adeno associated viruses
(AAV) expressing the human «-SG sequence carrying the R98H
amino acid substitution. Thanks to these mice with humanized
hind-limbs, we proved the efficacy of C17, the most promising
CFTR corrector, previously identified (13,14). The myopathic phe-
notype significantly improved at both histological and molecular
level and muscle force reached the level of that of healthy mice,
upon 5 weeks of systemic administration of the small molecule.
Notably, these ameliorations occurred in the absence of signs of
toxicity.

Results

Generation and characterization of a mouse model of
sarcoglycanopathy by hind-limbs humanization

First aim of this work was the generation of a novel murine
model of LGMDR3 mirroring the human condition caused by
a missense mutation in the SGCA gene. To this intent, we
expressed the human «-SG sequence in the background of the
sgca-null mouse by using the adeno associated virus serotype
1 (AAV1) (17,18). The virus was engineered to express the
human «-SG carrying either the V247M or the R98H mutation
(Supplementary Material, Fig. S1). As positive control, we
prepared an AAV1 stock expressing the human wild type (WT)
form of «-SG. The tMCK (modified muscle creatine kinase) tissue
specific promoter assured the expression of the human protein
in striated muscle (17,19).
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Figure 1. The LGMDR3 mouse model with humanized hind-limbs. (A) Scheme of the experimental work flow (created with BioRender.com). (B) Histological (H&E) and
IF analyses of TA muscles cryo-sections from C57BL/6 (positive control), sgca-null (negative control) and sgca-null transduced with either the human WT «-SG sequence
(sgca-null + h-a-SG-WT, positive control of transduction), the human V247M-a-SG sequence (sgca-null + h-«-SG-V247M) or the human R98H-«-SG sequence (sgca-null +
h-a-SG-R98H). Primary antibodies specific for a-, §- and g-SG, as indicated, were revealed by Alexa-Fluor488-conjugated secondary antibodies. IF images were captured
at the same setting conditions. Bars correspond to 100 and 50 ym in H&E and IF images, respectively. (C) WB analysis of total protein lysates of representative TA muscle
samples from negative and positive control (sgca-null and C57BL/6, respectively) and mice humanized with the different «-SG sequences, as indicated. The membrane
was probed with primary antibodies to «-SG and GAPDH, used as loading control together with Ponceau Red protein staining. Two exposition-times of the «-SG-probed

membrane are reported to appreciate the expression of the R98H mutant.

Animals were transduced by intramuscular injection of
9 x 10° viral genome (vg) of AAV1 in one hind-limb of 1 to 2-
day-old sgca-null mouse pups; the contralateral leg, injected
with physiological solution, was used as negative control. Ten
weeks later, mice were sacrificed and the tibialis anterior (TA)
muscle of the humanized hind-limbs further analyzed (Fig. 1A
reports the strategy).

As expected, the expression of the human WT-«-SG sequence
(positive control of transduction) resulted in the development of
almost healthy phenotype with the sarcolemma localization of
the SG-complex containing the human «-SG together with the
endogenous partners, as proven by the immunofluorescence (IF)
staining (Fig. 1B) (20).

Transduction with the mutated human «-SG sequences had
a different outcome. Quite surprisingly, the presence of the
V247M mutation did not result in the development of myo-
pathic features because the whole SG-complex localized at the
sarcolemma (Fig. 1B).

Conversely, the expression of the R98H-«-SG mutant led to
the development of a dystrophic phenotype, with a clear vari-
ability in fiber size, nuclei internally located and inflammation.

The «-SG immunoreactivity at the sarcolemma was extremely
low, while traces of the protein were visible intracellularly in cer-
tain fibers. The surface localization of WT §- and 8-SG subunits
resulted reduced, with much of the signal coming from within
the fibers (Fig. 1B).

These findings were confirmed by western blot (WB) analysis
of total protein lysates from TA muscle of the different mice
(Fig. 1C). Indeed, «-SG was found in almost equal amount in
muscles transduced with either WT or V247M human «-SG
sequence, while a very low amount of R98H-«-SG was detected
in muscle lysates. Of note, the amount of both WT- and V247M-
«-SG protein was about 10 times lower in comparison to the level
present in healthy, C57BL/6 mice.

C17 rescued the SG-complex at the sarcolemma of
humanized mice expressing the R98H-«-SG mutant

As mice transduced with the human R98H-«-SG mimicked with
high fidelity the human pathological condition, experiments
aiming at validating the efficacy of corrector C17 in vivo were
carried out in this humanized animal model. Sgca-null mouse


BioRender.com

502 | Human Molecular Genetics, 2022, Vol. 31, No. 4

pups were transduced as above described in both hind-limbs.
Seven weeks upon transduction, mice were treated systemically
for 3 weeks by daily intraperitoneal injection (IP) of either correc-
tor C17 or its vehicle (Fig. 2A reports the experimental workflow).
Being hydrophobic, C17 was prepared in a vehicle comprising
DMSO and the emulsifier Kolliphor EL (Supplementary Material,
Fig. S2). The C17 dose of 25 mg/kg was chosen according to
(21). We adopted the IP route of administration because it is
minimally stressful in chronic treatments of small rodents and
commonly used for proof-of-concept studies (22).

IF analysis (Fig. 2B) shows that C17 administration induced a
strong «-SG localization at the sarcolemma; conversely, the sig-
nal was very low and partially confined intracellularly in vehicle-
treated samples. Notably, there was an impressive rerouting at
the sarcolemma of the §-SG protein in treated versus control
samples. The superimposable pattern of «- and §-SG staining
was the proof that the whole SG-complex was reconstituted
at the sarcolemma upon C17 administration (23-25). Of note,
the rerouting of the SG-complex at the surface of muscle fibers
resulted in the amelioration of the histological phenotype of
C17-treated samples. Indeed, the morphometric analysis of C17
versus vehicle-treated muscles showed a slight reduction in
the number of small fibers, with the concomitant shift toward
fibers with larger cross-sectional area (CSA) (Fig. 2C). The densit-
ometric analysis of WB experiments (Supplementary Material,
Fig. S3) of total protein lysates showed a tendency for the «-
SG content to increase in C17-treated samples compared with
vehicle-treated ones (Fig. 2D).

C17 induced muscle force recovery in humanized mice
expressing the R98H-o-SG mutant in the absence of
toxic effects

To investigate muscle function upon 5 weeks of C17 treatment
(Fig. 3A reports the experimental workflow), the activity of TA
muscles was evaluated by assessing force production in vivo, in
response to nerve stimulation at different frequencies, according
to (26,27). WT C57BL/6 and sgca-null mice of matching age and
weight were tested as positive and negative control, respectively.
As expected, in humanized animals with similar transgene copy
number (Fig. 3B), the systemic administration of C17 promoted
the proper localization of the SG-complex and the improvement
of the myopathic phenotype (Fig. 3C). The comparison of the
force/frequency curves of TA muscles from WT, sgca-null and
vehicle- or C17-treated humanized mice, normalized for muscle
weight, is reported in Fig. 3D. Notably, the muscle force gen-
erated by C17-treated mice (red line), since the single twitch
(Supplementary Material, Fig. S4), is practically identical to that
of WT (black line) and is significantly higher of the sgca-null mice
force (light-blue line). This is a key result, showing the ability
of corrector C17 in correcting the main phenotypic features of
a muscular dystrophy and confirming all the data collected in
vitro (13,14).

In Fig. 3D, it is also possible to observe that the muscle
force generated by vehicle-treated humanized animals (blue
line) was slightly higher, although not statistically significant,
in comparison to the negative control animals (light-blue
line).

The WB analysis of protein lysates from TA muscles allows
appreciating that, besides the intrinsic variability of working
with living animals, the C17-treated mice expressed a slightly
higher amount of «-SG in comparison to the vehicle treated ones.
As already observed (Fig. 1), the total amount of «-SG remained

remarkably lower in humanized samples in comparison to WT
mice (Fig. 3E).

In a few cases, like sample #3, we observed some «-SG expres-
sion in vehicle-treated animals. This seems not the result of a
higher transduction rate. Indeed, the gene copy number (Fig. 3B)
of this animal is lower than that of sample #2 that, conversely,
presented a very low expression of the protein (Fig. 3E). On the
other hand, «-SG of sample #3 did not better localize at the
sarcolemma (Fig. 3C). Therefore, we suppose that sometimes, the
«-SG mutant undergoes less efficient degradation by ERAD that,
for unforeseen causes, in some animals may be less active.

Another essential point of this experiments is that animals
treated for 5 weeks with C17 showed neither behavioral dif-
ference nor sign of distress in comparison to vehicle-treated
mice; they grew at similar rate (Fig.4A) reaching an average
final weight of 23.63+2.74 gr (C17 treated) and 23.90+2.275 gr
(vehicle treated). Furthermore, no major difference was observed
at the histological level of kidneys and livers between vehicle-
and C17-treated animals (Fig. 4B).

Discussion

Aim of the work here described is the in vivo validation of correc-
tor C17 as potential therapeutic compound for LGMDR3, which
is a severe muscular dystrophy belonging to the large family of
rare diseases still without a cure. Our strategy is based on the
knowledge that the molecular mechanism behind the majority
of LGMDR3 and CF cases are similar (7,8,10,12). In both cases, mis-
sense mutations and small in frame deletions result in a folding
defective protein impaired in trafficking to the final location that
is recognized by the cell’s QC and degraded by the ubiquitin-
proteasome system (3-5,9). We therefore theorized that small
molecules (CFTR correctors) rescuing class II mutants of CFTR
could also have worked with «-SG mutants (11,12,28). Moreover,
there is evidence collected in vitro that CFTR correctors may be
effective on proteins different from CFTR (29-31). Our hypothesis
was confirmed, as several CFTR correctors successfully rescued
the SG-complex in cellular models and primary myogenic cells
from a LGMDR3 patient (13,14). The in vivo validation of the most
promising corrector was initially braked by the absence of a
valuable animal model carrying a missense mutation in one of
the SGC genes. Indeed, the available «-SG and g-SG KI mouse
lines do not develop the dystrophic phenotype expected on
the bases of the equivalent human mutations (3,15,16). Several
explanations may be thought for the failure in reproducing the
dystrophic phenotype of LGMDR3 and R4 in mouse, and further
studies may be carried out related to the 3D structure of SGs
and/or the QC and degradative systems. Nevertheless, to bypass
this bottleneck, we adopted an alternative approach to generate
a valuable model of LGMDR3. In the background of the sgca-null
mouse, we induced the expression of the human «-SG carrying
either the V247M or the R98H missense mutation by exploiting
the transduction via AAV. Transduction was limited to the hind-
limbs and was performed in new-born mice to assure tolerance
toward the human protein and the development and growth
of the muscle in the presence of the mutated SG. The use of
AAV1 and the tMCK promoter to assure efficient delivery and
controlled skeletal muscle expression of the human «-SG protein
was previously well documented, evidencing a long persistence,
up to one year, of the transgenic protein (17-20). It is also well
known that sgca-null mice develop a progressive muscular dys-
trophy starting 1 week upon birth and becoming highly severe
at 2 months of age (32,33). However, we transduced human
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Figure 2. C17 rescued the SG-complex at the sarcolemma of humanized hind-limb muscles. (A) Scheme of the experimental work flow (created with BioRender.com). (B)
H&E staining and IF analysis of representative TA muscle cryo-sections of humanized R98H-«-SG mice treated for 3 weeks with either vehicle or corrector C17. Primary
and secondary antibodies like in Fig. 1. Images were captured at the same setting conditions; bars correspond to 100 and 50 um in H&E and IF images, respectively. (C)
Graph reporting the distribution of fibers CSA of TA muscles from humanized R98H-«-SG mice treated for 3 weeks with either vehicle (5 samples) or corrector C17 (6
samples). The CSA of an average of 1500 fibers for muscle was measured. (D) Densitometric analysis of WB experiments reporting the «-SG expression, normalized for
the housekeeping protein GAPDH of vehicle-treated and C17-treated samples. Numbers close to symbols indicate the samples analyzed in B. The graph also reports
the mean values + SD; statistical analysis was performed by unpaired two-tailed Student’s t-test; ns, P> 0.05.

a-SG sequences bearing a single amino acid substitution. Like in
human, it is conceivable a slower progression of the disease in
comparison to mice lacking the protein (sgca-null). As we wanted
of dealing with animals in which the disease was established but
was still recoverable, we chosen a time interval of 7-12 weeks
upon AAV1 injection to analyze the outcome of transduction and
of corrector treatments.

The focus on the «-SG V247M mutation was dictated by the
fact thatitis one of the two variants carried by the myogenic cells
used to test CFTR correctors in vitro and it is among the most
frequently reported missense mutations in LGMDR3 (8,13,14).
The R98H mutation was selected as it is associated with a
mild/severe phenotype and is classified, such as V247M, as a
rescuable mutant by in vitro experiments (4-6,13). Conversely,
the R77C amino acid substitution was not considered, despite

being the most frequently reported mutation in LGMDR3, as the
corresponding KI mice failed to develop a dystrophic phenotype
(3,15).

As positive control of transduction, we injected the WT
sequence of the human «-SG. As expected according to (17,20),
the resulting humanized hind-limbs presented a phenotype
close to the one of the healthy mice, with the SG-complex
residing at the sarcolemma, despite the low amount of the
transduced human «-SG (as assessed by WB). This means that
mouse tolerated the human protein that assembled into a
functional SG-complex with the murine subunits and that it
was sufficient one hundredth of the normal amount of «-SG to
guarantee the development of a nearly normal phenotype.

The outcome of the transduction with the human V247M-a-
SG was the presence of the SG-complex at the sarcolemma and
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representative TA muscle cryo-sections of mice expressing the R98H-a-SG treated for 5 weeks with either vehicle or corrector C17. Primary and secondary antibodies
like in Fig. 1. Images were captured at the same setting conditions; bars correspond to 100 and 50 xm in H&E and IF images, respectively. (D) Force-frequency curves of
TA muscle (normalized for muscle weight) elicited by electrical stimulation at the indicated frequencies of WT (positive control), sgca-null mice (negative control) and
humanized mice treated for 5 weeks with either vehicle or C17 25 mg/kg. Statistical analysis was performed by one-way ANOVA test followed by multiple comparisons
Tukey’s test; for clarity, statistic symbols are reported for the 150 Hz frequency only. Data are reported as mean values + SEM. *** P <0.001; **** P < 0.0001; ns, P > 0.05.
(E) Representative WB of total protein lysates from TA muscle of humanized mice treated for 5 weeks with either vehicle or C17. C57BL/6 TA muscle lysate was used as

positive control. Primary and secondary antibodies like in Fig. 1.

the lack of an evident dystrophic phenotype at histological level
of the TA muscle. Even though unexpected on the bases of the
in vitro experiments (4,6,13), this result is in line with the lack of
phenotype of SG-KI animals and contributes to strengthen the
hypothesis that some difference in the QC system may occur
between human and mouse (3,15,16). Furthermore, it is in accor-
dance with the recent genotype-phenotype correlation analysis
reporting that LGMDR3 subjects with V247M-«-SG developed a
milder disease phenotype with a residual amount of the SG at
the sarcolemma higher than 30% (34).

Conversely, when the human R98H-«-SG was transduced,
clear myopathic features were present in the TA muscle, with

only traces of the mutated protein and a strong reduction of
the WT subunits, 8-, y- and §-SG, at the sarcolemma. This
suggests that the QC system efficiently recognized «-SG carry-
ing this mutation that underwent fast degradation, confirming
what observed in vitro (4,6,13). All this considered, the human-
ized mouse, novel model of sarcoglycanopathy, is characterized
by transient SG expression, even though the transgene may
be present up to one year from transduction (17,18). Trans-
gene expression is restricted to the hind-limb muscles and may
be affected by the possible different behavior of mouse and
human concerning QC and protein degradation. Furthermore,
each experiment needs to start with the viral transduction.


BioRender.com

Kidney

b ns i Vehicle
b 1

Weight increase (%)

- N @

3 8 8

1 1 1

o |
. |

L]
L] Ll

—

Human Molecular Genetics, 2022, Vol. 31, No. 4 | 505

Liver

Vehicle

Figure 4. No major toxic effect was observed in humanized mice upon 5 weeks of C17 administration. (A) The graph reports the distribution of the body-weight increase
of mice at the end of 5 weeks treatment. Mean values + SD are also indicated. Statistical analysis was performed by unpaired two-tailed Student’s t-test; ns, P > 0.05.
(B) H&E staining of fixed kidney (cortex) and liver sections from humanized mice treated with vehicle or C17. Each field is from a different mouse, two magnifications

are reported to better appreciate cell-tissue organization.

However, the system is versatile, in principle allowing testing any
possible SG mutations in any SG-KO mouse.

As the transduction with the human R98H-¢-SG sequence
resulted in humanized muscles better mirroring the LGMDR3
condition, we utilized this model for assessing efficacy and
safety of corrector C17.

The systemic administration of C17 in humanized animals
resulted in a clear amelioration of the myopathic features at
the histological level and the rerouting of the SG-complex at
the sarcolemma. However, the key finding was the recovery
of the muscular function, as assessed in vivo. The normalized
force produced by TA muscles from C17-treated humanized mice
was strongly improved in comparison to the sgca-null mice
and was almost indistinguishable from that of the WT, healthy
animals, proving the efficacy of the CFTR corrector in a model
of LGMDR3. Of note, WT mice and C17-treated model animals
elicited similar muscle force, even though the total amount of
«-SG was remarkably lower in humanized samples, as assessed
by WB analysis. Altogether, this suggests that a small amount of
protein, as long as it is at the right place (muscle membrane),
is the prerequisite for providing sarcolemma protection from
damages and preserving muscle activity.

It is also interesting to consider that the muscle force gener-
ated by vehicle-treated humanized animals was slightly higher,
although not statistically significant, if compared with the neg-
ative control animals. We suppose this as the consequence of
a minimal escape from degradation of the R98H-«a-SG protein
that can localize at the sarcolemma together with WT partners.
Even though the amount is borderline for detection by IF, it is
conceivably enough to assure a partial rescue of muscle force
in humanized animals. These data further suggest that «-SG
missense mutants are potentially active and their preservation
from degradation is conditio sine qua non for therapeutic purposes.
If the whole process is improved (i.e. by CFTR correctors), the
amount of rerouted mutant/SG-complex is sufficient to guaran-
tee full functional recovery.

We also observed that up to 5 weeks of treatment with
C17 had no negative effect on growth and behavior of animals.
Moreover, liver and kidneys from treated animals presented no
substantial differences, both at macro and microscopic level
in comparison to the ones from control mice (vehicle). If we
consider that liver and kidney are the primary organs involved
in metabolism and excretion of pharmacological compounds
and that chronic toxicity may alter cell morphology and organ

architecture (35-37), the absence of such modifications is a first
indication, although not conclusive, that C17 is safe in mouse, at
the regimen adopted.

Further experiments are surely needed to definitely exclude
toxicity as well as to establish the minimal effective dose and
the best ways of administration. However, the present findings,
together with data collected with human pathological cells, are
proof that a CFTR corrector, specifically C17, may become a
therapeutic solution in LGMDR3 (8,13,14). Furthermore, since it
was observed that missense mutations behave in similar way
independently of the SGC gene considered (5), it is predictable
the beneficial effect of CFTR correctors in LGMDR4-6 too.

It is clear that sarcoglycanopathies caused by mutations
impairing the SG synthesis are not treatable with this approach.
However, the sarcoglycanopathy subjects who are homozygotes
for frameshift or null mutations represent a minority of
all reported cases. Furthermore, compound heterozygosis is
frequently reported (8,34,38-42). Thus, considering that a mild
disease phenotype seems to correlate with residual amount
of SGs at the sarcolemma (34), it is conceivable that the
recovery of some quantity of protein, even though from one
single allele, should be sufficient to assure the phenotype
amelioration. This enlarges the cohort of sarcoglycanopa-
thy patients who could benefit from this pharmacological
approach.

Our strategy aims at rescuing the endogenous protein by
using small molecules, easy to produce and deliver, and in case
to optimize. It is evident the advantage over complex procedures
such as gene or cell transfer, without considering patient com-
plains. Furthermore, we are acting on the primary cause of the
disease, even though it is well known that secondary events
such as inflammation, oxidative stress, etc., are responsible for
exacerbating symptoms and accelerating the disease progres-
sion (8,39,43). Therefore, to improve the outcome, it is possible
to propose combo treatments with drugs aiming at mitigating
the secondary events of the muscular dystrophy (44).

In conclusion, our data prove that the activity of a CFTR
corrector is not limited to CF but can be extended to sarcogly-
canopathies and, theoretically, to other diseases characterized
by the presence of a folding-defective, but potentially functional
mutant. Even though the path for drug approval is long and
studded of difficulties, this in vivo proof of concept may be of
hope for many patients who, like in LGMDRS3, are suffering of an
orphan disease.
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Materials and Methods
Study design

All in vivo experiments were performed in accordance with the
European guidelines and regulations for the human care and use
of experimental animals. The protocol has been authorized by
the Public Veterinary Health Department of the Italian Ministry
of Health (Authorization n° 24/2020-PR 10/01/2020).

For the generation and characterization of humanized mice,
1 to 2-day-old sgca-null mouse pups were injected in one hind
limb with 9 x 10° viral genome (vg) of AAV1 carrying the human
«-SG sequence either in the WT form or carrying the R98H or
V247M mutation. The contralateral leg was injected with physi-
ological solution as control. Ten weeks upon transduction, mice
were sacrificed and the TA muscles explanted for further anal-
yses. Growth and behavior of transduced animals were followed
during the entire period.

For small molecule testing, 1 to 2-day-old sgca-null mouse
pups were injected with AAV1 carrying the human R98H-«-SG
sequence in each hind-limb. Seven weeks upon transfection,
animals were intraperitoneally (IP) injected, daily, with either cor-
rector C17 or vehicle. Three weeks later, animals were sacrificed
and muscles of the hind-limbs explanted for biochemical, his-
tological and molecular analyses. Alternatively, after 5 weeks of
C17 treatment, the TA muscle force was evaluated in vivo, and at
the end of the measurements, mice were sacrificed and muscle
explanted for biochemical, histological and molecular analyses.

Adeno associated virus production

The R98H or V247M mutation of the human «-SG was introduced
in the full-length, tag-less WT sequence cloned in the pcDNA3
vector described in (45) by the subcloning of the BamHI frag-
ments excised from the expressing vectors described in (4). The
WT and mutated cDNA sequences were subsequently cloned
between the two inverted terminal repeats of the adeno associ-
ated virus type 1 (AAV1) vector, under the muscle specific tMCK
promoter using the Nhel and Xhol sites. All constructs were
controlled by DNA sequencing. The cloning process, production
and in vivo-grade purification of recombinant AAV1 stocks were
carried out by the Applied Biological Materials Inc. (Richmond,
Canada).

Animal experiments

C57BL/6 and sgca-null mice were bred in the animal facility of
the Department of Biomedical Sciences, provided with water
and food ad libitum and were housed in a thermally controlled
room at 20-24°C with a 12-h light/dark cycle. Sgca-null mice were
previously characterized (33). Both male and female mice were
used for this study.

One to two-day-old pups of sgca-null mouse were transduced
with AAV1 carrying either the WT or mutated (R98H and
V247M) human «-SG sequence. Neonate sgca-null pups were
anesthetized by induced hypothermia; a 30G needle micro-
syringe was used to deliver intramuscularly the AAV1 particles
suspended in phosphate buffer (9 x 10''-genome copies/ml). Two
injections of 5 L each were performed in the muscles below the
knee. After injection, warmed pups returned to their mother,
until weaning.

For transduced muscle characterization, 10 weeks upon
viral injection, mice were sacrificed by cervical dislocation and
muscles of the hind-limbs were explanted and quickly frozen in
liquid nitrogen-cooled isopentane.

For drug treatment, 7 weeks upon viral injection, mice were
daily injected, intraperitoneally (IP) with either C17 (25 mg/kg)
dissolved in 5% DMSO, 5% Kolliphor-EL (46) in physiological
solution or vehicle, for 21 or 35 days.

Chemicals

C17 corrector was purchased from Exclusive chemistry (Kaluga
region, Obninsk, Russia), Kolliphor-EL and DMSO from Sigma-
Aldrich (St. Louis, MO, USA).

Muscle physiology

For in vivo force measurement procedure, the animal was deeply
anesthetized with an intraperitoneal injection of Ketamine
100 mg/kg Xylazine 10 mg/kg and, a few minutes later, an
intramuscular injection of Altadol 5-10 mg/kg as a pain relief
treatment. A small incision was made on the side of the knee
to the direction of the hip, exposing the common peroneal
nerve. A TeflonTM-coated seven-stranded steel wire (AS 632;
Cooner Wire Company, Chatsworth, CA, USA) was sutured
with 5-0 silk thread at each side of the common peroneal
nerve. Upon electrical stimulation, torque production of the TA
muscle is measured using a lever system (Model 305B; Aurora
Scientific, Aurora, ON, Canada). The electrical stimulation has
been performed on a S88 stimulator (Grass Instrument, Warwick,
RI, USA) using the following protocol: train duration 200 ms,
pulse width 500 us, 1-2 V and stepwise increase frequencies
from a single pulse to 20, 40, 55, 75, 100 and 150 Hz; each train is
performed every 30 s to avoid effects due to fatigue.

TA muscles from C57BL/6 and sgca-null mice of similar age
and weight were used as positive and negative control, respec-
tively. After force measurements, mice were sacrificed by cervi-
cal dislocation, and muscles were dissected, weighed and frozen
in isopentane precooled in liquid nitrogen for further analyses.

Explant, fixing, paraffine inclusion and
slice-preparation of mouse kidney and liver

Immediately upon sacrifice, liver and kidneys were explanted
and immersed in 4% buffered neutral paraformaldehyde at 4°C
for 48 hours. To promote fixative penetration in the tissue,
each liver was cut in 6 pieces and each kidney in 2 pieces.
Subsequently, organs were extensively washed with phosphate-
buffered saline (PBS, 0.1 M, pH 7.4) and finally immersed in 70%
ethanol for conservation and/or further processing. For histo-
logical analysis, tissue fragments were de-hydrated through a
graded series of ethanol and embedded in paraffin.

Histological, morphometric and IF analyses

From paraffine-embedded livers and kidneys, sections (5-um
thick) were cut in a microtome and were stained with hema-
toxylin and eosin (H&E). From frozen muscle explants, trans-
verse cross sections (8-um thick) were cut in a cryostat micro-
tome (Leica CM1850) set at —24+1°C. H&E staining was per-
formed to examine the general morphology of tissues.

To easily determine the CSA of individual muscle fibers,
immunostaining was performed using an antibody against
laminin to visualize the basal lamina according to (47). Briefly,
muscle cryo-sections were blocked with 5% normal goat serum
in PBS and subsequently incubated for 1 hour at 37°C with the
rabbit polyclonal antibody specific for laminin diluted 1:150 in
5% fetal bovine serum. The primary antibody was revealed with
an anti-rabbit Alexa-Fluor-488 diluted 1:200 in PBS incubated for



1 hour at 37°C. Nuclei were counterstained with DAPI (Abcam,
Cambridge, UK). Muscle sections were examined with a Leica
RD100 fluorescence microscope equipped with a digital camera.
Muscle fiber CSA was measured on digital photographs using
Image] software (Scion, Frederick, MD).

Immunofluorescent staining of «-, 8- and §-SG was carried
out to assess the cytolocalization of the proteins. Muscle cryo-
sections were washed and blocked with 10% normal goat serum
in 0.5% bovine serum albumin (BSA) in PBS for 1 hour at room
temperature. Muscle sections were incubated overnight at 4°C
with the primary antibodies (all raised in rabbit) specific for «-,
B- and §-SG diluted, respectively, 1:2000, 1:100 and 1:500 in 0.5%
BSA. Protein signals were revealed with an anti-rabbit Alexa-
Fluor-488 diluted 1:500 in 0.5% BSA in PBS incubated for 2 hours
at room temperature. Nuclei were counterstained with DAPI
(Abcam, Cambridge, UK). As negative controls, immunostaining
with the sole secondary antibodies was performed. Muscle sec-
tions were examined with a Leica DMR fluorescence microscope
equipped with a digital camera.

WB analysis

For WB analysis, about 10 mg of TA muscle were incubated in
lysis buffer containing 3% SDS, 0.1 mM EGTA supplemented with
complete protease inhibitors cocktail, Sigma-Aldrich (St. Louis,
MO, USA), and homogenized with the TissueLyser II instrument
(Quiagen, Hilden, Germany). Proteins were resolved by SDS-
PAGE, blotted onto a nitrocellulose membrane and probed
with selected primary antibodies. Secondary antibodies were
horseradish peroxidase-conjugated, and blots were developed
with ECL chemiluminescent substrate (Genetex, Alton Pkwy
Irvine, CA, USA); signals were digitally acquired with Alliance
Mini HD9 Imaging System (Uvitec, Cambridge, UK). Densitometry
was performed with the Image] software. The intensities of
sarcoglycan bands were normalized for the intensity of the
housekeeping protein GAPDH.

Antibodies

Rabbit monoclonal anti «-SG (AB189254) and rabbit polyclonal
anti B-SG (AB83699) were from Abcam (Cambridge, UK); rab-
bit polyclonal anti GAPDH (G9545) and rabbit polyclonal anti
laminin (L9393) were from Sigma-Aldrich (St. Louis, MO, USA);
rabbit polyclonal antibody specific for §-SG was produced and
characterized as previously described (6).

WB secondary antibodies were horseradish peroxidase-
conjugated goat anti-rabbit IgG (Sigma-Aldrich, St. Louis,
MO, USA), while fluorescent antibodies were Alexa Fluor
488-conjugated goat anti-rabbit IgG (Invitrogen, Carlsbad,
CA, USA).

Quantitative real-time PCR

Total DNA was extracted from 10 mg of TA muscle with MyTaq
Extract-PCR kit (Meridian Bioscience) according to manufac-
turer’s protocol. DNA concentration, upon RNAse treatment, was
determined at the Nanodrop 2000 spectrophotometer (Thermo
Scientific, Wilmington, DE); 500 ng of each sample were used for
the PCR reactions.

Serial 10-fold dilutions starting from 10° genome copies/mL
of the viral vector were used to prepare the standard curve by
plotting the vector copy number logarithm against the measured
threshold cycle (Ct) values, as reported in (48). The amount of
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DNA quantified for each sample was expressed as a number of
genome copies per ml.

The PCR parameters were: initial denaturation at 95°C for
10 min followed by 40 cycles of 10 s at 95°C and 30 s at 60°C for
acquisition of fluorescence signal. A melting curve was gener-
ated by the iQ5 software at the end of the final cycle for each
sample to confirm the specificity of the amplified product. The
PCR reactions were performed in triplicate in 10 xL final volume
in IQ5 Thermal Cycler (Bio-Rad, Hercules, CA, USA) using Biorad
iQ Sybr green supermix. Primer sequences were as follows:
human «-SG forward primer 5'- CCCCAGACCGTGACTTCTTG-3,
human «-SG reverse primer 5'- TCTCTTCAGCCTTCCCTCCC-3'.

Statistical analysis

Data were expressed as means =+ SD. For in vivo functional exper-
iments, data were expressed as means + SEM. Statistical differ-
ences among groups were determined by one-way ANOVA test,
followed by Tukey’s multiple comparisons test. When only two
groups were considered, statistical analysis was performed by
the unpaired two-tailed Student’s t-test. A level of confidence of
P <0.05 was used for statistical significance.
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