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Limb-girdle muscular dystrophy (LGMD) type 2C/R5 results
from mutations in the g-sarcoglycan (SGCG) gene and is char-
acterized by muscle weakness and progressive wasting. Loss of
functional g-sarcoglycan protein in the dystrophin-associated
protein complex destabilizes the sarcolemma, leading to even-
tual myofiber death. The SGCG knockout mouse (SGCG�/�)
has clinical-pathological features that replicate the human dis-
ease, making it an ideal model for translational studies. We de-
signed a self-complementary rAAVrh74 vector containing a
codon-optimized human SGCG transgene driven by the mus-
cle-specific MHCK7 promoter (SRP-9005) to investigate ad-
eno-associated virus (AAV)-mediated SGCG gene transfer in
SGCG�/� mice as proof of principle for LGMD 2C/R5. Gene
transfer therapy resulted in widespread transgene expression
in skeletal muscle and heart, improvements in muscle histopa-
thology characterized by decreased central nuclei and fibrosis,
and normalized fiber size. Histopathologic improvements
were accompanied by functional improvements, including
increased ambulation and force production and resistance to
injury of the tibialis anterior and diaphragm muscles. This
study demonstrates successful systemic delivery of the hSGCG
transgene in SGCG�/� mice, with functional protein expres-
sion, reconstitution of the sarcoglycan complex, and corre-
sponding physiological and functional improvements, which
will help establish a minimal effective dose for translation of
SRP-9005 gene transfer therapy in patients with LGMD 2C/R5.

INTRODUCTION
Limb-girdle muscular dystrophy (LGMD) refers to a genetically
diverse group of muscular dystrophies with many subtypes that are
each caused by a unique mutation and compilation of symptoms.1,2

Sarcoglycanopathies comprise four major LGMD subtypes, namely
2C/R5, 2D/R3, 2E/R4, and 2F/R6, each of which is caused by muta-
tions in the gene that encodes an integral sarcoglycan protein
subunit within the sarcoglycan complex (g-sarcoglycan [SGCG
gene], a-sarcoglycan [SGCA gene], b-sarcoglycan [SGCB gene], and
d-sarcoglycan [SGCD gene], respectively).1,2 Because sarcoglycans
play a vital role in preventing muscle damage during muscle contrac-
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tion, the clinical hallmark of LGMD is weakening and atrophy of
proximal muscles, specifically in the limb-girdle region, with some
variability in the age of onset, severity, prognosis, and disease progres-
sion among LGMD subtypes.1,2

LGMD subtype 2C/R5 (LGMD 2C/R5), often referred to as g-sarco-
glycanopathy, is an autosomal recessive disease that causes loss of
functional protein with impairment of the sarcoglycan complex and
other structural components of the dystrophin-associated protein
complex (DAPC).1,3,4 Notably, loss of the g-sarcoglycan protein leads
to a progressive muscular dystrophy with deteriorating muscle func-
tion, with onset from 1 to 15 years of age.5 It presents as progressive
muscle weakening starting in the girdle muscles before extending to
lower and upper extremities and can also present in the diaphragm
and heart, resulting in respiratory and cardiac failure in some pa-
tients.6 Symptoms include calf hypertrophy, scapular winging, mac-
roglossia, lumbar hyperlordosis, difficulty walking/running, weakness
in proximal muscles caused by fat replacement and fibrosis, elevated
creatine kinase (CK), scoliosis, and joint contractures.5,7 The debili-
tating disease often leads to wheelchair dependency around adoles-
cence and premature death due to cardiac or respiratory failure.5,8

Currently there are no approved disease-modifying therapies for
LGMD 2C/R5.9

The SGCG-deficient (SGCG�/�) mouse model of LGMD 2C/R5 lacks
the SGCG gene and exhibits complete loss of the g-sarcoglycan pro-
tein. Its phenotype accurately recapitulates the clinical-pathological
features seen in LGMD 2C/R5 patients. SGCG�/� mice develop a
form of muscular dystrophy and cardiomyopathy, with disease man-
ifestations including necrosis, fatty infiltration, central nucleation,
fibrosis, atrophy, and hypertrophy. Histologically, muscle tissue
from untreated SGCG�/� mice exhibits significant cycles of degener-
ation and regeneration, indicated by centralized nuclei, increased
2023 ª 2023 The Author(s).
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fiber size distribution, and high levels of creatinine kinase activity.
Additionally, owing to the deterioration of skeletal, diaphragm, and
cardiac muscle functions, untreated SGCG�/� mice experience
increased fatigue, reduced diaphragm force outputs, and decreased
overall activity,10,11 making the SGCG�/� mice an ideal model to
study and assess the effects of disease-modifying therapies.

Gene transfer therapy has emerged as a promising treatment for
monogenic diseases such as LGMD, including LGMD 2C/R5.4,5 Ad-
eno-associated virus (AAV)-mediated gene transfer therapy has
shown potential to treat sarcoglycanopathies and other neuromus-
cular diseases, including g-sarcoglycanopathy.12–16 Intramuscular
administration of AAV-g-sarcoglycan gene therapy rescued the
dystrophic phenotype in SGCG�/� mice17 and restore g-sarcoglycan
expression in a phase I trial that included LGMD 2C/R5 patients.18

Systemic delivery of another AAV-g-sarcoglycan gene therapy in
SGCG�/� mice highlighted the requirement for a threshold level of
transgene expression necessary for myofiber stabilization.19

To restore functional g-sarcoglycan protein to muscles, we designed a
self-complementary recombinant AAVrh74.MHCK7.hSGCG const-
ruct (SRP-9005). The recombinant AAVrh74 vector (rAAVr
h74) has been shown in mice, non-human primates, and humans
to be safe and highly efficient in transducing muscle across the
vascular barrier, displaying robust muscle tissue tropism.20–23

Furthermore, patients with muscular dystrophy have relatively low
levels of pre-existing immunity.20,23,24 rAAVrh74 has been used in
several studies to successfully deliver transgenes, including
GALGT2,22 dysferlin,25 b-sarcoglycan,12,26 a-sarcoglycan,27 and mi-
cro-dystrophin.13 The MHCK7 promoter selectively regulates and
drives transgene expression in skeletal and cardiac muscle and in-
cludes an a-myosin heavy chain enhancer to drive strong expression
in cardiac muscle.28 The hSGCG transgene carries full-length SGCG
codon-optimized cDNA. One of the rate-limiting steps of AAV trans-
duction and subsequent transgene expression is the conversion
of the single-stranded vector genome into a double-stranded genome
through the synthesis of a cDNA strand.29,30 Because of the small size
of the SGCG transgene, we are able to bypass this critical rate-limiting
step by using a self-complementary vector cassette that packages a
double-stranded transgene through complementary base-pairing
and a mutated hairpin inverted terminal repeat (ITR).31

In this dose-escalation study, we examine the safety and efficacy of
systemic gene transfer of SRP-9005 in SGCG�/� mice. We demon-
strate successful systemic delivery of SRP-9005 by widespread vector
transduction, robust transgene expression in all skeletal muscles, bio-
Figure 1. Biodistribution and expression

(A) Biodistribution of vector genome copies across muscle groups (TA, GAS, QD, GLUT,

(8.94� 1010 vg total dose; 4.63� 1012 vg/kg), mid dose (3.63� 1011 vg total dose; 1.85

9005 (n = 6/group). Data represent the mean ± SEM. (B) Representative immunofluo

muscles frommice systemically treated with low, mid, or high dose of SRP-9005 (n = 6/m

dose of SRP-9005 (n = 6/muscle group). DIA, diaphragm; GAS, gastrocnemius; GLUT,

gene deficient; TA, tibialis anterior; TRI, triceps; WT, wild type.
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logical restoration of g-sarcoglycan protein and the full sarcoglycan
complex at the sarcolemma, improvement in muscle physiopa-
thology, functional restoration of muscle strength, resistance to
contraction-induced injury, and improvements in ambulation.

RESULTS
A single intravenous injection of SRP-9005 was given via lateral tail
vein to 4-week-old SGCG�/� mice at one of three doses, based on
linear plasmid standard for qPCR: low (4.63 � 1012 vector genomes
[vg]/kg), mid (1.85 � 1013 vg/kg), or high (7.41 � 1013 vg/kg). Saline
was administered to 4-week-old SGCG�/� mice as a negative control
and to 4-week-old wild-type (WT) mice as a positive control. At
12 weeks post treatment, tissue analyses were performed on all skel-
etal muscles, diaphragm, heart, and internal organs to assess hSGCG
transgene transduction and expression, g-sarcoglycan protein pro-
duction, rescue of the sarcoglycan complex, and changes in muscle
physiopathology. Muscle function was also assessed.

Biodistribution

A single systemic injection of SRP-9005 resulted in successful delivery
of hSGCG transgene by rAAVrh74 vector to targeted muscle tissue
as shown by biodistribution of vector genome copies per nucleus,
measured by qPCR (Figure 1A). Vector genomes were present in every
tissue tested with highest values in muscle and clearance organs,
including high copy numbers in the diaphragm and heart. Vector
genome copies per nucleus increased with higher doses, indicating that
SRP-9005 transductionwasdose dependent.At the highest dose, thema-
jority of tested tissues showed at least one vector genome per nucleus.

Expression

Transgene expression was assessed by immunofluorescence and
western blot analyses. SRP-9005 delivery to SGCG�/� mice resulted
in robust protein production in skeletal muscle, diaphragm, and
heart (Figure 1B). Quantitative analysis of g-sarcoglycan percent-pos-
itive fibers (PPFs) demonstrated a dose-dependent increase ing-sarco-
glycan expression in all skeletalmuscles examined, including the tibialis
anterior, gastrocnemius, quadriceps, gluteus, psoas, triceps, and
diaphragm (Figure 1C). Mean PPFs ranged from 20% to 56%
after low-dose treatment, 61%–87% with mid-dose treatment, and
95%–98% after the highest dose of SRP-9005. Because of the
unique morphology of heart tissue and cytoplasmic staining at the
highest dose, immunofluorescence was limited to qualitative analysis
in the heart. Western blot confirmed dose-dependent g-sarcoglycan
protein production across non-cardiac muscle tissues (mean percent-
age of WT: low dose, 3%–41%; mid dose, 20%–99%; high
dose, 41%–217%; Figures 2A and 2B) and in the heart, with expression
PSO, TRI, DIA, HRT), quantified by qPCR for mice systemically treated with low dose

� 1013 vg/kg), or high dose (1.26� 1012 vg total dose; 7.41� 1013 vg/kg) of SRP-

rescence images of g-sarcoglycan stain of tibialis anterior, diaphragm, and heart

uscle group). Scale bar, 100 mm. (C) Positive fiber expression for low, mid, and high

gluteus; HRT, heart; PSO, psoas major; QD, quadriceps; SGCG�/�, g-sarcoglycan
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Figure 2. Expression and quantification by western blot

(A) Representative western blots of muscles (TA, GAS, QD, GLUT, PSO, TRI, DIA, HRT) and (B) densitometry quantification from SGCG�/�mice treated systemically with low

dose (8.94� 1010 vg total dose; 4.63� 1012 vg/kg), mid dose (3.63� 1011 vg total dose; 1.85� 1013 vg/kg), or high dose (1.26� 1012 vg total dose; 7.41� 1013 vg/kg) o

SRP-9005 (n = 6/group) confirms g-sarcoglycan protein expression. Data represent the mean ± SEM. DIA, diaphragm; GAS, gastrocnemius; GLUT, gluteus; HRT, heart

PSO, psoas major; QD, quadriceps; SGCG�/�, g-sarcoglycan gene deficient; TA, tibialis anterior; TRI, triceps; WT, wild type.
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reaching WT levels in all three dose groups (mean percentage of WT:
low dose, 103%; mid dose, 122%; high dose, 120%; Figure 2B).

Loss of SGCG has been shown previously to lead to a concomitant loss
of membrane localization by other DAPC proteins, including a-, b-,
and d-sarcoglycan.3,11 Therefore, we used immunofluorescence stain-
ing to determine whether expression of the hSGCG transgene could
rescue these other sarcoglycan complex proteins at the sarcolemma.
Sarcolemmal localization of a-sarcoglycan (SGCA), b-sarcoglycan
(SGCB), and d-sarcoglycan (SGCD) is absent in SGCG�/� mice (0%
positive fibers, Figure 3A). Following SRP-9005 treatment, quantitative
analysis demonstrated a dose-dependent increase in a-, b-, and d-sar-
coglycan protein production and sarcolemmal localization (meanPPFs
at the low, mid, and high dose, respectively, for SGCA: 39%, 61%, 98%;
SGCB: 16%, 55%, 92%; SGCD: 13%, 53%, 97%; Figures 3A and 3B).We
also observed the same response in heart tissue (Figure S1) with an
improvement in the membrane distribution compared with untreated
SGCG�/� mice. Overall, these data demonstrate dose-dependent re-
covery of the full sarcoglycan complex, suggesting that SRP-9005
may in turn lead to DAPC restoration at the sarcolemma.

Histology

Consistent with human LGMD 2C/R5, SGCG-deficient mice exhibit
significant histopathology across all muscles (tibialis anterior and dia-
phragm muscles as well as heart);10,11 for example, high levels of
central nucleation are evident in SGCG�/� mice compared with
WT (59%–86% versus 0.5%–3.7%, respectively; Figures 4A and 4B).
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After SRP-9005 treatment, overall muscle pathology improved, and
central nucleation decreased significantly compared with untreated
SGCG�/� mice for all muscles at the high dose (tibialis anterior,
gastrocnemius, quadriceps, triceps, diaphragm, p < 0.0001; gluteus,
p = 0.0002; psoas, p = 0.011), and for most at the mid and low doses
(tibialis anterior: mid dose, p = 0.001; low dose, p = 0.002; gastrocne-
mius, quadriceps, gluteus, diaphragm, mid and low dose, p < 0.0001;
Figure 4B). Quantitative muscle morphometrics showed an increase
in fiber diameter at all three dosages, indicating normalized fiber
size similar to WT fibers in tibialis anterior, gastrocnemius, and tri-
ceps muscles (Figure 4C and Table S1).

Another common dystrophic feature in patients with LGMD is an in-
crease in fibrosis and adipose tissue due to the degeneration and regen-
eration of muscle fibers.32,33 Trichrome staining was used for fibrosis
quantification in SGCG�/� mice treated with SRP-9005. Disease pro-
gression moves from proximal to distal muscles and when analyzing
muscle histopathology, it is evident that fibrosis tissue deposition occurs
earlier in girdle andproximalmuscles than in diaphragmandgastrocne-
mius muscles, with the diaphragm being more affected in SGCG�/�

mice, and almost no difference in heart (Figure 5A). After treatment,
overall fibrotic tissue deposition improved in both diaphragm and
gastrocnemius muscles, with a reduction in fibrosis as dosage escalated
compared with levels in untreated SGCG�/� mice (Figure 5B). Fibrosis
decreased from 13.5% to 5.8% in the gastrocnemius and from 29.3% to
15.7% in the diaphragm of the SRP-9005 mid-dose cohort, compared
with the untreated SGCG�/� cohort.
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Together, these data demonstrate successful systemic delivery of the
hSGCG transgene as indicated by robust expression in muscle tissues
and improvement in histopathological hallmarks associated with the
lack of g-sarcoglycan protein in SGCG�/� mice.
Functional assessments

To determine whether SRP-9005 could provide functional benefit in
SGCG-deficient mice, we assessed muscle strength and level of
physical activity at 12 weeks post treatment. Deficits in specific force
were identified in the tibialis anterior and diaphragm muscles of
SGCG�/� mice compared with WT (tibialis anterior, p = 0.0001,
Figure 6A; diaphragm, p = 0.038, Figure 6B). Mid- and high-dose
SRP-9005 treatment significantly improved specific force in both
muscles compared with untreated SGCG�/� mice (tibialis anterior:
low dose p = 0.571, mid dose p = 0.008, high dose p = 0.0001; dia-
phragm: low dose p = 0.388, mid dose p = 0.088, high dose p =
0.001; Figures 6A and 6B).

A reduction in ambulation and vertical rearing in SGCG�/� mice
compared with WT controls was observed (ambulation, p = 0.005;
vertical activity, p = 0.001; Figure 6C). Laser monitoring of open-field
cage activity showed increased ambulation and vertical movement in
SGCG�/� mice treated with the mid dose of SRP-9005 (ambulation:
mid dose versus SGCG�/�, p = 0.010; vertical activity: mid dose versus
SGCG�/�, p = 0.018). These data show that the delivery of hSGCG re-
stores force production in muscle and physical activity and protects
against the breakdown of muscle in SGCG�/� mice.
Safety: Creatine kinase and clinical chemistry analysis

Analysis of blood serum chemistries was performed on WT, un-
treated SGCG�/�, and treated SGCG�/� mice as a measure of safety.
Liver enzyme levels (alanine aminotransferase [ALT] and aspartate
aminotransferase [AST]) were not increased by SRP-9005 treatment
but decreased to WT levels, consistent with a favorable safety profile
(Figure 7A). Assessment of serum CKwas performed as an analysis of
both safety and efficacy. CK is an indicator of destabilized muscle
membrane integrity and consequent membrane permeability. Impor-
tantly, serum CK levels were significantly reduced in treated groups
compared with untreated mice (mean serum CK: untreated SGCG�/�

10,185 U/L; mid dose: 3,572 U/L, p = 0.0005; high dose: 253 U/L,
p < 0.0001; Figure 7B). Additionally, formalin-fixed tissue sections
of all muscles stained with hematoxylin and eosin (H&E) from all co-
horts were sent to a veterinary pathologist for formal review of poten-
tial toxicity. SRP-9005 administration resulted in no early deaths or
macroscopic findings, and there was no evidence of toxicity in any or-
gan noted.
Figure 3. Dose-dependent restoration of dystrophin-associated protein compl

(A) Sarcolemma expression of a-sarcoglycan, b-sarcoglycan, and d-sarcoglycan for mic

mid dose (3.63� 1011 vg total dose; 1.85� 1013 vg/kg), or high dose (1.26� 1012 vg to

muscle. Scale bar, 100 mm. (B) Quantitative analysis of positive fiber DAPC expression

SGCG�/�, g-sarcoglycan gene deficient; WT, wild type.
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DISCUSSION
This study provides preclinical proof of principle that AAV gene
transfer therapy restores g-sarcoglycan protein expression and
leads to histopathological and functional improvements in
SGCG�/� mice. The highest dose tested, 7.41 � 1013 vg/kg (based
on linear plasmid standard titer method), enabled the most robust
g-sarcoglycan expression and effective functional protein
restoration.

The development of gene transfer therapies demands a stepwise eval-
uation of safety, transduction, expression, localization, cellular
impact, and functional outcomes. Importantly, we did not observe
any adverse effects on non-target tissues. The rAAVrh74 vector pro-
vided dose-dependent increases in transduction across skeletal mus-
cles, diaphragm, and heart, demonstrating successful delivery of the
transgene into muscle cells with widespread biodistribution. Our re-
sults are consistent with previous studies utilizing the rAAVrh74
serotype for successful muscle cell transduction.12,26,27

After targeted biodistribution of the transgene was confirmed, we
next analyzed g-sarcoglycan protein production and localization.
To drive expression in muscle cells, SRP-9005 contains an
MHCK7 promoter, an optimized version of the muscle-specific
MCK promoter with enhanced cardiac expression.28 The
MHCK7 promoter has been shown previously to drive robust
expression in both skeletal muscle and heart.12,25,34 Here, immu-
nofluorescence staining demonstrated both robust g-sarcoglycan
protein production across myofibers (nearly 100% positive at the
highest dose) and correct localization at the sarcolemma. These re-
sults were confirmed by western blot in skeletal, diaphragm, and
cardiac muscle in all dose groups where g-sarcoglycan protein
was restored to WT levels at the highest dose in skeletal muscles
and heart. Of note, immunofluorescence did show cytoplasmic
staining in cardiac tissue from mice in the highest dose cohort.
While muscle damage has been observed in a previous report of
g-sarcoglycan overexpression,35 transgenic animals in this study
were genetically induced to overexpress g-sarcoglycan at 150- to
200-fold WT levels. However, western blot analysis showed that
SRP-9005-induced g-sarcoglycan expression in SGCG�/� mice
is at or near WT levels at the three doses tested. The observed
intracellular staining may instead suggest that SRP-9005 induced
high-level g-sarcoglycan protein expression, resulting in improper
trafficking to the sarcolemma following assembly with other sarco-
glycans in the Golgi apparatus to form the sarcoglycan complex.
However, there is no indication of intracellular g-sarcoglycan pro-
tein aggregates in any of the skeletal muscles, potentially as a result
of the differences in stoichiometry and assembly of the sarcoglycan
subunits in cardiac versus skeletal muscle.35 Furthermore, when
ex proteins at the sarcolemma

e systemically treated with low dose (8.94� 1010 vg total dose; 4.63� 1012 vg/kg),

tal dose; 7.41� 1013 vg/kg) of SRP-9005 (n = 6/group) shown in the tibialis anterior

. Data represent the mean ± SEM. DAPC, dystrophin-associated protein complex;
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staining for the other sarcoglycans, no intracellular aggregation of
a-, b-, or d-sarcoglycan was detected in cardiac tissues with intra-
cellular g-sarcoglycan staining.

As a component of the sarcoglycan complex, g-sarcoglycan stabilizes
the larger DAPC and contributes to mechanical stabilization of the
sarcolemma. Without an intact DAPC, the sarcolemma is vulnerable
to damage from the stress of muscle contraction.36,37 Mutation in any
component of the sarcoglycan complex prevents the recruitment and
assembly of the other subunits into the complex, as seen by lack of a-,
b-, and d-sarcoglycan expression in SGCG�/� mice. Restoration of
the sarcoglycan complex within the DAPC is therefore essential for
resolving LGMD 2C/R5 phenotypes.5,7 We demonstrated that
rescuing g-sarcoglycan protein through gene transfer therapy also
rescued protein localization at the membrane of the other sarcogly-
cans in a dose-dependent manner, allowing restoration of the full sar-
coglycan complex. Thus, the DAPC can subsequently reassemble and
support myofiber integrity during contraction.

Susceptibility tomuscle damage due to SGCG deficiency often results in
skeletal muscle fibrosis. After continuous rounds of degeneration, the
muscle tissue is replacedbycollagenandother extracellularmatrix com-
ponents, leading to the formation of scar tissue and exacerbation of dis-
ease progression.38 SGCG�/� mice have histological features similar to
those of patients with LGMD2C/R5, presentingwith high levels of cen-
tral nucleation, decreased fiber diameter, and fibrosis.10,11 After treat-
ment with SRP-9005, histopathologic improvements were shown by
the return of central nucleation and fiber diameters to WT levels.
Fibrosis was also significantly decreased as dosage increased for the
gastrocnemius anddiaphragmmuscles,while in the heart nodifferences
were observed betweenWT and SGCG�/� mice. The histopathological
improvements in these muscles corresponded to functional benefits,
evidenced by restoration of muscle strength in the tibialis anterior
and diaphragm, and increased overall movement shown by
improvements in ambulation and vertical rearing activity. Although
the number of animals in each group (n = 6) was sufficient to
detect dose-dependent improvements in histopathology and function,
it should be noted that type I or II statistical errors may still occur.

Functional improvements frombaselinewere detectable at all doses.We
believe that the differences between mid and high dose are related to
intrinsic variability in baseline function (i.e., ambulation and vertical ac-
tivity) observed in the animals. The improvement seen at the higher
dose of 7.41 � 1013 vg/kg (based on linear plasmid standard for
Figure 4. Improvement in muscle morphology by SRP-9005 is independent of d

(A) H&E images of tibialis anterior and diaphragmmuscles as well as heart from SGCG�/�

kg), mid dose (3.63 � 1011 vg total dose; 1.85 � 1013 vg/kg), or high dose (1.26 � 101

images show a dramatic reduction in centralized nuclei and an overall normalization of

centrally located nuclei in left and right muscles (TA, GAS, QD, GLUT, TRI, PSO, DIA) fro

per section). Data were analyzed by two-way ANOVA followed by Tukey’s multiple com

****p < 0.0001 versus SGCG�/�. (C) Quantification confirming myofiber diameter norm

groups compared with vehicle-treatedmice (SGCG�/�) andWT controls (n = 6/group). D

QD, quadriceps; SGCG�/�, g-sarcoglycan gene deficient; TA, tibialis anterior; TRI, tric
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qPCR) is consistentwith therapeuticdose levels inotherAAV-mediated
gene transfer therapy preclinical studies. For example, SGCA has been
delivered to SGCA�/�mice under control of the tMCK promoter using
the rAAVrh74 vector; SGCA expression, DAPC restoration, and corre-
sponding improvements to histopathology and muscle function were
shown after a single 1.0–6.0� 1012 vg total dose (based on supercoiled
plasmid standard titer method).27 Similar success using the rAAVrh74
vector12,26 andMHCK7 promoter12 was achieved in a model of LGMD
2E/R4 delivering functional b-sarcoglycan to SGCB�/� mice. Dose-
dependent SGCB expression, DAPC restoration, reduction in central
nucleation and fiber degeneration, and functional improvements were
achieved using a vector dose of 5 � 1013 vg/kg (based on supercoiled
plasmid standard titer method).12,26 This work has since moved to a
phase 1/2 clinical trial (n = 6) of systemic gene transfer targeting
LGMD 2E/R4. Interim results have shown transgene expression,
DAPC restoration, and functional improvements in patients up to 2
years after a single dose of either 1.85 � 1013 vg/kg or 7.41 � 1013 vg/
kg, based on linear plasmid standard for qPCR.39 Importantly, the clin-
ical trial dosagewas consistentwithdoses thatwere shown tobe effective
in preclinical models.

Importantly, there were no adverse clinical abnormalities, and an in-
dependent veterinary pathology review found no adverse histopathol-
ogy in any tissue, including cardiac tissue discussed above. While we
did not observe any toxicity or adverse effects related to intracellular
g-sarcoglycan expression in cardiac tissues, we underscore the impor-
tance of careful dose titration and further investigation into potential
consequences of g-sarcoglycan overexpression. Additional studies
should investigate potential long-term effects of sustained high levels
of g-sarcoglycan expression on cardiac function. Further insight into
the molecular mechanisms of sarcoglycan protein transport and as-
sembly may be helpful in understanding the factors that regulate
the stoichiometry of the DAPC components. These questions will
be addressed in a follow-up study including an in-depth analysis of
cardiac function using echocardiogram measurements, and assess-
ment of cardiomyocyte contractility and calcium handling following
a high dose of SRP-9005. Additional functional tests, such as treadmill
and grip strength analyses, will be performed to assess motor func-
tion, muscle strength, and fatigue. A careful examination of cardiac
pathology as well as functional improvement will be important for
demonstrating safety and efficacy for clinical translation.

In conclusion, our studies of SRP-9005 gene transfer therapy in a
mouse model of LGMD 2C/R5 contribute to the growing
ose in SGCG–/– mice

mice systemically treated with low dose (8.94� 1010 vg total dose; 4.63� 1012 vg/
2 vg total dose; 7.41 � 1013 vg/kg) of SRP-9005 (n = 6/group). Representative 20�
fiber size independent of treatment dose. Scale bar, 100 mm. (B) Quantification of

m treated mice compared with SGCG�/� and WT controls (n = 6/group; four images

parisons test and represent the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001,

alization of tibialis anterior, gastrocnemius, and triceps muscles in vector-treated

IA, diaphragm; GAS, gastrocnemius; GLUT, gluteus; HRT, heart; PSO, psoasmajor;

eps; WT, wild type.
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Figure 5. Reduction in fibrosis in SGCG–/– mice

treated with SRP-9005

(A) Representative images of trichrome staining and

(B) quantification of fibrosis in gastrocnemius, diaphragm,

and heart muscles fromWT mice or SGCG�/� mice treated

systemically with low dose (8.94 � 1010 vg total dose; 4.63

� 1012 vg/kg), mid dose (3.63 � 1011 vg total dose; 1.85 �
1013 vg/kg), or high dose (1.26� 1012 vg total dose; 7.41�
1013 vg/kg) of SRP-9005 (n = 6/group). Data were analyzed

by two-way ANOVA followed by Tukey’s multiple compar-

isons test and represent the mean ± SEM. *p < 0.05,

**p < 0.01, ***p < 0.001, ***p < 0.0001 versus SGCG�/�.
DIA, diaphragm; GAS, gastrocnemius; HRT, heart;

SGCG�/�, g-sarcoglycan gene deficient; WT, wild type.

Scale bar, 100 mm.
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body of evidence for gene replacement therapy in the treatment of
sarcoglycanopathies. No clinical studies have been reported to date
for systemic gene transfer addressing LGMD 2C/R5. These preclinical
results inform the establishment of a minimal effective dose for future
clinical studies of SRP-9005 gene transfer in patients and provide sup-
port for advancing SRP-9005 to clinical development for the treat-
ment of LGMD 2C/R5.
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MATERIALS AND METHODS
Animal models

All procedures were conducted in accordance with
approval by The Sarepta Genetic Therapies Center
of Excellence Institutional Animal Care and Use
Committee. WT (C57BL/6J) mice and SGCG�/�

mice, with BL6 genetic background, were bred
and maintained as homozygous animals under
standardized conditions in the Animal Resources
Core at the Sarepta Genetic Therapies Center of
Excellence.

Mice were maintained on Teklad Global Rodent
Diet (3.8% fiber, 18.8% protein, 5% fat chow)
with a 12:12-h dark/light cycle. All animals were
housed in standard mouse cages with food and
water ad libitum. For all experiments, mice
from both sexes were used: WT (n = 6, 5 male
[M]/1 female [F]); untreated SGCG�/� (n = 6, 4
M/2 F); low dose (n = 6, 6 M/0 F); mid dose
(n = 6, 4 M/2 F); high dose (n = 6, 0 M/6 F).

Genotyping

Standard PCR of isolated DNA was used to iden-
tify SGCG�/� mice. DNA from tail clippings was
isolated and analyzed by PCR using OneTaq
DNAPolymerase (NewEngland Biolabs, Ipswich,
MA). A series of primers was used in the PCR
analysis to determine the SGCG�/� status. The
following primers and conditions were used:
GGA GGA AGC GCT GCC TAT ACC TAT T;
CAA ATG CTT GCC TCA GGT ATT TC; GCC
TGC TCT TTA CTG AAG GCT CTT T.11 Reactions were carried
out on genomic DNA for 30 cycles under the following conditions:
94�C, 30 s; 58�C, 30 s; 68�C, 25 s; followed by 5 min at 68�C.

hSGCG gene construction and vector production

The full-length human SGCG cDNA (NC_000013.11) was codon-
optimized and used in the design of the gene therapy construct.



Figure 6. Functional benefits in SGCG–/– mice treated with SRP-9005

(A) Following 12 weeks of SRP-9005 treatment, specific force of tibialis anterior muscles (both left and right) was measured (data were normalized to tibialis anterior weight).

Specific force increased in all SRP-9005-treated SGCG�/� mice (with minimal difference between doses) compared with vehicle-treated (SGCG�/�) and WT mice (n =

6/group, average of both legs used for analysis [total n = 12]). (B) Diaphragm muscle strips were harvested to measure specific force. Following 12 weeks of SRP-9005

treatment, the force was significantly increased in treated mice compared with SGCG�/� and WT mice. (C) Following 12 weeks of treatment, improvement was seen in

analysis of activity cage ambulation and vertical activity through open-field analysis in vector-treated mice compared with SGCG�/� and WT mice (n = 6/group). One-way

ANOVA with Tukey’s multiple comparisons test was performed for analysis of tibialis anterior and diaphragm physiology and for analysis of cage activity. Data represent the

mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus SGCG�/�; +p < 0.05, ++p < 0.01, +++p < 0.001 versus WT. SGCG�/�, g-sarcoglycan gene deficient; WT, wild type.
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The cassette includes a consensus Kozak sequence (CCACC), an
SV40 chimeric intron, and synthetic polyadenylation site
(53 bp). The muscle-specific MHCK7 promoter is used to drive
expression. This promoter is well established for enhancing cardiac
and diaphragm transgene expression.12,13 The hSGCG expression
cassette was cloned between AAV2 ITRs, and the cassette was
packaged into an rAAVrh74 vector using a triple transfection
method in the Vector Manufacturing Facility in the Center for
Gene Therapy at Nationwide Children’s Hospital, as previously
described.13,40,41
Molecular
TaqMan qPCR was used to titer the vector using a primer probe set
located in the MHCK7 promoter region. A linearized plasmid stan-
dard containing the same MHCK7 target sequence was used to
generate the standard curve for the assay. There were no
alterations from standard AAV production and purification using
this approach.

Treatment cohorts

SRP-9005 was administered systemically via injection of vector
into the tail vein of three separate doses of vector or saline in a
Therapy: Methods & Clinical Development Vol. 28 March 2023 293
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Figure 7. Serum chemistries

(A) Liver enzyme (ALT and AST) levels were analyzed for toxicity (n = 6/group). Dotted lines indicate normal limits in WT mice. (B) CK levels in serum decreased in all treated

groups compared with untreated SGCG�/� and WT controls; mid and high doses only (low-dose data were not collected due to insufficient sample volume). Data were

analyzed by one-way ANOVA for all blood chemistries and represent themean ±SEM. ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, creatine kinase;

SGCG�/�, g-sarcoglycan gene deficient; WT, wild type.
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dose-escalation study. Vector dose calculated based on linear qPCR.
Four-week-old SGCG�/� mice were injected with the low (8.94 �
1010 vg total dose; 4.63 � 1012 vg/kg; n = 6, 6 M/0 F), mid (3.63 �
1011 vg total dose; 1.85 � 1013 vg/kg; n = 6, 4 M/2 F), or high
(1.26 � 1012 vg total dose; 7.41 � 1013 vg/kg; n = 6, 0 M/6 F) dose
of SRP-9005. Additionally, WT mice (n = 6, 5 M/1 F) and SGCG�/�

control mice (n = 6, 4 M/2 F) were injected with saline. Mice were in-
294 Molecular Therapy: Methods & Clinical Development Vol. 28 March
jected at 4–5 weeks of age and euthanized approximately 12 weeks af-
ter gene delivery.

Tissue processing

Skeletal muscles were extracted from each mouse, placed on saline-
dampened gauze, then placed on cryogel mounted wooden
chucks and fresh frozen in cooled 2-methylbutane. Organs were
2023
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bisected and one half placed in 10% neutral buffered formalin fol-
lowed by paraffin embedding for sectioning and H&E staining.
The other half of the organ was fresh frozen for subsequent molec-
ular studies.

Biodistribution qPCR analysis

The presence of test article-specific DNA sequences in muscles and
organs were evaluated using a real-time qPCR assay with a vector-
specific primer probe set designed to amplify a sequence in the
MHCK7 promoter (n = 3 per low-, mid-, and high-dose group).
Frozen tissues were sectioned using a cryostat (15 sections at 20 mm
thickness) into a prechilled microcentrifuge tube. Genomic DNA
was isolated using a DNeasy Blood & Tissue Kit (QIAGEN, Hilden,
Germany) according to the manufacturer’s protocol. The resulting
DNA samples were stored at �80�C until analysis. Test DNA was
prepared by diluting each sample to 10 ng/mL in nuclease-free water
(Thermo Fisher, catalog no. [#]AM9906). Standards were prepared
using linearized plasmid, starting at a concentration of 1 � 106

copies/mL and serially diluted to 10 copies/mL. All samples and stan-
dards were analyzed in triplicate. Cycling was performed by an initial
denaturing step at 95�C for 20 s followed by 40 cycles of 95�C for 1 s
and 60�C for 30 s. QuantStudio system and software were used to run
qPCR. The following primers and probe were used in the study:
MHCK7 forward primer 50-CCA ACA CCT GCT GCC TCT AAA-
30, MHCK7 reverse primer 50-GTC CCC CAC AGC CTT GTT C-
30, and MHCK7 probe 50-TGG ATC CCC TGC ATG CGA AGA
TC-30 (50 6-FAM, 30 Iowa Black FQ, Internal ZEN Quencher [Inte-
grated DNA Technologies]). The primers and probe were diluted to
final concentrations of 100 nM, 100 nM, and 200 nM per reaction,
respectively. The standard curve was used to calculate the number
of copies in each reaction. To determine the number of vector genome
copies per nucleus, the following equation was used:

Copies per nucleus = 10^ððCT � Std Curve y InterceptÞ =

Std Curve SlopeÞ� ð1; 000 =

Amount loaded per well ðngÞÞ

�ð5:98� 10� 6Þ:

Immunofluorescence

Protein production across muscle tissues and DAPC restoration was
assessed using immunofluorescence. Cryosections (12 mm thickness)
from the tibialis anterior, gastrocnemius, quadriceps, psoas major,
gluteus, triceps, diaphragm, and heart muscles were subjected to
immunofluorescence protein staining via our previously used proto-
col.26 For g-sarcoglycan protein detection, sections were incubated
with a g-sarcoglycan rabbit polyclonal primary antibody (Novus,
#NBP1-59744) at a dilution of 1:100. For a-, b-, and d-sarcoglycan
protein detection, sections were incubated with an a-sarcoglycan rab-
bit polyclonal antibody (Abcam, #ab189254, diluted 1:100), b-sarco-
glycan mouse monoclonal antibody (Leica, #B-SARC-L-CE, diluted
Molecular
1:100), and d-sarcoglycan rabbit monoclonal antibody (Abcam,
#ab137101, diluted 1:50), respectively. Four random 20� images
covering the four different quadrants of the muscle section were taken
using Gryphax software (2.0.0.68) with a Jenoptik Prokyon camera
mounted on a Nikon Eclipse Ni-U microscope. The percentage of fi-
bers positive for a-, b-, d-, and g-sarcoglycan protein staining
compared with controls (WT normalized to 100% and SGCG�/� as
effectively 0%) was determined for each image and averaged for
each muscle. Fibers counted were defined by the structural appear-
ance of the fiber’s cross-section. To facilitate scoring, National Insti-
tutes of Health (NIH) ImageJ software with the Cell Counter plugin
was used to count total fibers. Positive fiber expression was defined
as having at least 50% of the fiber staining brighter than the
vehicle-treated SGCG�/� saline controls, as previously described.26

Positive fibers were scored based on the original image exposure;
there was no adjustment to the brightness or contrast of any image
during the positive image scoring process. The remaining fibers
were scored as negative. The test article was blinded at the time of in-
jection. The operator who conducted the injections did not perform
any analysis outside of the injection. There is no expression or resid-
ual protein in the untreated group, so it is clear which animal received
treatment and which did not when observing under the microscope,
leaving blinding irrelevant for immunofluorescence quantification.
To mitigate variability in intensity, images were taken at the same
exposure. Quantification data of immunofluorescent-positive fibers
expressing a-, d-, and g-sarcoglycan proteins are reported as
mean ± SEM, with six mice per treatment group.

Western blot analysis

Tissue sections (20 mm thickness, 15 sections) were collected into a
microcentrifuge tube and homogenized with 150 mL of homogeniza-
tion buffer (125 mM Tris-HCl, 4% SDS, 4 M urea) in the presence of
one protease inhibitor cocktail tablet. After homogenization, the sam-
ples were centrifuged at 10,000 rpm for 10 min at 4�C, and the result-
ing supernatant was collected. Protein concentration was determined
using the NanoDrop. Protein samples (20 mg) were electrophoresed
on a 3%–8% polyacrylamide Tris-acetate gel for 70 min at 150 V,
then transferred onto a polyvinylidene fluoride membrane for
90 min at 35 V. The membrane was blocked in 5% non-fat dry
milk in TBST (Tris-buffered saline with Tween 20) for 1 h, and
then incubated in a 1:2,000 dilution of a monoclonal rabbit g-sarco-
glycan antibody (Abcam, #ab203113) and a 1:50,000 dilution of a
mouse a-actinin antibody (Sigma, #A7811). Anti-mouse (Sigma,
#AP308P) and anti-rabbit secondary horseradish peroxidase anti-
bodies (Invitrogen, #65-6120) were used for ECL immunodetection.
Western blot detection and quantification were performed using
the Alliance Q9 Advanced chemiluminescence imaging system and
software. Auto-capture mode was used to set the exposure time,
which varied depending on the intensity of the sample. The volumes
of the protein bands were quantified as the sum of all the pixel inten-
sities included in the defined area using the analysis mode of the soft-
ware and normalized to the corresponding loading control bands.
Relative protein expression was determined by dividing by the WT
volume ratios.
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Morphometric analysis

H&E staining was performed to visualize muscle morphology,
including fiber size and central nucleation, on cryosections of muscle
(12 mm thickness) from 16-week-oldWTmice (n = 6), SGCG�/�mice
(n =6), and SRP-9005-treated SGCG�/�mice (n= 6per dose, 12weeks
post treatment). The percentage of myofibers with central nucleation
was determined in the tibialis anterior, gastrocnemius, quadriceps,
gluteus, triceps, psoas major, and diaphragm muscles. Additionally,
muscle fiber diameters were measured using Feret’s diameter in the ti-
bialis anterior, triceps, and gastrocnemius muscles. There was a range
of 1,600–2,000 fibers quantified permuscle from each treatment group
and from the control cohort. Four random 20� images per muscle per
animal were taken using Gryphax software (2.0.0.68) with a Jenoptik
Prokyon camera mounted on a Nikon Eclipse Ni-Umicroscope. Cen-
trally nucleated fibers were quantified usingNIH ImageJ software, and
fiber diameters were measured using Zeiss Axiovision LE4 software.

Histopathology

At necropsy, muscles (tibialis anterior, gastrocnemius, quadriceps
femoris, gluteus maximus, psoas major, triceps brachii, diaphragm,
and heart) and select organs were formalin-fixed, embedded in
paraffin, sectioned, and stained with H&E. The resulting slides
from all animals were forwarded to Histo-Scientific Research Labora-
tories for formal review by a veterinary pathologist.

Masson’s trichrome stain for fibrosis quantification

Frozen muscle tissue sections (12 mm) were mounted on Fisher-
brand Superfrost charged microscope slides. Slides were fixed in
10% neutral buffered formalin (Fisher, #SF100-4) for 10 min and
rinsed in deionized water (Fisher, #W2-4). Slides were placed in
95% reagent alcohol (Fisher, #HC13001GL) and allowed to air dry
for 15 min, then fixed in Bouin’s fixative for 32 min and washed
with tap water followed by distilled water until clear. Slides were
then incubated in Weigert’s iron hematoxylin solution for 5 min
and washed in running water for 5 min, followed by rinsing in
distilled water before being placed in Biebrich’s scarlet-acid fuchsin
for 2 min and washed again in distilled water. Slides were then
transferred to phosphotungstic-phosphomolybdic acid for 10 min,
placed in aniline blue for 5 min, and washed thoroughly with
distilled water. After incubation in 1% aqueous acetic acid for
5 min, the slides were quickly dehydrated in two changes of 95% re-
agent alcohol followed by two changes of 100% alcohol (Fisher,
#HC-800-iGAL). Slides were then transferred to xylene (Fisher,
#X3P-1GAL) and cleared in three changes before being mounted
with glass coverslips using Cytoseal 60 medium (Thermo Fisher,
#8310). Bouin’s fixative, Weigert’s iron hematoxylin A and B, Bie-
brich’s scarlet-acid fuchsin, phosphotungstic-phosphomolybdic
acid, aniline blue, and 1% acetic acid aqueous were all part of Mas-
son’s trichrome kit (Poly Scientific, #k037). Full-slide scans of the
Masson’s trichrome staining were prepared using the Aperio
VERSA 200 Imaging System (Leica Biosystems Imaging) and
analyzed for percentage of collagen quantification. Analysis was per-
formed using Aperio ImageScope software (v12.4.3.5008). Images
were first annotated to select regions of interest and to remove ar-
296 Molecular Therapy: Methods & Clinical Development Vol. 28 March
tifacts (i.e., tissue folding, longitudinal fibers, fat) that would yield
inaccurate results. The positivity of blue chromogen (ratio of blue
stain to red stain) was detected using the Positive Pixel Count v9
algorithm on ImageScope and reported as a percentage to denote
the collagen content in the annotated areas. Results from the left
and right gastrocnemius images were averaged for each animal.

Formulas:

Positivity of blue chromogen

=
Number of blue pixel count

Number of blue pixel count+Number of red pixel count
;

where blue pixel count corresponds to collagen area and red pixel
count corresponds to non-collagen muscle area.

% Collagen = Positivity of blue chromogen� 100:

Tibialis anterior tetanic contraction for functional assessment

The tibialis anterior assessment procedure followed the protocol
listed in Hakim et al.42 Mice were anesthetized with ketamine/xy-
lazine mixture (137.5 mg/kg and 10 mg/kg, respectively) adminis-
tered intraperitoneally. The hindlimb skin was removed to expose
the tibialis anterior muscle and patella. The length of muscle is
measured after dissection, prior to placement of the mouse, and
the length is entered into the software. Care was taken to limit dry-
ing of the exposed muscle by constantly hydrating the exposed
muscles with a saline-dampened Kimwipe drape. The tibialis ante-
rior distal tendon was then dissected out (left and right side per an-
imal; average of both legs used for analysis [n = 12 per cohort]),
and a double square knot was tied around the tendon with 4-0 su-
ture as close to the muscle as possible before cutting the tendon.
Mice were then transferred to a thermal controlled platform and
maintained at 37�C. To stabilize the leg, a metal pin was placed
behind the patellar tendon, and the knee was secured to the plat-
form with the tibialis anterior distal tendon sutured to the level
arm of the force transducer (Aurora Scientific, Aurora, Canada).
An electrode was placed near the sciatic nerve to stimulate it. A
warm-up protocol designed by Aurora Scientific was initiated
whereby the resting tension was set at 3–4 g force and maintained
for 5 min, muscle stimulation at 1 Hz (three times, 30 s apart), and
an additional muscle stimulation at 150 Hz (three times, 60 s
apart). Once the muscle was stabilized, the resting tension was
set to a length (optimal length) where twitch contractions were
maximal. After a 3-min rest period, the tibialis anterior muscle
was stimulated at 50, 100, 150, and 200 Hz, allowing a 1-min
rest between each stimulus. Following a 5-min rest, the muscles
were subjected to a series of ten isometric contractions, occurring
at 1-min intervals with a 10% stretch-lengthening procedure. The
duration of tetanic contraction lasts 200 ms. After the eccentric
contractions the mice were euthanized, and both tibialis anterior
muscles were dissected and frozen for histology and molecular
studies.
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Formulas:

Tibialis anterior limb � specif ic force = absolute force=

cross sectional area

Absolute force = Force at 150 Hz� 9:8 ð9:8 mN = 1 gÞ

Cross � sectional area = muscle weight ðmgÞ = ½1:06 ðmg =mm3Þ

�muscle length ðmmÞ� 0:6�

Diaphragm tetanic contraction for functional assessment

Mice were euthanized, and the diaphragm was dissected with rib at-
tachments and central tendon intact and placed in Krebs-Henseleit
(K-H) buffer (118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4,
1.25 mM CaCl2, 1.2 mM KH2PO4, 25 mMNaHCO3, 11 mM glucose)
as previously described.43–45 A 2- to 4-mm-wide section of diaphragm
was isolated per animal per cohort (n = 6). Diaphragm strips were tied
firmly with braided surgical silk (6-0; Surgical Specialties, Reading,
PA) at the central tendon and sutured through a portion of rib
bone affixed to the distal end of the strip. Each muscle was transferred
to a water bath filled with oxygenated K-H solution that was main-
tained at 37�C. The muscles were aligned horizontally and tied
directly between a fixed pin and a dual-mode force transducer-servo-
motor (305C; Aurora Scientific). Two platinum plate electrodes were
positioned in the organ bath to flank the length of the muscle. The
muscle was stretched to optimal length for measurement of twitch
contractions and then allowed to rest for 10 min before initiation of
the tetanic protocol. Once the muscle was stabilized, it was set to
an optimal length of 1 g and subjected to a warm-up, which consisted
of three 1-Hz twitches every 30 s followed by three 150-Hz twitches
every minute. After a 3-min rest period, the diaphragm was stimu-
lated at 20, 50, 80, 120, 150, and 180 Hz, allowing a 2-min rest period
between each stimulus, each with a duration of 250 ms to determine
maximum tetanic force. Muscle length and weight were measured,
and the force was normalized for muscle weight and length.

Formulas:

Diaphragm � specif ic force = absolute force at 150 Hz=

cross sectional area

Absolute force = force at 150 Hz� 9:8 ð9:8 mN = 1 gÞ

Cross sectional area = muscle weight ðmgÞ = ½1:06 ðmg =mm3Þ

� diaphragm fiber length ðmmÞ� 1�

Laser monitoring of open-field cage activity

SGCG�/� and WT mice were subjected to an open-field activity
protocol similar to that used in previous reports.43,46 An open-field
Molecular
activity chamber was used to determine the overall activity of the
experimental mice. Mice at 4 weeks of age from the WT (n = 6, 5
M/1 F) and untreated SGCG�/� (n = 6, 4 M/2 F) control groups,
along with SRP-9005-treated SGCG�/� mice (low dose [n = 6, 6
M/0 F]; mid dose [n = 6, 4 M/2 F]; high dose [n = 6, 0 M/6 F])
were subjected to analysis following a previously described proto-
col43,46 with several modifications. Mice were treated with SRP-
9005 at 4 weeks of age, with an endpoint activity assessment of
12 weeks post treatment. Cohorts were injected 1 week apart
from each other to eliminate variability in endpoint age. Sessions
were broken down by cohort. All mice were tested at the same
time of day, between the hours of 06:10 and 08:30, when mice
are most active. All mice were tested in an isolated room under
dim light and with the same handler each time. To reduce anxiety
and minimize behavioral variables that could potentially affect
normal activity of the mice and, consequently, the results of the
assay, we tested mice that were not individually housed.47 Mouse
activity was monitored using the Photobeam activity system (San
Diego Instruments, San Diego, CA). This system uses a grid of
invisible infrared light beams that traverse the animal chamber
front to back and left to right to monitor the position and move-
ment of the mouse within an x-y-z plane. Activity was recorded for
1-h cycles at 5-min intervals. Mice were acclimatized to the activity
test room for an initial 1-h session 3 and 4 days before data acqui-
sition began. Mice were tested in individual chambers. The testing
equipment was cleaned between each use to reduce mouse reac-
tionary behavioral variables that could alter results. The data
were converted to a Microsoft Excel worksheet, and all calculations
were done within the Excel program. Individual beam breaks for
movement in the x and y planes were added up for each mouse
to represent total ambulation, and beam breaks in the z plane
were added up to obtain vertical activity within the 1-h time
interval.

Serum chemistry and hematology

As a measure of safety, blood chemistries and hematology studies
were performed on vector-dosed SGCG�/� and WT mice. Whole
blood was retrieved from cardiac puncture from treated WT and
SGCG�/� mice. Blood was collected in a serum-separating tube
and centrifuged for 10 min at 3,500 rpm. Serum was collected,
frozen, and sent to Nationwide Children’s Hospital for processing
and assessment of AST and ALT liver enzyme levels.

Serum creatine kinase measurement

Levels of CK were measured in the sera of WTmice (n = 6), untreated
SGCG�/� lactated Ringer’s solution (LR)-treated mice (n = 6), and
SRP-9005-treated SGCG�/� mice at mid and high doses (n = 6)
(low-dose data were not collected due to insufficient sample volume)
using the CK SL Assay according to manufacturer’s protocol (Sekisui
Diagnostics, Charlottetown, PE, Canada; #326-10). In brief, 25 mL of
serum was mixed with 1 mL of the working reagents and added to a
cuvette. A kinetic assay was set on the spectrophotometer to measure
the absorbance at 340 nm every 30 s for 180 s. CK levels were calcu-
lated using the absorbance readings and the equation
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U = L = ½ðOAbs: =minÞ� 1:025� 1; 000�=½1� 6:22� 0:025�
= ðOAbs: =minÞ � 6; 592:

Statistical analysis

Statistical analysis was performed using GraphPad Prism 7.01 soft-
ware. Data were expressed as the mean ± SEM (error bars). One-
way ANOVA with Tukey’s multiple comparisons test was performed
for analysis of blood chemistries, serum CK, diaphragm and tibialis
anterior physiology, and cage activity. Two-way ANOVA with Tu-
key’s multiple comparisons test was performed for analysis of central
nucleation. Kruskal-Wallis test with Dunn’s multiple comparisons
test was performed for analysis of fiber diameter.
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