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Limb-girdle muscular dystrophy type R9 (LGMDR9) is a mus-
cle-wasting disease that begins in the hip and shoulder regions
of the body. This disease is caused by mutations in fukutin-
related protein (FKRP), a glycosyltransferase critical for main-
taining muscle cell integrity. Here we investigated potential
gene therapies for LGMDR9 containing an FKRP expression
construct with untranslated region (UTR) modifications.
Initial studies treated an aged dystrophic mouse model
(FKRPP448L) with adeno-associated virus vector serotype 6
(AAV6). Grip strength improved in a dose- and time-depen-
dent manner, injected mice exhibited fewer central nuclei and
serum creatine kinase levels were 3- and 5-fold lower compared
to those in non-injected FKRPP448L mice. Treatment also
partially stabilized the respiratory pattern during exercise
and improved treadmill running, partially protecting muscle
from exercise-induced damage.Western blotting of C2C12my-
otubes using a novel rabbit antibody confirmed heightened
translation with the UTR modifications. We further explored
the question of FKRP toxicity in wild-type mice using high
doses of two additional muscle-tropic capsids: AAV9 and
AAVMYO1. No toxic effects were detected with either thera-
peutic agent. These data further support the feasibility of
gene therapy to treat LGMDR9.

INTRODUCTION
Dystroglycanopathies are a family of muscle disorders (>20)1 that are
caused by altered glycosylation of a-dystroglycan (a-DG), a periph-
eral membrane protein located on the extracellular side of the sarco-
lemma that normally binds to laminin. The laminin-a-DG associa-
tion is a crucial portion of the dystrophin-glycoprotein complex
(DGC), which provides a mechanical link between the intracellular
actin cytoskeleton and the extracellular matrix. The DGC enables
lateral transmission of forces from within myofibers,2 allowing the
muscle bundle to contract in unison and preventing cellular damage
by internally maintained contractile energy. More than 11 glycosyl-
transferases are known to post-translationally modify a-DG,3 work-
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ing sequentially to build long glycan chains onto the protein. One
such glycosyltransferase, Fukutin-related protein (FKRP), catalyzes
the transfer of ribitol 5-phosphate to a phosphorylated O-mannosyl
trisaccharide on a-DG, but only after fukutin has added a ribitol
5-phosphate to the growing chain. These sequential modifications
lead up to addition of a repeating glucuronic acid and xylose chain1

that serves as the laminin binding domain of a-DG.

Altered a-DG glycosylation severely disrupts the DGC mechanics,
leading to fragile sarcolemma membranes and muscular dystrophy.
These resulting dystroglycanopathies are the primary cause of several
forms of congenital muscular dystrophy as well as multiple limb-
girdle muscular dystrophies. Limb-girdle muscular dystrophy type
R9 (LGMDR9, previously LGMD2I) is one of the most common of
these diseases. It is an autosomal recessive disorder caused by muta-
tions in the FKRP gene, which also can lead to congenital muscular
dystrophy (MDC1C), Walker-Warburg syndrome (WWS), and mus-
cle-eye-brain (MEB) disease. Our study is focused on developing
treatment options for LGMDR9, although the results will also be rele-
vant to the other, less prevalent FKRP disorders. LGMDR9 is slowly
progressive, but patients still experience symptoms such as muscle
weakness, muscle cramps, hypertrophy, joint contractures, and, in
some cases, severe cardiomyopathy and respiratory issues. The age
of LGMDR9 onset varies, with a spectrum of symptoms presenting
in relation to specific mutations in FKRP.4 For example, affected
LGMDR9 patients are often wheelchair dependent by 25 years after
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age of onset. Diagnoses are typically made based on elevated serum
creatine kinase (CK) levels and proximal muscle weakness followed
by genotyping. There is no cure for LGMDR9, and treatments are
limited to temporary symptom amelioration.

LGMDR9 is often due to heterozygous and homozygous mutations in
the 1.5-kb coding region of the FKRP gene, the most common of
which is 826C>A (L276I).5 There is a strong genotype-phenotype cor-
relation for this mutation, with compound heterozygous patients dis-
playing a more severe phenotype than homozygous patients.6

Another commonmutation is 1343C>T (P448L), and both mutations
interfere with the transfer of FKRP from the endoplasmic reticulum
to the Golgi apparatus.7 Because FKRP is a post-translational glyco-
syltransferase, mislocalization of this enzyme leads to decreased
glycosylation and half-life and results in increased targeting of
a-DG by the proteosome.8 Additionally, other insertion, deletion,
missense, and nonsense mutations have been reported in patients,
although less commonly than the L276I and P448L point mutations.
Interestingly, FKRP-null mutations are embryonic lethal,9 which ex-
plains why all patients genotyped to date have at least one mutant
allele that leads to expression of a presumably partially functional
protein. These and other data10 suggest that most, if not all, mutant
FKRP enzymes found in patients still retain some enzymatic activity.

Developing approaches for gene therapy of LGMDR9 have been
promising. However, inconsistent vectors, mouse age, genotype,
and transgene have resulted in contradictory toxicity evidence associ-
ated with FKRP overexpression. For example, recent data have shown
that adeno-associated virus (AAV) vector-mediated systemic delivery
of FKRP can significantly ameliorate the dystrophic phenotype in a
murine disease model, the FKRPP448L mouse.11,12 By contrast, studies
with a different model, the FKTN�/� mouse, suggest that muscle pa-
thologies are exacerbated because central nucleation, endomysial
fibrosis, and macrophage infiltration all increased with treatment.13

Phenotypic differences in the mouse models are noticeable because
FKRPP448L mice reasonably recapitulate LGMDR9,14,15 while the
FKRPL276I mouse displays a mild or less pronounced phenotype.16,17

Mouse age varied widely across the studies and the regulatory cas-
settes used in the various studies similarly differed; some groups
used the strong and ubiquitously expressed cytomegalovirus (CMV;
human CMV immediate-early enhancer plus promoter) or CB
(CMV enhancer/chicken b-actin promoter) cassettes, while others
used a muscle-specific CK (CK7) cassette. Use of mouse vs. human
FKRP cDNA also varied between studies as did doses that ranged
from 2 � 1012 vector genomes (vg)/kg to 6 � 1013 vg/kg. The ability
of gene therapy to treat LGMDR9 as well as its durability are also
significantly dose dependent, with lower doses displaying shorter-
term but still significant effects.18

Moreover, only one test of systemic muscle function has been per-
formed on FKRPP448L mice receiving FKRP gene therapy: a treadmill
exhaustion assay that, although useful, provides limited metrics for
analysis. Other tests of systemic muscle function include running
wheels for voluntary exercise and treadmills with respiratory cham-
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bers for assessing metabolic rate during forced exercise,19 all of which
are recommended assessments for preclinical studies with dystrophic
mice.20,21 Quantifying metabolic rate through indirect calorimetry as-
sesses the combined functional integrity of skeletal and cardiacmuscle
and differs from plethysmography. This latter measure of ventilation
reflects diaphragm function only and has little effect on metabolic
rate.22–26 Exercise-based assessments mimic those often used to assess
dystrophic patients in the clinic (e.g., 6-min-walk test) and can be used
to exacerbate the dystrophic phenotype in preclinical studies.27–30

The therapeutic delivery method is yet another critical component
that must be considered in development of the safest possible thera-
peutic for LGMDR9 and related CMDs. Increased gene expression is
often a critical part of gene therapy because therapeutic agents are
limited by the immune responses associated with high doses of
AAVs in human patients. For example, the issue of systemically
administered AAVs and the accompanying liver toxicity seen in clin-
ical trials31,32 remain a barrier moving forward. Therefore, an ideal
treatment would maximize gene expression while minimizing the
AAV dose. The latest advancements in AAV vector design have
led to increased targeting and gene expression in specific tissues.
The development of these capsid variants that enablemuscle-specific
gene delivery may alter dosing thresholds and therapeutic effi-
cacy33–35 and need to be examined in relation to current vectors
used in the clinic. One such novel AAV capsid has been named
AAVMYO1 for its myotropic properties and has been shown to in-
crease efficiency and specificity in heart, diaphragm, and skeletal
muscle.34 These new developments not only address the issue of my-
otropism but also decrease liver tropism, which will be critical to
avoid the issues of innate immunity and will affect the success of
gene therapies using high-dose AAV vectors.

While it has been shown that FKRP gene therapy is generally an effec-
tive treatment in mouse models for LGMDR9,13,18 there has been lit-
tle focus on transgene designs. Transgene optimization provides a
tool to improve efficacy and lower necessary treatment doses. One
such successful method of increasing gene expression was demon-
strated in samples from cystic fibrosis patients.36,37 The untranslated
region (UTR) of the CFTR gene contains regulatory elements that
decrease translation; in this case, formation of a secondary structure
in the 50 UTR post-transcriptionally regulates CFTR via cooperative
regulatory effects. Thus, removal of the 50 UTR ultimately increases
CFTR expression. We discovered evidence of potential secondary
structures in the UTRs of FKRP mRNA.38 One particularly relevant
structure is an RNA G-quadruplex (RGQ), a stable secondary
mRNA configuration associated with inhibition of translation.39,40

Repeats of a (CGG) motif in the 50 UTR of FKRP are suggestive of
an RGQ, and further investigation into UTRs may provide a tool
for tunable gene expression (for FKRP and other genes).

The current study tested the dose-dependent efficacy of a novel
FKRP gene therapy agent. This particular therapeutic agent differed
from the vectors tested previously11,13,16 because it used AAV6
instead of AAV9 as well as a miniaturized mouse muscle CK
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enhancer/promoter (CK8e) that is uniquely active and specific
for striated muscle (AAV6-Ck8e-humanFKRP [A6.C8hF]).41–47

Furthermore, we examined a range of mouse ages and assessed sys-
temic muscle function using a customized treadmill protocol.30 Our
results suggest that delivering a small FKRP cDNA to FKRPP448L
mice significantly improves different aspects of striated muscle
structure and function in a dose-dependent manner. However,
even the higher dose tested here did not completely restore muscle
function to levels seen in wild-type mice. Finally, to address the
issue of potential FKRP toxicity, we explored whether overexpres-
sion of FKRP in wild-type mice affected muscle physiology. These
studies delivered the small FKRP cDNA using multiple doses of vec-
tors pseudotyped with capsids from AAV6,48 AAV9,49 and the
newer myotropic AAVMYO1.33 Cardiac and muscle physiology
did not identify any adverse functional effects because of the exog-
enous FKRP in wild-type mice when delivered with any of these
serotypes.

RESULTS
Removal of the UTRs from the FKRP cDNA increases protein

expression

To explore FKRP expression, we initially generated a rabbit poly-
clonal antiserum (named Ab607) against a conserved fragment of
the C terminus of mouse and human FKRP (materials and
methods). To verify the utility of the antiserum after affinity purifi-
cation, C2C12 myotubes were transduced with 1 � 1012, 1 � 1011,
or 1 � 1010 vg of AAV6-CK8e-mFKRP-FLAG (the murine Fkrp
cDNA with a C-terminal FLAG tag). Cell lysates revealed co-immu-
noreactivity with the FKRP and FLAG antibodies and provided
confirmation of FKRP production by the AAV6-CK8e-FKRP vector
(Figure 1A). To maximize protein expression, we searched for po-
tential inhibitory sequences in the FKRP UTRs. Sequence analysis
suggested that there may be regulatory secondary mRNA structures,
so both UTRs were removed from the Fkrp cDNA (A6.C8mF).
Note, however, that CK8e, which is present in all of these vectors,
carries 49 bp from the mouse CKM 50 UTR and that the poly(A)
sequence used was also identical in all vectors (materials and
methods). The effects of these modifications were then compared
in vitro by transducing C2C12 myotubes with vectors either car-
rying or lacking the Fkrp 50 and 30 UTRs. Western blot analysis
with Ab607 showed a notable increase in FKRP expression upon
removal of the UTRs (Figure 1B). It is important to note that the
minor bands at 55 kDa correspond to the predicted molecular
weight of FKRP, while the larger bands at �60 kDa are likely the
N-glycosylated form of the protein.50 This vector was then tested
in vivo via intramuscular injections into the tibialis anterior (TA)
of wild-type mice (1 � 1011 vg/muscle).48 Analysis of injected mus-
cles revealed FKRP expression by western blot as well as mosaic dis-
tribution of the protein throughout the injected muscles (Figure 1C).
While some FKRP immunostaining colocalized with GIM130 in the
Golgi apparatus, much of the exogenous protein was localized
diffusely (see also Figure 6), as observed previously by others.13,16

Wild-type (WT) levels of FKRP expression are beyond the detection
limit of our antibody.
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To explore potential deleterious effects from high levels of exoge-
nous FKRP expression, we generated a similar vector that ex-
pressed the human FKRP (also lacking the FKRP 50 and 30

UTRs). This CK8e-hFKRP construct was encapsulated into
AAV6 (A6.C8hF), AAV9 (A9.C8hF), or AAVMYO1 (AM.C8hF)
vectors and tested in various strains of mice via systemic delivery
(Figures 1D and 1E).51 The first cohort, comprised of FKRPP448L

mutant mice, was injected with A6.C8hF at doses of 1.5 � 1013

and 1.5 � 1014 vg/kg and analyzed with a variety of tests of muscle
strength and exercise performance at different time points
(Figure 1E).

A6.C8hF-treatedmice show significantly improved grip strength

in a dose- and time-dependent manner

Ten-month-old FKRPP448L mutant mice were injected with
different doses of A6.C8hF (saline, and 1.5 � 1013 and
1.5 � 1014 vg/kg) and monitored alongside age-matched WT con-
trols. The purpose of using older mice was to address the effect of
treatment in older mice with a more advanced phenotype. Fore-
limb grip strength of age-matched WT, untreated, and treated
FKRPP448L mice was measured at 4, 8, 12, and 16 weeks post injec-
tion. Absolute forelimb grip strength increased progressively in a
dose-dependent manner among treated mice but did not change
in WT or untreated FKRPP448L mice (Figure 2A). Compared
with untreated FKRPP448L mice, 4 months of treatment with low-
and high-dose vector restored strength to approximately 40%
and 70%, respectively, of WT levels, although the rate of improve-
ment appeared to level off after 3 months in low-dose mice.
Normalizing these data to body weight (Figure 2B) can confound
the results, however, because (1) the low-dose group included
males and females, whereas the high-dose group included only
males, and (2) body weight varied greatly among aged mice and
was therefore a poor normalizing factor.52 In fact, body weight
increased modestly in all but the low-dose group (Figure S2), while
grip strength increased progressively in all treated FKRPP448L mice.
This indicates that changes in grip strength were unlikely to be due
to compensatory responses to changes in body weight. To remove
the data-biasing effects of sex and age, we then quantified the rela-
tive change in strength over time and validated the dose-dependent
and temporal increase (Figure 2C).

Hindlimb grip strength measurements are often highly variable un-
til mice become accustomed to the assay. Indeed, grip strength ab-
solute force increased in all groups before stabilizing at 8 weeks
(Figure 2D). Absolute force was similar in treated mice regardless
of dose and at all time points. However, treated mice were also
stronger than untreated mice by this measure, while grip strength
in WT and high-dose mice was similar. Normalizing force to body
weights eliminated these differences (Figure 2E), although treat-
ment effects were demonstrated for one or both doses at different
time points when relative changes were examined (Figure 2F).
These results suggest that, despite the innate variability of the
assay, treatment with A6.C8hF increased hindlimb grip strength
in aged mice.
erapy: Methods & Clinical Development Vol. 30 September 2023 67
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Figure 1. Removal of the FKRP 50- and -30 0 UTRs increases FKRP expression

(A)Cell lysates from differentiated C2C12 myotubes transduced with either 1� 1011 or 1� 1010 vector genomes (vg) of A6.C8mF-FLAG to verify vector expression of mouse

FKRP (mFKRP). Labels on the left indicate the antibody target (FKRP, Ab607; FLAG, FLAG-HRP, Sigma F7425). (B) FKRP levels in myotubes transduced with untagged

AAV6-Ck8e-mFKRP (+UTR) and AAV6-Ck8e-mFKRP (�UTR). (C) Top: FKRP expression in tibialis anterior (TA) muscles of WT mice injected intramuscularly (i.m.) with

1� 1011 vg AAV6-Ck8e-mFKRP (�UTR) relative to an untreatedWTmouse and C2C12myotubes transduced with 1� 1012 vg of the same vector. Bottom: immunostaining

of WT TA muscle injected with AAV6-CK8e-mFKRP. FKRP, green. Golgi apparatus, red (GMI30). (D) Schematic of the AAV-CK8e-human FKRP (hFKRP) construct used in

these studies. (E) This transgene construct was expressed from vectors pseudotyped with capsids fromAAV6 (A6.C8hF), AAV9 (A9.C8hF), or AAVMYO1 (AM.C8hF). WT and

FKRPP448L mutant mice were then treated and tested at various time points post injection to identify potential physiological and histological changes. WT, wild-type; P448L,

FKRPP448L.
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Exercise capacity of mice treated with a high dose is improved

significantly

The next metrics examined in treated mutant mice included mea-
surements of VO2max, distance traveled, energy expended, and en-
ergy consumption rate (Figures 3A–3H). All of these are measured
using a metabolic treadmill and include VO2max tests to assess
changes in maximal O2 consumption, a measure of exercise capac-
ity and cardiorespiratory function, and several intermittent
68 Molecular Therapy: Methods & Clinical Development Vol. 30 Septem
training sessions meant to exacerbate the dystrophic pheno-
type.27–30 Training had a beneficial effect in WT mice and
increased VO2max by almost 10% (Figures 3A and 3B). By
contrast, training exacerbates the dystrophic phenotype in un-
treated FKRPP448L mice because VO2max was reduced by over
10%. This decline was prevented by A6.C8hF treatment because
the slight reduction in VO2max between tests of treated
FKRPP448L mice was not significant. Moreover, the degree of
ber 2023



Figure 2. Changes in forelimb and hindlimb grip strength over time

(A–F) Forelimb grip strength (A–C) and hindlimb force (D and E) ofWTmice and of mutant mice injectedwith saline (P448L), 1.5� 1013, or 1.5� 1014 vg/kg A6.C8hF. (A and D)

Forelimb grip strength over time. (B and E) Absolute force was normalized to body mass. (C and (F) Percent change from absolute force measurements at baseline. All mice

were 10 months old at baseline. Significant differences between treatment groups at a given time point are indicated by different letters, whereas shared letters indicate no

difference. P448L, untreated (mean +/- S.E.M., n = 4–5).

www.moleculartherapy.org
relative change between tests was highly significant among all three
groups (Figure 3B), clearly indicating the effect of impact training
and treatment. Changes in running distance and energy rate
(Figures 3D, 3F, and 3H) reflected a similar relationship because
impact training improved, impaired, or had no effect on WT
mice, untreated FKRPP448L, and treated FKRPP448L mice, respec-
tively. These results collectively suggest that, although high-dose
treatment with A6.C8hF may not restore exercise capacity and
cardiorespiratory function to WT levels, it prevents the deleterious
effects of impact training and improves striated muscle functional
efficiency.

Both FKRPP448L groups of mice ran shorter distances in the initial
tests while expending similar calories (Figures 3C and 3E). Although
this resulted in higher energy consumption rates, these differences
were not significantly different from WT mice (Figure 3G). The pro-
tective effect on exercise-induced impact was also reflected in energy
consumption rates. In fact, all three groups were significantly
different from one another in the final test, with untreated
FKRPP448L mice having the lowest VO2max and highest energy con-
sumption rate (Figures 3A and 3G). Treated FKRPP448L mice dis-
played values closer to those of WT animals. These data indicate
that FKRPP448L mice work harder to run shorter distances while
Molecular Th
consuming less oxygen. By contrast, treatment with A6.C8hF partially
restored these metrics and, thus, exercise capacity.

High-dose A6.C8hF partly ameliorates the dystrophic

respiratory pattern and endurance exercise capacity in

FKRPP448L mice

Several pathological markers for assessing exercise impact training
have been developed for dystrophic mice.27–30 In addition to histolog-
ical metrics, these include several exercise-induced markers in
FKRPP448L mice, such as variability in respiration (VO2cv), the respi-
ratory exchange ratio (RER, VCO2/VO2), energy expended, and the
accumulation of motivational shocks.29,30 In 4 of the 6 training ses-
sions, the VO2cv values for untreated FKRPP448L mice were higher
than those for WT mice, while the treated FKRPP448L animals dis-
played values that were either significantly lower than those of the un-
treated mice or not different from those of WT mice (Figure 4A). A
similar pattern was observed when comparing the overall differences
between groups, which were highly significant, and when assessing
differences in maximal RER values (Figure 4B).

No differences between groups were noted when assessing energy
expenditure (Figure 4C), although, by contrast, many differences
were noted in the accumulation of motivational shocks (Figure 4D).
erapy: Methods & Clinical Development Vol. 30 September 2023 69
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Figure 3. Energetics of exercise performance

WT andmutant mice were injected with saline (WT and P448L, respectively), the latter also with 1.5� 1014 vg/kg. After 12 weeks, VO2max tests were performed (initial) on all

mice, which then trained twice a week for 4 weeks followed by a final VO2max test. (A and B) VO2max values for each time point and the change from initial to final. (C and D)

Distance traveled before mice fatigued, failing to re-engage the treadmill, and the change from initial to final. (E–H) The total energy expended during tests was calculated

using indirect calorimetry (E and F) and normalized to the total distance traveled for each mouse to quantify the energy consumption rate (G and H). Significant differences are

represented by different letters, and shared letters indicate no difference. P448L, untreated (mean +/- S.E.M., n = 5–6).
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In fact, the number of shocks received by untreated FKRPP448L mice
was approximately 6-fold higher than for the WT in all training ses-
sions. However, treating FKRPP448L mice with A6.C8hF significantly
reduced these numbers by the third session. Although levels were never
restored to normal WT levels, they remained significantly below those
of untreated FKRPP448Lmice. Inordinate shock accumulation is a strik-
ing feature of FKRPP448L mice30 that could be related to a previously
documented Trendelenburg-like gait abnormality.30 Thus, these re-
sults suggest that A6.C8hF may partly restore many aspects of muscle
function and exercise performance that may even influence gait.

Mutant mice treated with A6.C8hF have decreased muscle

degeneration, improved fiber size distribution, and decreased

CK levels

After the final VO2max test, all mice were sacrificed and different
muscles were collected. Compared with untreated FKRPP448L mice,
treated FKRPP448L mice had larger skeletal muscle myofiber sizes
(Figures 5A–5C), fewer centrally nucleated myofibers, and fewer total
centrally located nuclei (Figures 5D and 5E), hallmarks of prior
rounds of muscle necrosis and regeneration. This was generally true
for all muscles tested, although the diaphragm displayed non-signif-
icant differences between treated and untreated mice. The most dra-
matic response to treatment was the nearly 5-fold reduction in serum
CK levels in treated vs. untreated mice (Figure 5F). These data
together suggest that A6.C8hF reduces exercise-induced muscle dam-
age that activates cycles of necrosis and regeneration that lead to skel-
etal muscle atrophy.
70 Molecular Therapy: Methods & Clinical Development Vol. 30 Septem
AAV injection leads to non-uniform FKRP expression in WT and

treated FKRPP448L mice

We performed immunofluorescence (IF) analysis of FKRP localiza-
tion in muscle cryosections using Ab607. We first examined the TA
and heart from mutant mice treated with 1.5 � 1014 vg/kg
A6.C8hF at 10 weeks post injection (Figure 6A). At this time point,
FKRP was widely expressed in both muscle types, albeit in a mosaic
pattern, consistent with previously reported results.10 FKRPP448L

mice were then administered higher doses of A68hF (1.5 � 1013

and 1.5� 1014 vg/kg) that increased grip strength and exercise capac-
ity (Figures 2, 3, 4, and 5), which is suggestive of sufficient FKRP
expression to partially rescue the disease phenotype (Figures 2, 3, 4,
and 5). While endogenous FKRP was difficult to detect in untreated
mice, more FKRP IF was observed in heart tissue from exercised vs.
sedentary mice (Figure 6B and data not shown). In contrast, treated
(sedentary) mice displayed robust expression of FKRP in a dose-
dependent manner. The effect of exercise is intriguing; while it has
been shown previously that FKRPP448L mutations can lead to a car-
diac phenotype,15 to our knowledge, exercise-induced FKRP expres-
sion has not been studied previously.

WT animals treated with AAV-FKRP vectors displayed normal

muscle physiology

To explore multiple approaches for delivering FKRP to skeletal mus-
cles and simultaneously monitor for toxic effects, we performed addi-
tional assays in WT mice injected with vectors made with AAV6,
AAV9, or AAVMYO1 capsids. These studies also provided a way
ber 2023



Figure 4. The effects of exercise impact training in the high-dose experiment

After an initial VO2max test, WT mice and FKRPP448L mice were injected with saline (P448L) or 1.5 � 1014 vg/kg A6.C8hF and then trained on respiratory treadmills twice a

week for 6 sessions. Mice ranwith submaximal effort at the same speed and for the same time while respiratory gas exchangewas continuouslymonitored. (A) The fluctuating

breathing pattern common to dystrophic mice was quantified by calculating the VO2 coefficient of variation (VO2cv). (B) Differences in maximum respiratory exchange ratio

(RER) with each session. (C) Total energy expended during each session was calculated using indirect calorimetry. (D) Electrical shocks were used to encourage mice to re-

engage the treadmill, and their quantification reflects this ability. In each panel, the numbers on the x axis represent specific training sessions, and different letters above the

histograms are used to signify significant differences between any two means (p < 0.05 unless otherwise indicated); shared letters indicate no difference. P448L, untreated

(mean +/- S.E.M., n = 5–6).
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to examine the effects of exogenous FKRP in muscle already express-
ing normal levels of the enzyme. In particular, one previous report
suggested that overexpression of FKRP could impair the formation
of a functional DGC.13 Our studies used AAV6, as above, but also
2 additional vector types. Gene therapy agents featuring AAV9 cap-
sids are commonly used in clinical trials for different neuromuscular
disorders,30 while the recently developed AAVMYO1 has been re-
ported to provide significantly enhanced muscle transduction.34 By
using AAV vectors pseudotyped with multiple capsids, including a
potent myotropic capsid (AAVMYO1), our results were not limited
to the effects of a single type of AAV capsid.

The first study consisted of WT mice injected with A6.C8hF at doses
of 4� 1013, 2� 1014, or 4� 1014 vg/kg to determine whether this vec-
tor caused an increase in susceptibility of muscles to contraction-
induced injury. These high doses were used in this preliminary safety
assessment because doses at or exceeding 1 � 1014 vg/kg have often
led to serious adverse events in patients with various neuromuscular
disorders.30–32,53,54 This is important because a high-dose AAV-
mediated FKRP therapeutic agent plus endogenous FKRP provides
the ability to maximize potential expression. Some of these mice un-
derwent gastrocnemius muscle physiology assays 5 weeks later, and
others were tested at 10 weeks. However, we did not observe any dele-
terious impact on mechanical properties at these doses (Figure S1).

Finally, the AAV9 and AAVMYO1 vectors were injected into WT
mice at doses of 6.4� 1012, 2� 1013, and 6.4� 1013 vg/kg. The latter
two cohorts of mice were analyzed for a variety of properties at 4, 6, 8,
10, 12, and 14 weeks post injection to evaluate effects on muscle phys-
iology (Figure 7). At 6, 10, and 14 weeks post injection, fatigue assays
were performed where mice ran on a treadmill at a speed of 10 m/s
with 1 m/s/minute increases (Figures 7A–7C). No differences were
detected between groups at each time point. Moreover, the absence
of differences in relative change within and between groups similarly
demonstrates an absence of detrimental effects on running fitness and
fatiguability following vector delivery. We also examined forelimb
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grip strength between 4, 8, and 12 weeks post injection. Although
mice treated with AAV9 displayed reduced force over time, there
were no differences between groups at any time point. In fact, all
the mice (treated and untreated) experienced a decrease in strength
between 10 and 14 weeks post injection, which typically occurs
when mice habituate to the grip strength assay.

Another commonly used assay in mouse muscle analysis is the ankle
plantar flexion assay, where ankle torque over 20 eccentric contrac-
tions is quantified using a high but physiologically relevant stimula-
tion frequency that elicits a maximal response. The assay is designed
to assess force generation in addition to fatigue caused by repeated
eccentric contractions. At all time points, torque declined to 50% of
starting baseline measurements, consistent with contraction-induced
fatigue (Figures 7G and 7H). However, no differences were detected
between any of the three groups at any time point. This includes po-
tential differences in torque at a given contraction as well as the rela-
tive change from baseline. These results further suggest that A9.C8hF
and AM.C8hF treatments at a dose of 6.4 � 1013 vg/kg did not
compromise muscle force generation or enhance fatiguability.

To identify potential adverse consequences of exogenous FKRP expres-
sion in cardiac and diaphragmmuscles, we used ultrasound imaging to
measure cardiac ejection fraction and fractional shortening as well as
diaphragm displacement. Ejection fraction measures the percentage
of blood leaving the left ventricle, while fractional shortening is a mea-
sure of the heart’s contractility; both are common indicators of cardiac
function. Diaphragm displacement is an indicator of respiratory func-
tion. No differences were detected between untreated and treated
groups, likely because of the small sample size (n = 3–4); however,
more data may highlight the increased injection fraction of
AM.C8hF over A9.C8hF and untreated mice (Figures 8A–8C). At
the experimental endpoint (18 weeks post injection), skeletal muscle
function was further assessed using a contraction-induced injury pro-
tocol on TA and diaphragm muscles. Here, muscles were stretched by
an additional 5% between contractions to measure specific force
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Figure 5. Morphological changes induced by FKRP delivery

10-month-old FKRPP448L mice were treated systemically with 1.5� 1014 vg/kg A6.C8hF and analyzed 4months later. (A–C) Fiber cross-sectional area (CSA) of the indicated

muscles parsed by fiber size groups: less than 3,000 mm, small; 3,001–7,000 mm,medium;more than 7,000 mm, large. (D and E) Fiber and nucleus counts per field in different

skeletal muscles (GAST, gastrocnemius; QUAD, quadriceps; DIA, diaphragm). (F) SerumCK levels in treatedmice. Significant differences are represented by different letters,

and shared letter indicates no difference. P448L, untreated (mean +/- S.E.M., n = 3–5).
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development and to examine the effects of contraction-induced injury
on force. As with the other functional assays, no differences were de-
tected between treated and untreated groups (Figures 8D and 8E).
These data complement those from previous tests and together reveal
no adverse consequences from exogenous FKRP overexpression in
skeletal or cardiac muscles using the assays shown (Figures 7 and 8).

DISCUSSION
This study demonstrated that A6.C8hF (carrying the FKRP cDNA
lacking UTRs) ameliorated pathophysiology associated with the
dystrophic phenotype in aged FKRPP448L mice. Moreover, it also
significantly minimized exercise-induced impacts on skeletal muscle
structure and function, with a treatment benefit proportional to the
dose of A6.C8hF administered and without obvious safety side effects.
One focus of our investigation was to develop a transgene with high
expression levels in striated muscles. Use of such a transgene can
enable studies of safety while facilitating therapeutic expression levels
at lower vector doses. It should be noted that safety and toxicity con-
cerns have been growing in the field, with adverse events from either
the vector or transgene being observed in a variety of high-dose,
neuromuscular disease AAV trials.55,56

RGQs are known to regulate gene expression and have been targeted
as a strategy to ameliorate or worsen genetic disease pathologies.40,57

We discovered that complete removal of the 50 and 30 UTRs led to
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increased gene expression (Figure 1). These data suggest the presence
of inhibitory regulatory sequences within the UTRs of FKRP, which
could provide a potential target for fine-tuning gene expression.
The occurrence of toxicity associated with gene overexpression has
sometimes been resolved by targeting UTRs,37,58 which continue to
be evolved for even more influence over protein production.59

Differences in the design of the various experiments in our study
prevent direct comparisons of many metrics. Nevertheless, we
can compare several differences between treated and untreated
FKRPP448L mice within individual experiments to gauge the relative
sensitivity to gene delivery. Overall, treatment had a clear beneficial
effect, and no adverse events were observed at any doses in either
WT or mutant mice. It should be noted that, while improvement
occurred in a dose-dependent manner, none of the functional metrics
were restored to WT levels using the doses tested. This was not unex-
pected because FKRP mutations in animal models and patients lead
to a degenerative disease that progressively develops and worsens
with age,60–62 compounding challenges to drug efficacy. Higher doses
or ancillary treatments to enhance muscle mass and strength may be
needed when degeneration is advanced.

Other FKRP gene therapy studies generally used young FKRPP448L

mice and reported many significant improvements in the structure
and function of skeletal and cardiac muscle.11,15 Only one study
ber 2023



Figure 6. staining reveals mosaic expression of exogenous FKRP

(A) TA and heart muscles from FKRPP448L mice treated with 1.5 � 1014 vg/kg of A6.C8hF were isolated 10 weeks post injection, and cryosections were prepared and

analyzed. Shown is immunostaining for FKRP (green); DAPI staining is shown in blue. (B) Cryosections from hearts of FKRPP448L mutant mice, comparing FKRP expression in

untreated mice following no exercise (sedentary, leftmost panels), and in untreated mice (active) and treated mice that were exercised, all at 16 weeks post injection. Treated

mice received an intravenous injection with a high (1.5� 1014 vg/kg) or low (1.5� 1013 vg/kg) dose of A6.C8hF and were exercised. Shown is immunostaining for FKRP (red)

and laminin (green); DAPI staining is shown in blue.
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used an exercise paradigm to assess therapeutic efficacy in FKRPP448L

mice.18 While that study did not incorporate respiratory measures or
impact training, a variety of age groups was tested, including aged
39-week-old mice treated for 12 weeks. Those treated FKRPP448L

mice displayed increased fatigue resistance, running time, and
maximal speed in all age groups, although the differences reported
were not statistically significant. Regardless, that trend is consistent
Molecular Th
with the current study and further suggests that systemic FKRP
gene therapy can enhance exercise capacity even in aged
FKRPP448L mice.

Demonstrating that our therapeutic agent can improve exercise ca-
pacity is especially meaningful because the metrics measured are
largely dependent on cardiac rather than skeletal muscle function.
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Figure 7. Whole-body and isolated limb physiology of WT mice treated with AAV-hFKRP

(A) Distance run on a treadmill by mice injected with either saline (WT) or 6.4� 1013 vg/kg of A9.C8hF or AM.C8hF. (B) Distance run normalized to mouse weight. (C) Percent

distance changed relative to previous absolute distancemeasured. (D) Forelimb grip strength. (E) Forelimb grip strength normalized tomouse weight. (F) Percent forelimb grip

strength changed relative to absolute grip strength. (G–I) Repeated cycles of plantar flexion eccentric contraction-induced injury (20�) in the right hindlimb of mice at 4, 8, and

12 weeks post injection, measured by hindlimb torque. The limb was stimulated with 10 mA at a frequency of 100 Hz for 0.4 s with a 9-s rest interval between contractions.

Significant differences are represented by different letters, and shared letter indicate no difference. WT, untreated (mean +/- S.E.M., n = 3–4).
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Thus, the improved performance in VO2max tests suggests that car-
diac function is specifically enhanced (Figure 3). These results are
complemented by others16 that demonstrate that FKRP delivery to
mutant mice can improve some aspects of cardiac contractility in
stress tests. Left ventricle dysfunction has been described in
FKRPP448L mice30 and often occurs in human subjects with
LGMDR9. Moreover, cardiac and respiratory impairment directly
contribute to mortality in many individuals with different FKRP
mutations and are predictors of long-term survival. It is not unrea-
sonable, therefore, to presume that systemic FKRP gene therapy
could ameliorate the primary cause of mortality in LGMDR9
patients.

Our AAV vector also protected FKRPP448L mice from many degen-
erative effects of impact training. This included changes to muscle
structure, serum CK levels, and exercise capacity (Figure 5). Impact
74 Molecular Therapy: Methods & Clinical Development Vol. 30 Septem
training is known to accelerate and exacerbate muscle degeneration
in dystrophic mice and is considered an advanced stressor.63 The
fact that A6.C8hF protected aged FKRPP448L mice from impact
training is significant and suggests that treatment overcame the
accumulated effects of age, as indicated by improved functional
metrics before initiating training as well as the damage from
repeated exercise, as indicated by the improved functional metrics
during the training sessions and by the histological metrics. Differ-
ences in cross-sectional area and central nucleation between treated
and untreated FKRPP448L mice were more apparent in TA and
quadriceps muscles than in the gastrocnemius or diaphragm. The
former two muscles have a higher type II fiber composition than
the latter mixed-fiber type muscles. This result suggests that
FKRP gene therapy may be especially effective in stabilizing pre-
dominantly fast-twitch muscles that are more affected in different
muscular dystrophies.64,65
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Figure 8. Cardiac hemodynamics and skeletal muscle mechanics following AAV delivery to WT mice

Mice were left untreated or injected with 6.4� 1013 vg/kg A9.C8hF or AM.C8hF. (A–C) Ultrasound imaging of heart and diaphragm function at 6 and 12 weeks post injection.

(D and E) Force:length relationship of TA and diaphragm muscles from same mice at 18 weeks post injection. Muscles are stretched end to end, and optimal length is

determined at maximum isomeric twitch force (materials and methods). No differences were detected in these data. WT, untreated (mean +/- S.E.M., n = 3–4).
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Safety assessment with exogenous FKRP expression

While studies here and by others show improved phenotypic outcome
from AAV-FKRP delivery, we also explored the effects in WTmice to
monitor potential adverse events from exogenous FKRP expression
above normal muscle expression. These exogenous expression levels
were augmented using a strong, muscle-specific regulatory cassette
(CK8e), removal of UTRs from the FKRP cDNA, and the of myo-
tropic AAV capsids, especially AAVMYO1. The AAVMYO1 capsid
in particular is one of a new class of potent muscle-targeting capsids
and may allow lower doses to be used in clinical trials.33–35 Three
doses of 4� 1013, 2� 1014, and 4� 1014 vg/kg of A6.C8hF indicated
that treatedWTmice continued to gain strength, did not fatiguemore
rapidly, and showed no detrimental effects on mechanical properties
(Figure S1). We also performed a longer study with WT mice left un-
treated or injected with A9.C8hF and AM.C8hF. These groups of
mice showed no significant differences in distance run, forelimb
grip strength, or TA, diaphragm muscle, or hindlimb eccentric
contraction-induced fatigue over time, nor were these measurements
significantly different between groups (Figure 7). In these studies,
treated and untreated mice also showed no change in ejection frac-
tion, fractional shortening, or diaphragm displacement over time
(Figure 8). Overall, our data support the safety of A6.Ch8F,
Molecular Th
A9.C8hF, and AM.Ch8F as gene therapies for LGMDR9 because
our assays show that none of these treatments led to adverse effects
on WT mouse physiology. These results demonstrate that expression
from the vectors used was not deleterious to muscle function and was
able to ameliorate disease pathology in mutant mice.

Conclusions and future directions

Our studies further support the feasibility of gene therapy for disor-
ders resulting from FKRP mutations. Like previous studies, we
observed an overall significant amelioration of disease phenotype in
adult FKRPP448L mice.11,12,18 Further, we did not observe any obvious
detrimental effects from expression of FKRP using a variety of AAV
vectors at different doses in WT mice. A potential G-quadruplex in
the 50 UTRmay serve to limit expression, although we did not dissect
individual bases in the 50 or 30 UTRs of the FKRPmRNA that mediate
this effect. The difficulty encountered by many labs in detecting
endogenous FKRP expression suggests that extremely low levels of
the enzyme are all that is needed for normal glycosylation of a-DG.
It is possible that inhibitory UTR sequences may serve a role in
limiting overexpression during normal muscle activity, although
further studies would be needed to clarify this issue. Importantly,
the safety of this therapeutic agent observed in our studies supports
erapy: Methods & Clinical Development Vol. 30 September 2023 75
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continued advancement of methods for gene therapy to treat patients
carrying mutations in the FKRP gene.

MATERIALS AND METHODS
Animals

All animal experiments were approved by the Institutional Animal
Care and Use Committee of the University of Washington or Wash-
ington State University. For the FKRPP448L mutant experiments, mice
were obtained from the Lu lab15 and maintained by the Rodgers lab at
Washington State University. The studies using FKRPP448L mice
began when the mice were 10 months old. The other mouse studies
were performed in C57BL6 WT male mice aged 6–35 weeks at age
of injection.

Plasmid construction and vector production

The coding region of mouse Fkrp was PCR amplified (forward
primer, 50 TTGTTAACATGCGGCTCACCC-30; reverse primer, 50

TACCGGTTCAACCGCCTGTC-30) from mouse muscle cDNA.
The resulting DNA fragment was digested with HpaI and AgeI and
ligated into an AAV backbone vector containing a muscle-specific
CK8e promoter and synthetic poly(A) tail as described previously.41

Briefly, a custom AAV transfer plasmid containing the previously
described muscle-specific CK8e regulator cassette,41–47 a 1,482-bp
cDNA expression construct for native mouse Fkrp mRNA (NCBI
CCDS20853.1), a synthetic poly(A) signal,41 and flanking AAV sero-
type 2 inverted terminal repeats was constructed using standard re-
combinant methodology. The resulting plasmid, pAAV-CK8e-
FKRP, was then used to co-transfect HEK293 cells along with
the pDGM6 helper plasmid to generate the AAV6 vector as previ-
ously described.66 For the AAV9 (pA9.C8hF) and AAVMYO1
(AM.C8hF) vectors, the human FKRP cDNA was PCR amplified
and cloned into pAAV-Ck8e-FKRP in place of the mouse cDNA.
These latter vector preparations were produced and purified by Forge
Biologics (Grove City, OH, USA).

Antibody production and purification

Rabbit polyclonal antiserum was generated against a peptide near
the C terminus of the FKRP sequence that was identical in the
mouse and human proteins (as a fusion with KLH: KLH-C-
APNNYRRFLELKFGPGVIENPQYPNP) by Covance (Denver, PA,
USA). Affinity purification was performed using a maltose-binding
protein fusion of the antigenic peptide on MBPTrap HP columns
(GE Healthcare) and coupled to Ultralink Biosupport polyacrylamide
resin (Thermo Scientific) according to the manufacturer’s instruc-
tions. The FKRP-C antibody (named Ab607) was affinity purified
by HPLC through MBP-FKRP coupled beads and stored in BSA
and NaN3.

Cell culture

Mouse C2C12 cells were plated at�80% confluence on gelatin-coated
6-well plates with standard growth medium (DMEM, 20% fetal
bovine serum [FBS], and 1% penicillin-streptomycin [P/S]) over-
night, then washed three times with 1� saline G prior to infection
with rAAV6-CK8-mFKRP. Vectors were diluted to the desired con-
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centrations in differentiation medium (DMEM, 2% HS, and 1%
P/S). Cells in each well were incubated with 0.5 mL of diluted virus
at 37�C for �2 h, brought to a final volume of 2 mL with differenti-
ation medium, and incubated overnight prior to refeeding with fresh
differentiation medium. Western blot analysis was performed on day
3 post differentiation to determine FKRP expression.

Gene delivery

Mice were randomly assigned to groups prior to treatment. They were
then anesthetized by an intraperitoneal injection of 0.25 mg/g 2,2,2-
tribromoethanol or isoflurane and subsequently injected retro-orbi-
tally (RO) (150 mL at doses of 1.5 � 1013, 4 � 1013, 1.5 � 1014,
2 � 1014, or 4 � 1014 vg/kg), intramuscularly (30 mL at doses of
1 � 1010 and 1 � 1011 vg), or intravenously via the tail vein
(150 mL at a dose of 6.4 � 1013 vg/kg).

Western blot analysis

Frozen muscles were ground to fine powder and proteins extracted in
1� Laemmli buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 10% glyc-
erol, and protease inhibitor [Roche]). Lysates were centrifuged at
10,000 � g for 10 min at 4�C, and supernatants were transferred to
fresh tubes. Total protein concentration was determined by BCA
assay (Pierce). Prior to loading, 50 mMDTT and 0.01% bromophenol
blue were added to samples and heated at 94�C for 4 min. For each
sample, 20 mg of total protein was separated on 4%–12% SDS-
PAGE (Life Technologies), transferred to polyvinylidene fluoride
(PVDF) membranes (GE Healthcare), and blocked (5% skim milk,
1� PBS and 0.1% Tween 20) for 1 h at room temperature. Blots
were probed with Ab607 (1:2,000) overnight at 4�C, washed in 1�
PBS-Tween, incubated with horseradish peroxidase (HRP) rabbit sec-
ondary antibody (1:20,000, Pierce), and developed with enhanced
chemiluminescence (ECL) reagents (GE Healthcare).

Physiology

Grip strength

Fore- and hindlimb grip strength of mutant mice and controls was
measured using a grip strength meter (Columbus Instruments, Co-
lumbus, OH, USA). Forelimb assays used the T bar or the wire
mesh attachment, while hindlimb assays used only the wire mesh
attachment. For each mouse, measurements were replicated 5 times
in each session with at least 1min rest betweenmeasurements because
this ensures accuracy, reduces variability, and prevents habituation.
Means were then calculated for each mouse at each time point, and
these values were then used to create means for each group.

Treadmill acclimation and forced exercise protocol design for

mutant mice

We utilized a four-lane Oxymax FAST modular treadmill system
equipped with shock monitors (Columbus Instruments) to measure
exercise capacity and respiration during forced exercise of the mutant
mice. The motivational shock units were set at level 2.5, providing 0.65
mA of constant current for 200 ms at a frequency of 1 Hz, and fresh air
was pumped into the treadmill chamber at a rate of 0.6 L/min. Accli-
mation runs were performed by placing mice on stationary treadmills
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for 5 min with the shock unit engaged. The treadmill was then set at a
speed of 5 m/min, and mice walked for 5 additional minutes. This pro-
cess was repeated for three consecutive days or until mice received 3 or
fewer shocks while walking. Exercise training is an excellent means to
assess disease pathophysiology in dystrophic mice and is often used to
exacerbate the dystrophic phenotype.27–30 Mutant mice injected with
the high dose were trained on a treadmill to assess exercise-induced
impact on the dystrophic phenotype. Initial VO2max tests were per-
formed on high-dose mice 3 months post injection and were followed
by 6 training sessions over a month, 2 sessions/week, and then a final
VO2max test. This protocol was recently customized for FKRPP448L

mice30 and is similar to a protocol we established previously for mdx
mice.29 Briefly, VO2max tests began with mice acclimating on a sta-
tionary treadmill for 5 min. Treadmill speed then increased at rates
of 5, 9, 12, and 15 m/min for 5 min at each speed. The speed was
then increased 1.8 m/min every 2 min until mice reached exhaustion,
as indicated by their failure to re-engage the treadmill for 10 s, after
which the shock units were turned off. A VO2max value for each
mouse was identified by a rapid increase in the RER approaching 1.1
in combination with a peak VO₂ (mL/kg/h), and caloric expenditure
was calculated using indirect calorimetry as described previ-
ously.29,67,68 Mice trained on a 0� incline that began with a 5-min sta-
tionary phase followed by 2 min at 5 m/min, 8 min at 8 m/min, and
finally 25 min at 12 m/min.

Muscle histology and serum CK assays

TA, gastrocnemius, quadriceps, and diaphragm skeletal muscles as
well as the heart were collected from mutant mice and flash frozen
in �140�C isopentane. Skeletal muscles were then sectioned at
10 mm on a cryostat, fixed for 10 min in 4% paraformaldehyde, and
stained using hematoxylin and eosin. Each slide contained 8–10 sec-
tions based onmuscle size, and stained slides were imaged using a Ni-
kon Eclipse Ti and a 20� lens. At least 5 images were collected for
each individual muscle. Histological analyses were performed using
Adobe Photoshop (Adobe, San Jose, CA, USA) to count all muscle fi-
bers and all muscle cell nuclei in each image, while cross-sectional
area was determined using ImageJ (NIH, Bethesda, MD, USA). To
measure serum CK, blood was removed via cardiac puncture, and
serum was collected by centrifugation at 10,000 rpm for 10 min.
The colorimetric Serum Creatine Kinase Assay Kit (Abcam, Cam-
bridge, MA, USA) was then used with a spectrophotometer to record
enzymatic activity following the manufacturer’s instructions.

Gastrocnemius force

As shown in Figure S1, muscle physiology was determined as
described previously for WT gastrocnemius muscles.69 WT mice
treated ROwith high doses of A6.C8hFwere examined 5 and 10weeks
post treatment. Untreated age-matched mice were also examined as
controls.

Treadmill fatigue analysis for WT mice

WT mice were acclimated to the treadmill (motorized Exer-3/6
shocker for mice and rats, Columbus Instruments) for 5 min at
10 m/s before each run. The speed was then increased at 1 m/s every
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minute until voluntary stoppage, which is when amouse reacts to grid
five times or spends a maximum 5 s sitting on the electrical grid at
setting (0.7 mA, 200 ms/shock). This test was performed at 6, 10,
and 14 weeks post injection.

Ankle torque plantar flexion

WT mice were anesthetized with isoflurane, and the lower right hin-
dlimb was shaved. Mice were placed on a heated platform (37�C), and
the foot of the mouse was attached to the lever of the servomotor
(model 305; Aurora Scientific, Richmond Hill, ON, Canada) with
the ankle joint at a 90� angle. Needle electrodes were inserted near
the sciatic nerve and into the quadriceps of the right hindlimb to be
stimulated at 10mA. After initial measurements of maximum isomet-
ric twitch force and point of maximum tension were recorded, we per-
formed a protocol consisting of 20 eccentric contractions at 100 Hz.
The muscles were stimulated for 0.4 s per contraction, with 9-s rest
intervals between measurements. The signal output of the force trans-
ducer was displayed on a storage oscilloscope (TektronixModel 5111)
coupled to a microcomputer used for data acquisition and storage.
This test was performed on mice treated with A9.C8hF or
AM.C8hF at 4, 8, and 12 weeks post injection.

Ultrasonography

Echocardiograms were performed on WT mice by the University of
Washington Center for Translational Muscle Research core. Echocar-
diography was conducted with the Vevo 3100 high-frequency, high-
resolution digital imaging system (VisualSonics). The mice were
slightly anesthetized with 1%–1.5% isoflurane in oxygen. The para-
sternal short axis view at the mid-papillary level was used to obtain
M-mode images for analysis of fractional shortening, ejection frac-
tion, and other cardiac function parameters. Diastolic function was
assessed by measurement of trans-mitral flow parameters from an
apical 4-chamber view with pulsed-wave Doppler. Tissue Doppler
imaging was performed by placing a sample volume at the septal
corner of the mitral annulus. Mice were anesthetized by isoflurane
and taped to a warmed platform (37�C). This test was performed at
6 and 12 weeks post injection.

TA force frequency

Prior to operative procedures, WT animals were anesthetized with
isoflurane in an induction chamber and maintained under anesthesia
using a nose cone during the procedure. A small incision to expose the
distal tendon of the TA muscle was made. The intact tendon was tied
to the lever arm of a servomotor (model 305-B, Aurora Scientific).
The hindlimb was stabilized by pinning the knee and securing the
foot to a heated platform (37�C). Needle electrodes were inserted
on either side of the sciatic nerve. Stimulation voltage and muscle
length were adjusted for maximum isomeric twitch force, and the
optimal TA length was determined (L0). Tetanic twitch force was
then measured at increasing stretch of L0: 0%, 5%, 10%, 15%, 20%,
25%, 30%, 35%, 40%, and 45%. The signal output of the force trans-
ducer was displayed on a storage oscilloscope (Tektronix model 5111)
coupled to a microcomputer used for data acquisition and storage.
Following the measurements of power, the muscle was isolated and
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removed from the animal. The anesthetized animals were euthanized,
and tissues were collected for histology and analysis.

Diaphragm force frequency

The diaphragm strip measurement began with whole-tissue removal
while themouse was under anesthesia. In a dissection bath (136.5 mM
NaCl, 5 mM KCl, 1.8 mM CaCl2, 0.5 mMMgCl2, 0.4 mM NaH2PO4,
and 11.9 mM NaHCO3), sutures were tied around both ends of a
small strip cut along the myofibers of the diaphragm. The strip was
placed in a bath (121 mM NaCl, 5 mM KCl, 1.8 mM CaCl2,
0.5 mM MgCl2, 0.4 mM NaH2PO4, 24 mM NaHCO3, and 5.5 mM
glucose), and the sutures were tied to the servomotor (model
300-C, Aurora Scientific) and force transducer. A similar procedure
as for the TA muscle strength assay was used, with the stimulation
voltage and then muscle length adjusted for maximum isomeric
twitch force, and the TA length was measured (L0). Tetanus (the
point at which maximum tension is generated) was measured at
increasing stretch of L0: 0%, 5%, 10%, 15%, 20%, 25%, 30%, 35%,
40%, and 45%. The signal output of the force transducer was dis-
played on a storage oscilloscope (Tektronix model 5111) coupled to
a microcomputer used for data acquisition and storage.

Tissue collection and immunohistochemistry

At termination of the mice, the TA and heart were collected. Half of
each muscle was positioned on OTC compound embedding medium
for cryosectioning, while the other half plus the bilateral muscle of
limbs were flash frozen in liquid nitrogen. The previously character-
ized mouse FKRP antiserum was used to visualize FKRP overexpres-
sion in cardiac and skeletal muscle cryosections.45 Transverse and
longitudinal 10-mm muscle sections were blocked in AffiniPure Fab
fragment goat anti-mouse immunoglobulin G (IgG; 1:25 dilution,
Jackson ImmunoResearch) diluted in 2% BSA for 1 h to prevent
cross-reaction with endogenous mouse antibodies. Samples were
washed in 1� PBS and incubated in primary antibodies at room tem-
perature for 2 h. In addition to incubation with FKRP-C (1:200), sam-
ples were co-stained with organelle markers (BD Biosciences):
GM130 (1:500), BiP/GRP78 (1:200), Bcl-2 (1:200), and EEA1
(1:250). Sections were washed in 1� PBS and re-blocked in 2%
BSA for 10 min prior to secondary incubation with Alexa Fluor 488
goat anti-rabbit IgG (1:500, Molecular Probes) and Alexa Fluor 594
goat anti-mouse IgG1 or IgG2A (1:200, Molecular Probes). Samples
were washed with 1� PBS prior to mounting with Fluoromount G
(Southern Biotech).

Statistical analysis

Data are presented as means ± SEM, and statistical comparisons of
non-parametric data points were made using Prism (GraphPad, La
Jolla, CA, USA). Significant differences (p % 0.05 unless otherwise
noted) were determined using a Student’s t test or with a 1- or
2-way analysis of variance coupled to Tukey’s post-hoc test for mul-
tiple mean comparisons. Significant differences are represented by
different letters, and a shared letter indicates no difference. For
example, three data points labeled a, ab, and b represent a significant
difference between a and b because different letters indicate signifi-
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cance. There is no difference between a and ab or ab and b because
they share letters.
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