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ABSTRACT

Duchenne Muscular Dystrophy (DMD) results from the absence of a functional dystrophin protein.
Among its possible therapeutic options is the upregulation of dystrophin’s autosomal analogue,
utrophin A. This can be achieved by a pharmacologically induced shift towards a slower, more
oxidative skeletal muscle phenotype, which has been shown to confer morphological and
functional improvements on models of DMD. Whether these improvements are a result of the
utrophin A upregulation or other beneficial adaptations associated with the slow, oxidative
phenotype, such as improved autophagy, has not been determined. To understand the importance
of utrophin A to the therapeutic value of the slow, oxidative phenotype, we used the
utrophin/dystrophin double knockout (dKO) model of DMD. We found the dKO mouse to have a
similar skeletal muscle signaling capacity and phenotype to mdx mice. When treated with the
adenosine monophosphate activated protein kinase (AMPK) agonist 5-aminoimidazole-4-
carboxamide-1-B-D-ribofuranoside (AICAR), both dKO and mdx mice expressed a shift towards
a slower, more oxidative phenotype. In the mdx mice, this shift caused improvements in muscle
fiber central nucleation, IgM penetration, damage from eccentric contractions, and forelimb grip
strength. These morphological and functional benefits were not seen in the AICAR treated dKO
mice. This study highlights the importance of utrophin A upregulation to the benefits of the slow,
oxidative myogenic program to dystrophic mice. It confirms utrophin A as a therapeutic target in
DMD and the slow, oxidative myogenic program as clinically relevant avenue towards treatment

of the disease.
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1: INTRODUCTION

Muscular dystrophies are inherited progressive muscle wasting disorders whose pathology
also includes varying muscle weakness. The most common of these disorders is Duchenne
muscular dystrophy (DMD), which affects 1 in 3500 new born males (114). DMD was first
described by the English physician Edward Meryon in 1851, but was named after French
neurologist Guillaume Duchenne, who gave a comprehensive account of the disease in the
following decade (114). Dr. Meryon described the basic symptoms of the disease and demonstrated
that it is familial, only affects boys, and that it is not a result of abnormalitites of the spinal cord,

indicating that it is myogenic (114,115).

1.1 DMD is a devastating disease caused by the absence of a functional dystrophin protein

DMD manifests in early childhood, beginning with symptoms like difficulty running and
climbing stairs at 3-5 years of age. The children display the Gower’s maneuver, having to climb
up on and push on their thighs to stand up due to weakness in their knee and hip extensors.
Pseudohypertrophy is also common, as patients have enlarged calves like in other forms of
muscular dystrophy. Weakening of muscles progressively worsens, and is mostly seen proximally.
The muscle wasting results in wheelchair dependence by the early teens and cardiopulmonary
complications arise by the early 20s, usually resulting in death within a few years (116). Mental
impairment is also a common manifestation of DMD, with around one fifth of affected boys having

IQ scores below 70 (117).



In addition to detailing the symptoms above, Edward Meryon importantly noted, through
his histological studies, that the muscle membrane (sarcolemma) of DMD patients was often
damaged. This observation was particularly important since we now know that DMD is caused by
mutations in the gene that encodes dystrophin, a large and vital protein found on the cytoplasmic
face of the sarcolemma (118,119). The dystrophin gene is found on the X-chromosome, at the
Xp21 locus (116). Dystrophin is a 427 kDa protein and has four domains: the N-terminal, the rod
domain, the cysteine-rich domain, and the C-terminal (120). In skeletal muscles, dystrophin is
found at the cytoplasmic face of the sarcolemms, where it binds to cytoskeletal filamentous (F)-
actin via its N-terminus and part of its rod domain, and to an important group of proteins called
the dystrophin associated protein complex (DAPC) via its cysteine rich domain and c-terminal
domain (121). The various DMD mutations cause the production of a non-functional dystrophin

protein, which disperses the DAPC and leads to dystrophy (116).

1.2 Dystrophin and the DAPC play important roles in muscle fibers

The DAPC is made of three multiprotein complexes (123). The dystroglycan complex
binds dystrophin at the cytoplasmic face of the sarcolemma and crosses the membrane to bind
laminin in the extracellular matrix. Making up the core of DAPC, the dystroglycan complex is
made of a and B dystroglycan, and is indispensable for survival as its deletion in mice is embryonic
lethal (122). The sarcoglycan complex consists of four transmembrane glycoproteins (0—o
sarcoglycan) and sarcospan. While only one of the sarcoglycans binds directly to dystrophin,

abolishing any one of them causes the rest to dissociate from the sarcolemma, and that causes the



limb girdle dystrophies (124,125). Sarcospan is a 25 kDa transmembrane protein whose absence
from the DAPC has yet to be linked to any dystrophies in humans or animal models (126,127).

The last major complex of the DAPC contains the syntrophins and dystrobrevin. The
syntrophins may serve to recruit signalling proteins to the sarcolemma and DAPC, as they show
binding interactions with skeletal muscle sodium channels, neuronal nitric oxide synthase (nNOS)
and other proteins, but no disease has been linked to syntrophin mutations other than the
downregulation of nNNOS in their absence (119,128,129). Loss of dystrobrevin, on the other hand,
results in a DMD-like phenotype in mice (130). This is thought to be because dystrobrevin
mediates a link between the DAPC and desmin intermediate filaments, so the loss of that link
contributes to dystrophy (130). Besides these major complexes, there are other members of the
DAPC such as nNOS, which is important in regulating local blood flow to match muscle metabolic
load during contraction. nNOS is thought to counter the vasoconstrictive response of the muscle,
especially during exercise (131,132). Perhaps it is not surprising, then, that DMD patients show
abnormal blood vessel constriction and ischemic stress has been linked to their muscle
degeneration (133).

Judging by these defects associated with the loss of members of the DAPC, it is obvious
that this complex plays an important role in myofibers. In fact, dystrophin and the DAPC have
been hypothesized to play a dual role, protecting the sarcolemma from contraction induced stress,
and contributing to muscle signaling pathways. Through the dystrophin-dystroglycan bonds, the
DAPC forms a mechanically strong link between the sarcolemma, the internal cytoskeleton, and
the extra cellular matrix (134). Since dystrophin has multiple spectrin repeats in its rod domain, it
has been proposed to dampen or resist the mechanical strain imposed on the sarcolemma by

repeated contraction and relaxation (135,136). The dystrophin-DAPC link between the



sarcolemma and the cytoskeleton has been compared to the spectrin network, which supports the
cell membrane of red blood cells (137). This view is further supported by the links found between
the DAPC and desmin intermediate filaments through syncoilin and dysbindin and by transgenic
studies which verify the importance of the physical link between actin, the sarcolemma, and the
extracellular matrix (138,139). However, the role of the DAPC and dystrophin goes beyond
structural support, as newer evidence suggests they play a significant role in signal
transduction (119). Members of the DAPC are expressed in almost all tissues, suggesting they play
at least some universal, non-muscle specific functions (119). Altered cell signaling has been
reported in C. elegans, when mutations in genes homologous to dystrophin and dystrobrevin are
induced (140). In addition, there is a large and growing list of signaling molecules that have been
shown to associate with the DAPC, such as mitogen activated protein kinase (MAPK), G proteins,
G protein coupled receptors, and ion channels (141). Finally, the similarities of the complex to the
integrin and caveolin-3 protein complexes also supports the role of the DAPC in signaling, since
these complexes are known to be involved in signaling and cause muscular dystrophies when

mutated (142,143).
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Figure 1.1: The interactions of dystrophin with members of the dystrophin-associated protein
complex (DAPC) in healthy adult skeletal muscle fibers.

Through its association with the DAPC, dystrophin provides a structural link between intracellular
actin and the extracellular matrix, supporting the sarcolemma and protecting it from contraction
induced damage. Dystrophin also helps recruit important signaling molecules, like nNOS, to the
DAPC. Interactions of dystrophin with the DAPC in healthy adult skeletal muscle are shown.



1.3 Loss of dystrophin and the DAPC leads to muscle degeneration

The absence of dystrophin and the DAPC in DMD renders the sarcolemma susceptible to
physical damage, which only increases as the organism’s size, the load on its muscles, as well as
their force generation increases (144). The resulting damage to the unprotected sarcolemma allows
unregulated influx of Ca?* ions into the sarcoplasm (148). This has been shown to have toxic and
damaging effects on the muscles as Ca?* influences mitochondrial genes involved in apoptosis and
activates calcium-dependent proteases (145,146). Stresses such as this cause the muscle fibers of
DMD patients to continuously degenerate and regenerate, until the regenerative capacity of the
muscles is exhausted, exposing them to fibrosis, the replacement of muscle tissue by fibrotic
proteins such as collagen (147). This fibrosis is thought to play an important role in the progression
of DMD (109). The lack of dystrophin, which inhibits the localization of the syntrophins to the
sarcolemma, results in the downregulation nNOS (149). The absence of nNOS causes
dysregulation of blood flow and results in functional ischemia (150). In addition, the absence of
dystrophin has been suggested to result in downregulation of members of the non-specific
serine/threonine-protein kinase family, Akt, which normally inhibits E3 ubiquitin ligases involved
in muscle atrophy (151). These deleterious changes, among others, are believed to cause the
muscle wasting that is the hallmark of DMD, and they have been characterized, at least in part,

through the popular mdx mouse model of DMD.



1.4 The mdx mouse is an important animal model of DMD

The mdx mouse has been used extensively to help characterize DMD and search for
potential therapies. The mdx mouse cannot produce a functional dystrophin protein because of a
similar genetic disorder to the one found in humans (153,154). However, the resultant
myopathology is much less severe compared to what is seen in humans, possibly due to improved
muscle regeneration compared to humans or enhanced expression of a dystrophin analogue, which
we will discuss later (176,177). Histologically, mdx mouse muscles appear normal until 3 weeks
of age, when muscle necrosis develops and muscle weakness is observed. The mice display
elevated serum creatine kinase and pyruvate kinase levels, and accumulation of macrophages in
skeletal muscles, indicating muscle degeneration. In response to this degeneration and necrosis,
muscle satellite cells activate a regenerative response and result in hypertrophy, just like what is
seen in some human muscles. Regenerating fibers are easily identified by having a small diameter
and central nucleation (152). As it would be expected, the muscles of the mdx mice are also more

susceptible to activity induced injury (24).



1.5 There is no cure for DMD, but multiple therapeutic options are being researched

Despite the relative prevalence and the detailed characterization of DMD and its causes in
human patients and animal models, there remains no cure or effective treatment for the disease.
The main therapy currently is the use of glucocorticoids (GCs), including prednisone,
prednisolone, and deflazacort, for symptom management. These treatments slow the decline in
muscle strength and pulmonary function, prolong patients’ ability to move, and delay the onset of
cardiomyopathy and scoliosis (155,156). However, GCs have many deleterious side effects,
including obesity, immune suppression, bone demineralization, and behavioral changes. They also
do little more than slow down the inevitable collapse of patients. As a result, several other
therapeutic options for DMD are actively being researched. These approaches include exon-

skipping, stop codon readthrough, cell therapy, and viral vector-mediated gene delivery (157-159).

Exon skipping is an RNA-based therapy that uses antisense oligonucleotides (AONSs) that
are carried into the cell using a range of different chemical backbones (183). Antisense
oligonucleotides alter splicing either by sterically blocking splice enhancer sequences or by
altering secondary mRNA structure folding. Some of the AONSs used include peptide nucleic acids
like 2’-O-methyl-phosphorothiate-AONSs, phosphorodiamidate morpholino oligomer (PMO) and
cell-penetrating peptide-conjugated PMO (PPMO) (78). This technique has been used to relieve
the DMD pathology in multiple mouse models of DMD (161,162). The most popular exon
skipping target is exon 51, which is the location of the most common DMD mutation. Several
clinical trials that target exon 51 with various AONs are ongoing and are at different stages

(184,185). Though it is a promising technique which could target up to 83% of DMD patients with

8



deletions, there are still challenges like poor cellular uptake of AONs and their rapid clearing from
circulation, in addition to variable efficiency of the technique in different muscles (168). Other
hurdles include the need of very high dosages of AONSs for effective treatment, which makes this
an unrealistic therapeutic options for most DMD patients due to costs. However, there is research
into developing PPMOs that can be used at low doses (186,187). A drawback that will always
remain with exon skipping is that it can only target certain patients of DMD, and that specific AON
sequences need to be developed and applied for each individual exon that needs to be skipped

(160-162).

Stop codon readthrough is a technique that relies on interfering with the ability of the
ribosome to recognize premature stop signals, which are the result of non-sense mutations in the
dytrophin gene (163). This can be done through the use of aminoglycoside antibiotics, such as
gentamicin, a trial of which lead to a significant increase in dystrophin expression and reduced
damage in DMD patients’ muscles. The use of gentamicin, though, is faced by hurdles such as its
lack of potency and the toxic effects it caused in one of the patients (164). Another option to induce
read through of premature stop codons is PTC124. Treatment of mdx mice with this synthetic drug
resulted in a significant increase in dystrophin protein expression and a reduction of the DMD
pathology (164). However, as with the exon skipping technique, stop codon read through can only
be used to treat patients a specific subset of DMD patients, those with a non-sense mutation, who

represent about 13% of the total number of DMD patients (78).

Cell therapy is based on delivering myoblasts or other stem cells to damaged muscles to
regenerate them. Myaoblasts are muscle precursor cells. They can differentiate to form myofibers,
and can be derived from healthy host muscles to be grown in culture and transplanted into the

muscles of DMD patients (78). This results in gene complementation, with the muscles that receive

9



myoblast transplantation expressing genes from both the host and the donor (188). This technique
has provided positive results in animal models of DMD, significantly increasing dystrophin
expression and ameliorating the DMD pathology in mdx mice, but these results could not be
transferred to humans (189-191). The lack of efficacy of this technique in humans can be a result
of the patients” immune response to the transplanted cells and the dystrophin they express, in
addition to an insufficient number of cells being transplanted or insufficient distribution of these
cells (192-194). Transplantation of tissue splice grafts has been shown to be more effective than
transplantion of cells, but the clinical application of this technique is rather limited (195). To avoid
the immune response of patients, researchers are currently assessing the effectiveness of
implanting genetically modified host cells into DMD patients (196,197). Since injection of cells
into the blood or intraperitonealy is ineffective at treating dystrophy, a major setback to this
therapeutic option is that the cells have to be injected directly into the muscles to regenerate them
(165). As a result, the injected cells fuse with and regenerate only the zones near the site of
injection, and treatment of less accessible muscles, such as the diaphragm, becomes nigh

impossible (166,167).

There has also been research to directly reverse the cause of DMD, through direct gene
replacement approaches. The dystrophin gene is very large (2.4 Mb), so its incorporation into
vectors for delivery is unrealisitic. Despite this, mini- and micro-dystrophin genes with large
sections of the rod domain removed have enabled researchers to clone the gene into adeno-
associated virus (AAV) vectors (168). These mini-dystrophin genes have been very effective at
reversing the DMD phenotype when delivered in mice and dogs with the AAV9 vector (169).
However, a recent clinical trial in DMD patients did not yield promising results after delivery of

dystrophin via the AAV2 vector. Since DMD patients do not express the dystrophin protein, its
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sudden appearance after delivery by the AAV2 vector might have elicited an immune response,
which prevented the efficacy of the treatment (170). This therapeutic technique also faces other
challenges, such as the inability of the shortened dystrophin proteins to reinstate all of the
interactions with the DAPC. For example, nNOS reqruitement to the DAPC is dependent on
spectrin like repeat sections 16 and 17 of the rod domain, so the dystrophin proteins with a
shortened rod domain might not be able to recruit nNOS properly (132). Alternatively, some
researchers have used delivery of microgenes encoding the dystrophin-related protein, utrophin A,
to circumvent the immune response and other problems associated with dystrophin replacement

(85,95).
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Table 1.1: Summary of potential treatments being researched for DMD.

Symptom
management

Restoration of
dystrophin

Utrophin A
upregulation

Glucocorticoids
Exon skipping
Stop codon
readthrough

Cell therapy
Viral vector gene

delivery

Viral vector gene
delivery

Protein therapy
Recruitment

Pharmacologic

Slow, oxidative
myogenic program

12

Slow DMD progression

Avoid mutation sights during translation

Avoid premature stop signals during
translation

Restore dystrophin via muscle precursor
transplants

Restore functional dystrophin gene in
muscle genome

Add utrophin A gene with a promoter active
in all muscles

Deliver utrophin A protein to muscles

Increase the localization of utrophin A to
extrasynaptic regions of the sarcolemma

Increase utrophin A transcription

Increase utrophin A expression through a
change in muscle phenotype



1.6 Utrophin A may be able to substitute dystrophin in DMD patients

Utrophin A is the autosomal analogue of dystrophin. Located on chromosome 6q24, it has
a molecular mass of 395 kDa, and a very similar structure to dystrophin, with 3 of their domains
being 80 % identical (198-200,171). There is significant evidence that utrophin A and dystrophin
have functional redundancy, and they bind the same proteins of the DAPC, so utrophin A may be
able to serve as a replacement for dystrophin (118,172). Like dystrophin, utrophin A binds
members of the DAPC like a-dystrobrevin-1 and B-dystroglycan via its C-terminus (79,80).
Utrophin A also binds F-actin via its N-terminus (201,202). The rod domain, while showing the
greatest disparity between the proteins with 35% sequence identity, shares largely the same
function in both: to provide support for membrane flexibility through the force induced folding of
spectrin repeats and hinge regions (203). The similarities between the domains and the binding of

the proteins certainly point to them playing similar roles.

However, while full-length dystrophin is expressed only in the muscles and the brain,
utrophin A is expressed universally in the body (118,199). The two promoters of utrophin A
transcription, A and B, encode the two utrohpin isoforms: utrophin A A and utrophin A B (118).
Utrophin A A is found in peripheral nerves and muscular tissues, while utrophin A B is found in
vascular endothelial cells (204). Within skeletal muscle, dystrophin and utrophin A can have
different expression patterns. While dystrophin is normally expressed throughout the sarcolemma,
utrophin A is only expressed throughout the sarcolemma early in development, and is confined to
the myotendinous and the neuromuscular junctions in adult skeletal muscle (173,174). Despite the
differences in expression pattern, the similarities between the structures of dystrophin and utrophin

A and the proteins they bind, give utrophin A the potential to substitute dystrophin in dystrophic
13



fibers. The expression of utrophin A has been found to be negatively correlated with the DMD
pathology, and the fact that it is already expressed in the muscles of DMD patients will prevent an
immune response to it (205). However, in order for a utrophin A-based therapy to be successful,

utrophin A expression must be stimulated throughout the sarcolemma.
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Figure 1.2: Utrophin A and its interaction with members of the dystrophin-associated protein
complex (DAPC) in healthy adult skeletal muscle fibers.

Utrophin A provides a structural link between intracellular actin and the extracellular matrix
through its association with the DAPC. This protects the muscle from contraction-induced damage.
It also helps recruit other members of this complex, including B-DG. In addition to binding proteins
of the DAPC, utrophin A, binds neuromuscular junction proteins like the acetylcholine receptor.
It can be found at the crests of the neuromuscular junction.
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1.7 Upregulating utrophin A expression in models of DMD

While utrophin A A expression is up-regulated in the skeletal muscle of DMD patients and
mdx mice, likely as a compensatory mechanism, this upregulation is not enough to substitute for
the absence of dystrophin (205-207). However, increased utrohpin expression throughout the
sarcolemma has been accomplished by several studies that show that transgenically increased
utrophin A expression can substitute dystrophin and alleviate the DMD pathology (88,95,96).
Utrophin A expression can upregulated through other means, such as adenoviral utrophin A A

gene transfer (208-210), protein therapy (211-213), and pharmacological interventions (214,215).

AAV vectors have been used to deliver full-length and micro-utrophin A transgenes to treat
multiple mouse models of DMD (208,209). This treatment caused expression of utrophin A
throughout the sarcolemma, restored the DAPC, and improved the DMD pathology (208,209).
However, since the AAV vectors do not persist for very long, multiple injections of the vector
need to be made, increasing the cost and reducing the practicality of this treatment in human

patients of DMD (208).

On the other hand, protein therapy involves delivery of actual proteins, like full length or
“micro” utrophin A, to the muscles of DMD patients (211-213). TAT-mediated utrophin A protein
delivery to mdx mice showed signs of ameliorating the DMD pathology (211,212). The protein
delivered to the muscles does not have to be utrophin A, however, as delivery of biglycan has also
been shown to improve muscle function and reduce the DMD pathology. This is because biglycan
is an extracellular matrix protein that binds members of the DAPC, and recruits utrophin A to the

sarcolemma, without changing its expression (213).
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Delivery of biglycan is not the only way to recruit utrophin A to the sarcolemma. One of
the pharmacological interventions aimed at substituting utrophin A with dystrophin, uses L-
arginine to recruit utrohpin to the sarcolemma (214). L-arginine is a precursor, necessary for
nNNOS-induced NO synthesis (214), which is thought to play a role in utrophin A A maintenance
(216). L-arginine treatment increases utrophin A levels throughout the sarcolemma and
significantly improves the DMD pathology in mdx mice (214,217,218). Other pharmacological
interventions, such as SMTC1100, target utrophin A transcription directly (215). SMTC1100 was
recently identified by a high throughput utrophin A transcription screen and is currently proceeding

to phase I clinical trials after pre-clinical success in ameliorating DMD (215).
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1.8 Slow, oxidative muscles express greater amounts of utrophin A than fast, glycolytic

muscles

Our laboratory was the first to observe that slow, oxidative muscles express significantly
more utrophin A than fast, glycolytic muscles (47). While utrophin A expression is restricted to
the neuromuscular junction in fast, glycolytic muscle, immunofluorescence indicates that it can be
found elsewhere along the sarcolemma in slow, oxidative muscles (47). This is because the
expression of MRNA transcripts encoding synaptic proteins, like utrophin A, is higher in and found
beyond synaptic regions in slow, oxidative muscle fibers (47). This higher presence of utrophin A
A mRNA transcripts is partly due to the effects of calcineurin/NFAT signaling, which drives
utrophin A transcription, promotes the slow, oxidative phenotype, and has a higher presence in
slow muscles (43-46). Our lab has also shown that the increased presence of utrophin A mRNA in
slow muscles is due to its improved stability, as slow, oxidative muscles fibers have less
destabilizing factors that bind to the AU-rich element (ARE) of the utrophin A mRNA 3’
untranslated region, which was shown to mediate mRNA decay (219). Of clinical importance, it
is also known that these slow, oxidative muscles are more resistant to the DMD pathology,
exhibiting reduced necrosis and contraction induced damage, in human patients and animal models

of the disease, like the mdx mouse (41,42).
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1.9 The slow, oxidative myogenic program is a therapeutic option for DMD

Several years ago, our laboratory hypothesized that that inducing the slow, oxidative
myogenic program benefits models of DMD morphologically and functionally, which has since
been echoed and confirmed by other laboratories (24, 43-61). This hypothesis has been supported
by multiple studies that show significant improvements in mdx mice following triggering of the
slow, oxidative myogenic program. Beneficial adaptations were seen at the level of the
mitochondria and contractile apparatus and were accompanied by augmented utrophin A and p-
DG expression throughout the sarcolemma. Sarcolemmal structural integrity during damaging
muscle contractions in fast, glycolytic skeletal muscle was also improved (75, 24). Other possible
benefits of the oxidative or slow, oxidative phenotype include reduced muscle atrophy from
mitochondrially mediated apoptosis, reduced damage from reactive oxygen species, and an

increase in expression of proautophagic markers, indicating improved autophagy (101-104).
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1.10 Several muscle signaling pathways control the expression of the slow, oxidative

myogenic program

Stimulating the slow oxidative myogenic program in the mdx and dKO mice can be done
via multiple signaling pathways. Three important signaling elements are known to elicit the slow,
oxidative myogenic program. These are (i) calcineurin (CN)/nuclear factor of activated T-cells
(NFAT) (4,178), (ii) PPARS (179,180), and (iii) peroxisome proliferator-activated receptor
(PPAR) y co-activator-1a (PGC-1a) (14,15).

The CN-NFAT pathway is an activity-dependent signaling pathway that maintains the
phenotype of adult slow muscles and induces it in regenerating slow muscle (4,220). When CN-
NFAT signaling is increased transgenically, it promotes expression of the slow, oxidative
phenotype in mdx mouse muscles. This brings with it increased utrophin A expression and a
significant improvement of the dystrophic pathology (44,220,221). When CN-NFAT signaling
was reduced, the opposite effects were achieved in dystrophic mice, verifying the role of the
pathway in controlling expression of the slow, oxidative muscle phenotype and utrophin A (45).

PPARs are part of a large group of nuclear transcription factors (222). PPARP/6 are the
most abundant PPAR isoform in skeletal muscle, and they upregulate genes involved in lipid
metabolism and oxidative respiration by binding to PPAR-response elements in their promoter
regions (223,224). PPARPB/S overexpression leads to a more oxidative muscle phenotype with
increased mitochondrial DNA, upregulation of some slow contractile protein genes, and increased
resistance to fatigue (179,180). Hence, when PPARP/S expression is increased through treatment
with the PPARP/S agonist GW501516, there is a significant increase in skeletal muscle utrophin

A expression and an attenuation of the dystrophic pathology in mdx mice (50,231).
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PGC-la is a transcriptional co-activator that regulates gene transcription through
interactions with transcription factors (181). It stimulates an oxidative phenotype by increasing
mitochondrial biogenesis and oxidative enzymes through nuclear respiratory factors (NRF)-1 and
2, which control the transcription of many mitochondrial genes. When PGC-1a expression is
increased transgenically in mice, a fast to slow skeletal muscle fiber type conversion is observed
along with an increase in oxidative capacity (14). Also, our lab showed that overexpression of
PGC-1a through transfection activates the utrophin A A promoter (43). When mdx mice were
crossed with mice that overexpressed PGC-1a in muscles, the offspring showed a significant
improvement in pathology (56). PGC-1a can also be induced by pharmacologic means to elicit the
slow, oxidative myogenic program and increase utrophin A expression in muscles.

There are other molecules that have been identified to evoke the slow, oxidative myogenic
program. These include the transcriptional repressor E2F transcription factor 1 (5). E2F1
participates in the control of the cell cycle by regulating expression of genes involved in cell
proliferation, but has been recently described to have a role in metabolic control (229,230). E2F1
deletion elevates utrophin A expression and leads to increased mitochondrial number and function,
and improved fatigue resistance, and reduces the DMD pathology in mdx mice (228). It has yet to
be determined, however, if E2F1 cross talks with any of the pathways mentioned above, and
whether it is affected by the same slow, oxidative myogenic program elicitors that influence the

signaling molecules above (5,228).
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1.11 Adenosine monophosphate-activated protein kinase (AMPK) is a potent elicitor of the

slow, oxidative myogenic program

As mentioned in the previous section, there are multiple ways to activate the signaling
molecules and pathways that promote the slow, oxidative phenotype. AMPK is one of the most
potent factors that induce skeletal muscle plasticity and can be targeted by specific agonists,
making it an ideal avenue of inducing a more oxidative, possibly slower myogenic program in our
mice (48). It integrates multiple cell signaling pathways to regulate energy metabolism and
promote muscle plasticity, and its influence on PGC-1a expression and activity is particularly
interesting for our aims (9-11,24,69). When AMPK is activated by phosphorylation, it elicits a
strong shift towards a more oxidative, possibly slower muscle phenotype, which includes a fast to
slow myosin ATPase shift, mitochondrial biogenesis, increased glycogen storage, augmented
PGC-1a, PPARDb/d and glucose transporter type 4 expression, enhanced insulin sensitivity, and
improved exercise performance (62-65). This is accompanied, in dystrophic mice, by reduced
myofiber necrosis, reduced serum creatine kinase levels, improved muscle function, and increased
resistance to contraction induced damage (24,69,93,94).

As an energy sensor, AMPK is sensitive to the AMP/ATP ratio, and increased intracellular
AMP concentrations result in its activation (10). As a result, one of the potent pharmacological
activators of AMPK is 5-aminoimidazole-4-carboxamide-1-B-D-ribofuranoside (AICAR). In
muscle cells, AICAR is phosphorylated to AICA-ribotide (ZMP), which is an analogue of AMP,
to activate AMPK (182). Our lab (24) and others (57,238) have shown that AMPK activation via
chronic AICAR treatment induces a more oxidative, possibly slower phenotype in mdx mouse

muscles and confers morphological and functional benefits on them.
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Figure 1.3: Signaling cascades that trigger the slow, oxidative myogenic program and increased utrophin
A expression.

The transcription factor PPARS binds PPREs in upstream regions of slow, oxidative genes. Phosphorylated
AMPK activates the deacetylase SIRT1 and the transcriptional co-activator, PGC-1a. SIRT1 also induces
PGC-1a activity through deacetylation. PGC-1a interacts with transcription factors like MEF2 and PPARS
to induce slow, oxidative gene expression. Calcium ion influx as a result of activity increases CN activity,
which influences gene expression via its interaction with NFAT. These pathways have been shown to
induce the slow, oxidative myogenic program, increase utrophin A expression, and provide benefits to
dystrophic muscles.
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1.12 Statement of the problem

DMD is a devastating degenerative disease that results in severe obstruction of patients’
lives and death (114-117). There is currently no cure or effective treatment for DMD, but multiple
therapeutic avenues are being researched (155-159). Among those, is the induction of the slow,
oxidative myogenic program. Slow, oxidative muscles are more resistant to the dystrophic
pathology than fast, glycolytic ones and induction of the slow oxidative, myogenic program has
been shown to improve the dystrophic pathology of mdx mice (5,24,41,42). This can be due to the
multiple beneficial adaptations to dystrophic fibers that are associated with the slow, oxidative
phenotype, including improvements in mitochondrial function and autophagy, reductions in
mitochondrially mediated apoptosis, and increased expression of the autosomal dystrophin analog,
utrophin A. The purpose of this study is to determine the role of utrophin A versus the other
benefits of the slow, oxidative phenotype in the improved pathology seen in mdx mice after
induction of the slow, oxidative myogenic program.

To pursue this, we will need to trigger the program in utrophin A expressing mdx mice and
utrophin A null dystrophin/utrophin A double knockout (dKO) mice. Thus, we will be able to
compare the morphological and functional improvements that the program may or may not confer
in the presence and absence of utrophin A. dKO mice are created by interbreeding utrophin A-null
mice (utrn™") with mdx mice, and have a much more severe DMD pathology than mdx mice,
suggesting that there is indeed a role for utrophin A in preventing some of the damage from the

disease. (176,177).
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1.13 Hypothesis and predictions

Our hypothesis is that the benefits conferred by the slow, oxidative myogenic program on
mdx mice are directly linked to the upregulation of utrophin A protein expression. We therefore
predict that while both dKO and mdx mice will express a slower, more oxidative phenotype after
chronic AICAR treatment, only the mdx mice will show morphological and functional muscle

improvements.

1.14 Objectives

In order to assess the importance of utrophin A to the benefits of the slow oxidative

myogenic program, we will:

In order to assess the importance of utrophin A to the benefits of the slow oxidative

myogenic program, we will:

(1)- Characterize the signaling capacity and muscle phenotype of the dKO in comparison to mdx
mice.

(2)- Treat both strains of mice with AICAR and measure indicators of muscle signaling and
phenotype to ensure that the drug is working as expected and inducing a shift towards a slower,
more oxidative phenotype.

(3)- Perform histological and functional analyses to determine the benefits that the chronic AICAR

treatment confers on the two strains of mice.
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2: MATERIALS AND METHODS

2.1 Animal care and breeding

All experimental protocols were approved by the University of Ottawa Institutional Animal Care
Committee and were in accordance with Canadian Council of Animal Care guidelines. Female
mice that are heterozygous for the Utrn'™Ked allele and homozygous for the Dmd™ allele and
male mice that are heterozygous for the Utrn™Ked allele and hemizygous for the Dmd™® allele
were ordered from The Jackson Laboratory (Bar Harbor, USA). They were housed in the Animal
Care and Veterinary Service of the University of Ottawa, under a constant 12 h light/dark cycle
and given free access to food and water. They were bred to produce Utrn™&ed Dmd™*/J mice,

which are the utrophin/dystrophin double knockout (dKO) mice, and mdx mice.

2.2 Genotyping

2.2.1 Tissue collection
After breeding, the offspring mice were weaned at 3 weeks of age. During weaning, the mice were

tagged and ear notch samples were taken.

2.2.2 Tissue digestion
The ear notch samples were digested in tissue lysis buffer (50 mM KCI, 10 mM TrisHCI pH 8.3,
2.5 mM MgCI2.6H20, 0.1 mg/mL gelatin, 0.45% v/v NP40 (Thermo Scientific, Rockford, USA),

0.45% v/v Tween 20) overnight at 65 C. Prior to use, 1X pronase was added to the tissue lysis
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buffer from a 40X stock (20 mg/mL Pronase in 10 mM Tris HCI pH 7.5, 10 mM NaCl). The next
day, the samples were briefly vortexed, then centrifuged at 2000 RPM for 10 minutes. The
supernatant was collected and the concentration of DNA in it was quantified using a Synergy H1

Hybrid Reader (Biotek, Winooski, USA).

2.2.3 PCR

Two polymerase chain reactions were run for each animal. Both reactions used 12.5 uL 2X KAPA
2G Fast HS Genotyping Mix (KM5606, KAPA Biosystems, Wilmington, USA), 1.25 uL forward
primer (10 uM), 1.25 uL reverse primer (10 uM), 0.5 uL MgCI2 (25 mM), 8.5 uL H20, and 100
ng of the DNA extracted from the animals tissue. For a total volume of 25 uL. One reaction used
the mutant forward primer (CGC TTC CTC GTG CTT TAC GGT AT), while the other used the
wild type forward primer (TGT CAT TCT CTG AGG CCT TTC). Both reactions used the common
reverse primer (AAG ATT TGC AGA CCG GAA GA). The reactions were run according to the

protocol in Table 2.1 in a T100 Thermal Cycler (Bio-Rad, Mississauga, Canada).
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Table 2.1: Thermal cycling procedure for the genotyping PCR reaction.

94 C
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Repeat steps 2-4 10X

Repeat steps 6-8 28X

28

2 min
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15 sec (-0.5 C per cycle)
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15 sec
10 sec

2 min
hold



2.2.4 Gel running

A 2% agarose gel was prepared as the PCR ran. To make the gel, 3 g of agarose were added to 150
mL of TBE (89 mM Tris, 89 mM boric acid, 2 mM EDTA pH 8.0) and microwaved for 2.5-3
minutes. Then, 6 uL of ethidium bromide were added and the gel was cast with a comb for the
appropriate number of wells. After completion of the PCR, 10 uL from each sample as well as
DNA ladder were loaded into the wells and the gel was run for 2 hours at 100 V in a TBE filled

chamber.

2.3 In vivo AICAR treatment

After approval by the University of Ottawa Animal Care Committee in accordance with Canadian
Council of Animal Care guidelines, we performed the in vivo AICAR treatment according to
protocol and dosage used by Ljubicic et al. in 2011, which has been shown to induce the slow,
oxidative myogenic program in murine models (24,57,238,242,243). AICAR (TRC, Toronto,
Canada) was dissolved in sterile saline at 50 mg/ml daily prior to treatments. Three to four week
old dKO and mdx mice were treated daily with vehicle or AICAR (500 mg/kg/day) by

subcutaneous interscapular injections for 28 days.
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2.4 \Western blot

2.4.1 Protein extraction

The tissue of interest was dissected and snap frozen in liquid nitrogen and stored at -80 C. The
tissue was ground with a mortar and pestle on dry ice until it is a powder. 300-500 uL of lysis
buffer (7 M urea, 2 M thiourea, 4 M CHAPS, 100 mM DTT, 125 mM Tris-HCI pH 6.8, cOmplete
mini protease inhibitor (Roche, Laval, Canada), PhosSTOP phosphatase inhibitor (Roche, Laval
Canada)) was added to the tissue in a 1.5 mL Eppendorf tube depending on its size. Constant
agitation was maintained on a vortex for 30 minutes at room temperature. The samples were
centrifuged at 16000 g for 15 minutes. The supernatant was transferred to a fresh tube and stored

at-20 C.

2.4.2 Protein quantification

1 mL of -20 C CB-X (G-Biosciences, St. Louis, USA) was added to 5 uL of protein solution. The
mixture was centrifuged at 16000 g for 5 minutes and the supernatant discarded. 50 uL of CB-X
Solubilisation Buffer | (G-Biosciences, St. Louis, USA) and 50 uL of CB-X Solubilisation Buffer
Il (G-Biosciences, St. Louis, USA) were added to the protein pellet. The pellet was allowed to
dissolve in the solubilisation buffers. In a 96 well plate, 100 uL of CB-X assay was added to 5 uL
of dissolved protein from each sample and incubated at room temperature for 5 minutes. The

absorbance was read at 595 nm using a Synergy H1 Hybrid Reader (Biotek, Winooski, USA).
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2.4.3 Gel preparation

The gel plate sandwich was prepared with a 1.5 mm plate and aligned in the gel plate clamp. The
resolving gel was either a 5% (5.75 mL H20, 2.5 mL 4X Tris-SDS pH 8.8, 1.65 mL 30%
acrylamide, 200 uL 10% APS, 10 uL TEMED) or a 10% (4 mL H20, 2.5 mL 4X Tris-SDS pH
8.8, 3.33 mL 30% acrylamide, 100 uL 10% APS, 10 uL TEMED), based on the protein of interest’s
size. The solutions were combined in a beaker on a stir plate stirring at a low-medium frequency.
The liquid gel mixture was poured into the gel sandwich, leaving 3-5 cm of space at the top. The
gel was overlaid with 100 uL of 100 % butanol and allowed to polymerize for 30 minutes.
Meanwhile, the stacking gel was prepared with 4.67ml water, 2ml 4X Tris-SDS (pH=6.8), 1.33ml
30% Acrylamide, 65ul 10% APS, and 10ul TEMED. The butanol was washed away from on top
of the resolving gel with water. 1 mL of the stacking gel mixture was added and a comb was placed

in it. The gel was allowed to polymerize for 30 minutes.

2.4.4 Protein preparation

The protein samples were thawed and an aliquot containing 20 ug of protein from each sample
was placed in a fresh microfuge tube. Add an equal volume of 2X Laemmli buffer (4% SDS, 10%
2-mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, 0.125 M Tris-HCI, pH 6.8). Heat

the samples for 5 minutes at 75 C (except when using the OXPHQOS cocktail antibody).
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2.4.5 Gel run

The gel plate sandwich was removed from the clamp and placed in the gel core unit. The gel core
unit was filled with 1X running buffer (25 mM Tris base, 190 mM glycine, 0.1% SDS, pH 8.3).
The protein/lammeli buffer mixture as well as prestained protein marker were loaded into the gel
wells. The gel was run at 120 V for 1-2 hours using a Power Pac 300 (Bio-Rad, Mississauga,

Canada).

2.4.6 Transfer

While the gel is running, 1 piece of Nitrocellulose membrane and 4 pieces of filter paper matching
the size of the gel were cut out. When the gel run was complete, the nitrocellulose membrane was
soacked in ddH20 and the filter paper was soacked in transfer buffer (25 mM Tris base, 190 mM
glycine, 20% methanol, pH 8.3) along with the transfer sponges. The gel was removed from the
gel plate sandwich and soacked in transfer buffer for 1 minute. A wet transfer sandwich was placed
on the table with the black facing down. A sponge was placed, followed by two pieces of filter
paper, the gel, the membrane, two pieces of filter paper, and the second sponge. The sandwich was
closed and placed in gel core unit along with a pack of ice. The gel core unit was filled with transfer
buffer. The transfer was run at 30 V overnight at 4 C, then at 100 V for 2 hours (3 hours for
utrophin A) at 4 C using a Power Pac 300 (Bio-Rad, Mississauga, Canada). The ice pack was

replaced every hour during the 100 V transfer.
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2.4.7 Detection with antibodies

The membrane was taken out of the transfer sandwich and rinsed with ddH20. It was placed in a
container, covered in Ponceau S solution (0.1% Ponceau S in 1% acetic acid) and placed on a
shaker for 5 minutes. The Ponceau S solution was removed and the membrane was observed to
ensure that there are proteins on it. A picture of the membrane was acquired. The membrane was
placed in a container and washed with TBST (137 mM NaCl, 2.7 mM KCI, 19 mM Tris base, 0.1%
Tween 20) on a shaker until the staining was removed. The membrane was blocked with blocking
solution (5% milk in TBST) for 1 hour at room temperature. The appropriate dilution of primary
antibody was applied to the membrane in blocking solution or 5% BSA in TBST (for AMPK
antibodies) overnight at 4 C. The antibodies used were: AMPKa (Cell Signaling 2532, Whitby,
Canada), Phospho-AMPKa (Cell signaling 2531, Whitby, Canada), utrophin A (Novocastra,
Concord, Canada), PGC-1a (Abcam ab72230, Toronto, Canada), RIP140 (Abcam ab342, Toronto,
Canada), SIRT1 (Millipore 09-844, Billerica, USA), GAPDH (Advanced ImmunoChemical 2-
RGM2 6C5, Long Beach, USA), Troponin (Santa Cruz sc8119, Dallas, USA), OXPHOS
complexes (Mitosciences MS604, Eugene, USA) and cytochrome ¢ (from Dr David A. Hood,
Muscle Health Research Centre, York University, Toronto, Canada) The primary antibody was
removed and the membrane was washed 3X5 minutes in TBST. The appropriate dilution of
secondary antibody coupled to horseradish peroxidase was applied to the membrane in blocking
solution for 1 hour at room temperature. The membrane was washed 3X5 minutes in TBST. Sit
the membrane on a clean sheet of saran wrap and cover in a 1:1 mixture of the Pierce ECL Western
Blotting Substrate (Thermo Scientific, Rockford, USA) reagents for 1 minute. Tap the membrane

dry on a Kim wipe (Kimberley Clark). Cover the membrane in transparent plastic and place face
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up in the development cassette. The blot was developed in a darkroom and the films (CL-X Posure,

Thermo Scientific, Rockford, USA) were scanned and analyzed using ImageJ (NI1H).

2.5 Immunohistochemistry

2.5.1 Sectioning

After animal euthanasia, the desired tissues were embedded in Tissue-Tek OCT Compound
(Sakura Finetek, Torrace, USA) and frozen in isopentane dipped in liquid nitrogen, then stored at
-80 C until use. The tissues were sectioned at 10 um using a Microm HM 500 M microtome

(Microm) and the sections were placed on glass microscope slides.

2.5.2 Detection with antobodies

The tissue sections were fixed with 5% PFA (5% PFA in 1X PBS, pH 7.4) for 10 minutes, then
washed with buffer A (0.5% BSA, 0.15% glycine in 1X PBS). They were incubated in buffer A
for 1 hour at room temperature. The primary antibody was diluted to the recommended
concentration in buffer A and applied to the tissue sections overnight at 4 C. The primary
antibodies used include utrophin A (Novocastra NCL-DRP2, Concord, Canada), Laminin (Sigma
Aldrich, Oakville, Canada), and MHC | and MHC Il A (from Dr. Renaud, University of Ottawa,
Canada). The next day, the sections were washed 3X10 minutes with PBS. The appropriate
fluorescently labelled secondary antibody was diluted to the recommended concentration in buffer
A and applied in a dark room for 1 h at room temperature. For IgM staining, a fluorescein-

conjugated IgM anti-mouse secondary antibody (Sigma-Aldrich, Oakville, Canada) was used. The
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secondary antibody was removed by washing 3X10 minutes with PBS, then the slide was mounted
using Vectashield mounting medium (Vector Laboratories, Burlington, Canada) and a cover slip.

The slides were visualized with a fluorescent microscope and images were acquired.

2.5.3 Haematoxylin and Eosin

The slides were heated on a 37 C plate for 10 minutes. They were immersed in filtered Harris
Hematoxylin for 1 minute, then rinsed in running tap water. The tap water was exchanged until it
became clear. The slides were immersed in Eosin for 1 minute, then rinsed with tap water, which
was exchanged until it became clear. The tissue sections were dehydrated through ascending,
graded 1 minute ethanol washes (50%, 70%, 80%, 95%, 100%) followed by a 1 minute wash with
xylene. The slides were mounted with Permount and a coverslip. They were visualized with a

fluorescence microscope and images were acquired.

2.6 Ex vivo eccentric contractions

After 4 weeks of AICAR treatment, the animals were euthanized and their EDL muscles dissected.
One tendon of the EDL muscle was attached to a Cambridge ergometer (model 6350*358, Aurora
Scientific, Aurora, Canada), while the other was attached to a metal pin. The muscle was
continouosly bathed in saline containing 0.1% trypan blue (Sigma-Aldrich, Oakville, Canada),
with a flow rate of 15 mL/min at room temperature. The muscle length was adjusted to ensure
maximal force output, and the force output at that length was monitored for consistency for 30

minutes. The muscle was subjected to 5 maximal twitch contractions (400 ms train duration, 10
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V, 0.3 ms square pulse, 200 Hz) at 100 s intervals to determine muscle contractile kinetics,
followed by 12 eccentric contractions at 120 s intervals (700 ms train duration, 10 V, 0.3 ms square
pulse, 200 Hz) (model S88, Grass Technologies, West Warwick, USA). During the last 200 ms of
the eccentric contractions, 10% lengthening at a velocity of 0.5 Le/s was applied. Throughout the
experiment, force was recorded using a Keithley data acquisition board (model KPCI-3104,
Cleveland, USA) at a sample rate of 5 KHz. After, the eccentric contractions, the muscle was
embedded in Tissue-Tek OCT Compound (Sakura Finetek, Torrace, USA) and frozen in
isopentane dipped in liquid nitrogen, then stored at -80 C until use. The muscle was sectioned at
10 um using a Microm HM 500 M microtome (Microm) and the sections were placed on glass
microscope slides and observed for red fluorescence, which indicates trypan blue infiltration of
the muscle fibres. The peripheral fibers of the muscle sections were omitted from the analysis due

to their possible damage during the dissection or the experimental setup.

2.7 Grip test

The same animals that were used for the ex vivo eccentric contractions were used for the grip test.
Starting at three days before the AICAR treatment was completed, the mice were handled two to
three times daily to get them used to handling. One day prior to testing, the mice were marked with
a sharpie marker on their tails for easy identification. Their cages were identified to prevent them
from being disturbed. After the final AICAR injection was administered, the mice were moved to
the testing room 1 h before the test began and left there to habituate. The triangular grid of the
Chantillion DFE 1l (Columbus Instruments, Columbus, USA) grip strength meter was attached

and the meter turned on. The meter was set to tension peak mode (T-PK). A mouse was picked out
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of the cage and held by the base of its tail. It was allowed to acclimatize near the grip strength
meter for 60 sec. The mosue was then moved closer to the meter until it grabbed the bar. Once it
had a firm grip, the mouse was pulled horizontally away from the bar at a speed of approximately
2.5 cm/sec, until it released the bar. The value of the maximal peak force was displayed by the
meter and recorded. This was repeated 5 times for each animal, with a waiting time of 10-15 sec
between each measurement. When testing was completed, the mice were returned to their cages

and taken back to their housing.

2.8 Statistical Analysis

The data was analyzed for statistical significance using paired and unpaired Student's t-tests and
analysis of variance (ANOVA) procedures and post hoc tests, as appropriate (StatPlus, Vancouver,
Canada). In the graphs depicted as fold differences, statistical anaylsis was conducted using the

raw data prior to conversion to the fold difference values. Significance was accepted at P < 0.05.
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3: RESULTS

As mentioned in the introduction, the aim of this study is to assess the importance of utrophin A
to the benefits conferred by the slow, oxidative phenotype on dystrophic muscle fibers. To do this,
we compared the improvements that are seen in dKO and mdx mice upon induction the slow,
oxidative myogenic program. However, besides their pathology, dKO mice have not been
characterized to the same extent as madx mice. It is known that dKO mice have a much more severe
DMD pathology than mdx mice, which live largely unhindered lives. The onset of dystrophy is
earlier in dKO mice, and they start to lose weight and display progressively worsening kyphosis
shortly after weaning (176,177). Their severe pathology leads to death by 20 weeks of age, with
most deaths occurring at 8-12 weeks (176,177). Histologically, the dKO diaphragm shows a great
amount of necrosis and fibrosis at an early age, followed by regeneration. In the tibialis anterior
(TA), there is extensive irregularity in the muscle fiber diameter as well as signs of necrosis,
inflammation, and regeneration (176,177). However, there has not been much detailed

examination of signaling pathways or muscle phenotype in the dKO mouse.

Therefore, we first assessed the expression levels of important signaling molecules that are
involved in the phenotype shifting signaling cascades mentioned earlier. We also assessed the
expression of key indicators of muscle phenotype that can be used to determine the oxidative
capacity of a muscle and whether it is fast or slow. These measurements were done in dKO and
mdx mice, given the fact that they are both dystrophic and comparing how they benefit from the
slow, oxidative myogenic program is a central objective in this study. In addition to providing
valuable information on the effects of the loss of utrophin A, this information will allow us to

determine whether or not the muscles of dKO and mdx mice have the same signaling and
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phenotypic capacity. The assessment of their signaling phenotypic capacity will help us determine
if treating the mice with AICAR will illicit the same shift in muscle phenotype in both strains or

not.

3.1 Characterization of dKO mice

3.1.1 dKO and mdx mice have similar levels and patterns of expression of muscle signaling
proteins

Skeletal muscle phenotype is partly controlled by molecules that influence muscle gene
expression, including transcription factors, transcriptional co-activators and co-repressors and
histone modifying proteins (43,15,56,23,232,21,22). We investigated the content and/or activation
levels of some of these phenotype modifying molecules, including AMPK, PGC-1a, receptor-
interacting protein 140 (RIP140), and silent information regulator two ortholog 1 (SIRT1) in the
EDL and soleus muscles of dKO and mdx animals. These signaling molecules can control muscle
plasticity, so the ability of both mice to express them influences their ability to express the slow,

oxidative myogenic program (5).

Since AICAR elicits the slow, oxidative myogenic program through AMPK, we measured the
activation of AMPK, as denoted by phosphorylation levels. AMPK phosphorylation was higher in
the soleus than the EDL in both mice, and there were no differences in activation between the dKO
and mdx mice (P < 0.05) (Figure 3.1). The expression of PGC-1a, a target of AMPK, was also the
same in the dKO and mdx mice and was higher in the soleus compared to the EDL in both strains
(P <0.05) (Figure 3.2). RIP140, which opposes the effects PGC-1a, had the same expression levels

in dKO and mdx mice, which were significantly lower in the soleus compared to the EDL (P <
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0.05) (Figure 3.3). Finally, the histone de-acetylase SIRT1 had significantly greater expression in
the soleus compared to the EDL in both dKO and mdx mice, and was also expressed at the same
level in both strains (P < 0.05) (Figure 3.4). Considering the consistency between the dKO and
mdx mice, our results indicate that the signaling pathways that we intend to use to trigger the slow,

oxidative myogenic program are intact and functional in dKO mice.
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Figure 3.1: Phosphorylation levels of AMPK in fast, glycolytic and slow, oxidative muscles of
dKO and mdx mice. Representative western blots of phosphorylated AMPK and total AMPK and
graphical summary of the ratio of phosphorylated AMPK to total AMPK in the EDL and soleus
muscle of dKO and mdx mice. n = 6-7; * indicates significant difference compared to expression
in EDL muscles (P < 0.05).
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Figure 3.2: Expression of PGC-1a in fast, glycolytic and slow, oxidative muscles of dKO and mdx
mice. Representative western blots of PGC-1a and GAPDH, representative Ponceau S stain and
graphical summary of PGC-1a protein content in the EDL and soleus muscle of dKO and mdx
mice. n = 6-7; * indicates significant difference compared to expression in EDL muscles (P <
0.05).
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Figure 3.3: Expression of RIP140 in fast, glycolytic and slow, oxidative muscles of dKO and mdx
mice. Representative western blots of RIP140 and GAPDH, representative Ponceau S stain and
graphical summary of RIP140 protein content in the EDL and soleus muscle of dKO and mdx
mice. n = 6-7; * indicates significant difference compared to expression in EDL muscles (P <
0.05).
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Figure 3.4: Expression of SIRT1 in fast, glycolytic and slow, oxidative muscles of dKO and mdx
mice. Representative western blots of SIRT1 and GAPDH, representative Ponceau S stain and
graphical summary of SIRT1 protein content in the EDL and soleus muscle of dKO and mdx mice.
n = 6-7; * indicates significant difference compared to expression in EDL muscles (P < 0.05).
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3.1.2 dKO and mdx mice have similar levels and patterns of expression of indicators of muscle
phenotype

Some proteins have distinct expression patterns between fast, glycolytic and slow, oxidative
muscles, and they can be used as markers of muscle phenotype (63,65,233-235). We analyzed
some markers of the slow, oxidative phenotype, including cytochrome c, a slow isoform of
troponin ¢, myosin heavy chain I, and myosin heavy chain Il A in both dKO and mdx mice. Since
the phenotype of a muscle influences its response to pharmacological induction of the slow,
oxidative myogenic program, the expression of these phenotype indicators gives an indication of

the extent to which dKO and mdx mice respond to the slow, oxidative myogenic program (49).

Cytochrome C expression in the soleus compared to the EDL was greater in dKO and mdx mice
(P < 0.05) (Figure 3.5). Slow troponin expression was also greater in the soleus compared to the
EDL in both strains of mice (P < 0.05) (Figure 3.6). Finally, the ratio of fibers expressing MHC |
and MHC I1 A was higher in the soleus compared to the EDL in both dKO and mdx mice (Figure
3.7 and Figure 3.8). Importantly, there were no significant differences in the levels of expression
of these markers between dKO and mdx mice. This consistency between dKO and mdx mice
indicates that they have the same muscle phenotypes, which gives confidence that they will
respond in the same way when the slow, oxidative myogenic program is pharmacologically

activated.
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Figure 3.5: Expression of cytochrome c in fast, glycolytic and slow, oxidative muscles of dKO
and mdx mice. Representative western blots of cytochrome ¢ and GAPDH, representative Ponceau
S stain and graphical summary of cytochrome c¢ protein content in the EDL and soleus muscle of
dKO and mdx mice. n = 6-7; * indicates significant difference compared to expression in EDL
muscles (P < 0.05).

46



Slow Troponin

= === = | GAPDH
dKO mdx dKO mdx
EDL Sol

35 -

%
37 *
2.5 1
7
15 4
1
05 A
0
dx dKO mdx

dKO m

Slow Troponin protein content
(Slow Troponin/ponceau)

EDL Soleus

Figure 3.6: Expression of the slow isoform of troponin in fast, glycolytic and slow, oxidative
muscles of dKO and mdx mice. Representative western blots of troponin and GAPDH,
representative Ponceau S stain and graphical summary of troponin protein content in the EDL and
soleus muscle of dKO and mdx mice. n = 6-7; * indicates significant difference compared to
expression in EDL muscles (P < 0.05).
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Figure 3.7: Expression of the slow myosin ATPase MHC I in fast, glycolytic and slow, oxidative
muscles of dKO and mdx mice. Representative micrographs of MHC I immunofluorescence (A)
and graphical summary of MHC I positive fibers (B) in the EDL and soleus muscles of dKO mdx
mice. n = 6-7; * indicates significant difference compared to expression in EDL muscles (P <
0.05). Scale bar = 80 pm.

dKo

o

(fold over dKO EDL)
——

Ratio of MIHC | Positive Fibers

48



EDL Soleu

B) 12 1

1
02 ‘ | |
0 4
dKo mdx dko mdx

EDL Soleus

dko

=
oo

Ratio of MHC Il A Positive Fibers
(fold over dKO EDL)
o o
~ >

mdx

Figure 3.8: Expression of the slowest MHC II isoform, MHC II A, in fast, glycolytic and slow,
oxidative muscles of dKO and mdx mice. Representative micrographs of MHC II A
immunofluorescence (A) and graphical summary of MHC I positive fibers (B) in the EDL and
soleus muscles of dKO mdx mice. n = 6—7. Scale bar = 80 um.
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3.2 AICAR Treatment

In order to activate the slow, oxidative myogenic program in our mice, we treated them for 4 weeks
with the AMP analogue AICAR. This drug has been used to elicit the slow, oxidative myogenic
program in mdx mice before (24,57,231). Its effects have also been documented in wt mice, so we
included a wt control in our experiments (239,240). Since the wt mice do not suffer from DMD
related muscle damage, they can also be used the as a baseline to gauge the extent of the
morphological and functional improvements seen in the muscles of AICAR treated dKO and mdx
mice, which we expected to show increased expression of proteins and signaling molecules of the

slow, oxidative phenotype.

3.2.1 AICAR treatment alters the expression of skeletal muscle signaling proteins in dKO and mdx
mice

After AICAR treatment, we measured the expression and/or activation levels of the phenotypic
modifiers, mentioned earlier, partly through which AICAR can trigger a slower, more oxidative
phenotype in the fast, glycolytic muscles of treated mice (43,15,56,23,232,21,22). We investigated
the activation and/or protein content of AMPK, PGC-1a, RIP140, SIRT1 in the EDL muscle of

wt, AICAR treated, and control dKO and mdx mice.

AMPK phosphorylation was not increased as a result of chronic AICAR treatment in both dKO
and mdx mice (Figure 3.9). The expression of one of the targets of AMPK, the transcriptional co-
activator PGC-1a, was approximately 1.5-fold higher in AICAR treated dKO and mdx mice
compared to their control counterparts (P < 0.05) (Figure 3.10). AICAR treatment resulted in a

reduction of transcriptional co-repressor RIP140 expression by at least 70 % in both AICAR
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treated dKO and mdx mice compared to control dKO and mdx mice (P < 0.05) (Figure 3.11).
Finally, SIRT1 expression was significantly higher in AICAR treated mice compared to control
mice in both the dKO and mdx strain (P < 0.05) (Figure 3.12). Importantly, the expression and/or
activation levels of all of these signaling molecules were consistent between dKO and mdx mice,
both with and without the AICAR treatment. The changes in expression of the signaling molecules
indicate that AICAR treatment was effective in equally promoting a shift towards a more oxidative,

possibly slower muscle phenotype in the dKO and mdx mice.
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Figure 3.9: Phosphorylation levels of AMPK in the fast, glycolytic muscles of AICAR treated
mice. Representative western blots of phosphorylated AMPK and total AMPK and graphical
summary of the ratio of phosphorylated AMPK to total AMPK in the EDL muscle of control and
AICAR treated dKO mice, and control and AICAR treated mdx mice. n = 7 for dKO ctrl, dKO
treat, mdx ctrl, and mdx treat; n=3 for wt.
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Figure 3.10: Expression of PGC-la in fast, glycolytic muscles of AICAR treated mice.
Representative western blots of PGC-la and GAPDH, representative Ponceau S stain and
graphical summary of PGC-1a protein content in the EDL muscle of control and AICAR treated
dKO mice, and control and AICAR treated mdx mice. n =7 for dKO ctrl, dKO treat, mdx ctrl, and
mdx treat; n=3 for wt; * indicates significant difference compared to control groups and wt (P <
0.05).
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Figure 3.11: Expression of RIP140 in fast, glycolytic muscles of AICAR treated mice.
Representative western blots of RIP140 and GAPDH, representative Ponceau S stain and graphical
summary of RIP140 protein content in the EDL muscle of control and AICAR treated dKO mice,
and control and AICAR treated mdx mice. n = 7 for dKO ctrl, dKO treat, mdx ctrl, and mdx treat;
n=3 for wt; * indicates significant difference compared to control groups and wt (P < 0.05).
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Figure 3.12: Expression of SIRTI in fast, glycolytic muscles of AICAR treated mice.
Representative western blots of SIRT1 and GAPDH, representative Ponceau S stain and graphical
summary of SIRT1 protein content in the EDL muscle of control and AICAR treated dKO mice,
and control and AICAR treated mdx mice. n = 7 for dKO ctrl, dKO treat, mdx ctrl, and mdx treat;
n=3 for wt; * indicates significant difference compared to control groups and wt (P < 0.05).
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3.2.2 AICAR treatment evokes a slower, more oxidative phenotype in the EDL of dKO and mdx
mice

To determine whether the AICAR treatment successfully induced the slow, oxidative myogenic
program, we analyzed markers of the slow, oxidative phenotype in the EDL muscle of wt, AICAR

treated dKO and mdx mice, and control dKO and mdx mice.

The expression of oxidative phosphorylation (OXPHOS) complex proteins is a good marker of
skeletal muscle oxidative capacity (100). AICAR treated dKO and mdx mice had significantly
higher OXPHOS complex I1l and complex IV expression relative to control dKO and mdx mice
(P < 0.05) (Figure 3.13 and Figure 3.14). The expression of cytochrome c, another important
protein in oxidative phosphorylation, was significantly increased by 1.7-fold in both treated dKO
and mdx mice compared to their control counterparts (P < 0.05) (Figure 3.15). There were no
significant differences in expression of these molecules between the dKO and mdx mice,
indicating that the AICAR treatment equally increased the oxidative capacity of both strains of

mice.

We also measured the expression of important contractile proteins to identify and AICAR induced
shift towards a slower-fiber type composition. Expression of the slow skeletal muscle isoform of
troponin ¢ was also significantly higher in AICAR treated dKO and mdx mice compared to control
dKO and mdx mice (P < 0.05) (Figure 3.16). Using immunofluorescence, we found the ratio of
MHC Il A positive muscle fibers to the total number of fibers in the EDL muscle of AICAR treated
dKO and mdx mice to be 1.4-fold higher than the same ratio in control dKO and mdx mice (P <
0.05) (Figure 3.17). In accordance with the muscle signaling changes seen in the previous section,

the changes in expression of the phenotype indicators reported here suggest that the muscles of
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both the dKO and mdx mice treated with AICAR shifted towards a more oxidative phenotype with

greater expression of slow troponin ¢ and MHC 1IA.
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Figure 3.13: Expression of oxidative phosphorylation complex III in fast, glycolytic muscles of
AICAR treated mice. Representative western blots of a complex IIl subunit and GAPDH,
representative Ponceau S stain and graphical summary of complex III subunit protein content in
the EDL muscle of control and AICAR treated dKO mice, and control and AICAR treated mdx
mice. n = 7 for dKO ctrl, dKO treat, mdx ctrl, and mdx treat; n=3 for wt; * indicates significant
difference compared to control groups and wt (P < 0.05).
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Figure 3.14: Expression of oxidative phosphorylation complex IV in fast, glycolytic muscles of
AICAR treated mice. Representative western blots of a complex IV subunit and GAPDH,
representative Ponceau S stain and graphical summary of complex IV subunit protein content in
the EDL muscle of control and AICAR treated dKO mice, and control and AICAR treated mdx
mice. n = 7 for dKO ctrl, dKO treat, mdx ctrl, and mdx treat; n=3 for wt; * indicates significant
difference compared to control groups and wt (P < 0.05).
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Figure 3.15: Expression of cytochrome c in fast, glycolytic muscles of AICAR treated mice.
Representative western blots of cytochrome ¢ and GAPDH, representative Ponceau S stain and
graphical summary of cytochrome c protein content in the EDL muscle of control and AICAR
treated dKO mice, and control and AICAR treated mdx mice. n = 7 for dKO ctrl, dKO treat, mdx

ctrl, and mdx treat; n=3 for wt; * indicates significant difference compared to control groups and
wt (P <0.05).
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Figure 3.16: Expression of the slow isoform of troponin in fast, glycolytic muscles of AICAR
treated mice. Representative western blots of troponin and GAPDH, representative Ponceau S stain
and graphical summary of troponin protein content in the EDL muscle of control and AICAR
treated dKO mice, and control and AICAR treated mdx mice. n = 7 for dKO ctrl, dKO treat, mdx
ctrl, and mdx treat; n=3 for wt; * indicates significant difference compared to control groups and
wt (P <0.05).
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Figure 3.17: Expression of MHC Ila in fast, glycolytic muscles of AICAR treated mice.
Representative micrographs of MHC Ila immunofluorescence (A) and graphical summary of MHC
ITa positive fibers (B) in the EDL muscle of control and AICAR treated dKO mice, and control
and AICAR treated mdx mice. n = 7 for dKO ctrl, dKO treat, mdx ctrl, and mdx treat; n=3 for wt;
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3.2.3 AICAR treatment increases utrophin And b-DG expression in fast, glycolytic muscle of mdx
mice

An important aspect of the slow, oxidative phenotype in relation to DMD is the elevated expression
of the dystrophin homolog, utrophin A (47,219). Using western blot analysis, we found that
expression of utrophin A was increased by 1.9-fold in the fast, glycolytic TA muscle of AICAR
treated mdx mice compared with control mdx mice (P < 0.05) (Figure 3.18). This increased
expression was also seen with immunofluorescence. As expected, the dKO mice did not show any

expression of utrophin A.

Chronic AMPK stimulation has been shown to induce reassembly of the DAPC along the myofiber
membrane as a result of the elevated utrophin A expression (24,57,75,231). We evaluated the
localization of B-dystroglycan (3-DG), a component of the DAPC, to verify that. We found that
AICAR treatment resulted in 1.5-fold increase in B-DG fluorescence intensity in AICAR treated
mdx mice compared to control mdx mice (P < 0.05), but, as expected, no such increase was seen

in dKO mice (Figure 3.19).
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Figure 3.18: Expression of utrophin A in fast, glycolytic muscles of AICAR treated mice.
Representative micrographs of utrophin expression (B) and western blots of utrophin A,
representative Ponceau S stain, and graphical summary of utrophin A protein content (A) in the
EDL muscle of control and AICAR treated mdx mice. n =7 for dKO ctrl, dKO treat, mdx ctrl, and
mdx treat; n=3 for wt; * indicates significant difference compared to control groups and wt (P <
0.05). Scale bar = 120 um.
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Figure 3.19: B-Dystroglycan expression and localization in fast, glycolytic muscles of AICAR
treated mice. Representative micrographs (A) of B-Dystroglycan and a-bungarotoxin (arrows)
immunofluorescence, indicating the location of neuromuscular junctions. Graphical summary
(B) of the B-Dystroglycan staining intensity in the EDL muscle of control and AICAR treated
dKO mice, and control and AICAR treated mdx mice. n = 7 for dKO ctrl, dKO treat, mdx ctrl,
and mdx treat; n=3 for wt. * indicates significant difterence compared to all other groups (P <
0.05), & indicates significant difference compared to dKO ctrl and dKO treat (P < 0.05), $
indicates significant difference compared to mdx ctrl (P < 0.05). Scale bar = 160 um.
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3.2.4 AICAR treatment enhances sarcolemmal integrity of fast, glycolytic muscles in mdx mice,
but not dKO mice

To assess the benefits that the more oxidative, possibly slower phenotype bestowed on the dKO
and mdx mice, we measured several markers of myofiber integrity and function. We quantified
the degree of myofiber central nucleation in the EDL muscle as an indicator of the amount of
damage and regeneration occurring in the muscle. The ratio of fibers with centralized nuclei to
total number of fibers was significantly lower in wt mice compared to mdx and dKO mice (P <
0.05). The ratio was also significantly lower in mdx mice compared to dKO mice, as expected (P
< 0.05). AICAR treatment did not reduce the ratio of centrally nucleated fibers in dKO mice, but

resulted in a 40 % reduction in central nucleation in mdx mice (P < 0.05) (Figure 3.20).

To further understand the effect of chronic AICAR treatment on the structural integrity of the
sarcolemma, we performed immunoglobulin M (IgM) immunofluorescence on EDL cryosections.
While it is normally extracellular, IgM can penetrate and accumulate in muscle fibers that have a
damaged sarcolemma (50,236). The ratio of IgM stained fibres to the total number of fibres of the
EDL of AICAR treated mdx mice was 28 % lower than control mdx mice (P < 0.05), and the wt
mice had the lowest ratio of IgM stained fibres at 74 % lower than AICAR treated mdx mice (P <
0.05) (Figure 3.21). On the other hand, the ratio of IgM stained fibers in AICAR treated dKO and

control dKO mice was unchainged and was significantly higher than all other groups.
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3.2.5 AICAR treatment increases forelimb muscle strength in mdx mice, but not dKO mice

To quantify the degree of functional improvement in AICAR-treated mice, as has been done in
previous studies, we observed the decline in maximal tetanic tension in the EDL muscles during
repetitive electrically stimulated eccentric contractions (ECs) ex vivo (50,87,144). The decline in
force output is correlated with the amount of damage sustained by the muscles during the ECs
(50,87,144). After the 12th EC, the wt mouse force maintenance was significantly higher than the
other groups, and the AICAR treatment did not result in an improved force maintenance in either

the dKO or mdx mice (Figure 3.23).

During, the EC protocol, the muscles were bathed in 0.1% trypan blue solution, which penetrates
into the cytosol of myocytes with a damaged sarcolemma. Observing the extent of trypan blue
staining in the muscle fibers allows us to determine the susceptibility of the muscle to sarcolemmal
damage caused by the ECs. Following the EC procedure, the trypan blue fluorescence intensity in
non-peripheral EDL myofibers of wt mice was lower than in all the other groups, and was 30 %
less than the fluorescence in AICAR treated mdx mice (P < 0.05) (Figure 3.22). The trypan blue
fluorescence in AICAR treated mdx mice was, in turn, 30 % lower than control mdx mice (P <
0.05). Finally, the trypan blue fluorescence in AICAR treated and control dKO mice was the same,

and was significantly higher than the trypan blue fluorescence in all other groups.

As has been shown in previous studies, the forelimb grip test is a good indicator of forelimb muscle
strength. It has been shown that mdx mice have a reduced forelimb muscle strength compared to
wt mice, so we wanted to assess whether or not AICAR treatment improves their forelimb muscle
strength (237). Wt mouse forelimb grip strength was significantly higher than all of the other
groups (P < 0.05). AICAR treated mdx mice had a significant increase in grip strength by 16 %

compared to controld mdx mice (P < 0.05), while AICAR treated dKO mice showed no increase
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in forelimb grip strength compared to control dKO mice (Figure 3.24A). Since we found
significant differences in bodyweight between wt, mdx, and dKO mice, we normalized the
forelimb grip strength to body weight. The results after normalization show that control mdx mice
do not have a significantly higher forelimb force production than AICAR treated or control dKO
mice, but the AICAR treated mdx mice force production remains significantly higher than that of

control mdx mice (P < 0.05) (Figure 3.24B).
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Figure 3.20: The extent of central nucleation in fast, glycolytic muscles of AICAR treated mice.
Representative micrographs (A) and graphical summary (B) of the ratio of centrally nucleated
(arrows) fibers in the EDL muscle of control and AICAR treated dKO mice, and control and
AICAR treated mdx mice. n = 7 for dKO ctrl, dKO treat, mdx ctrl, and mdx treat; n=3 for wt. *
indicates significant difference compared to all other groups (P < 0.05), & indicates significant
difference compared to dKO ctrl and dKO treat (P < 0.05), $ indicates significant difference
compared to mdx ctrl (P < 0.05). Scale bar = 120 pm.
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Figure 3.21: IgM intramyocellular protein localization in fast, glycolytic muscles of AICAR
treated mice. Representative micrographs (A) and graphical summary (B) of the ratio of IgM
stained fibers in the EDL muscle of control and AICAR treated dKO mice, and control and AICAR
treated mdx mice. n = 7 for dKO ctrl, dKO treat, mdx ctrl, and mdx treat; n=3 for wt. * indicates
significant difference compared to all other groups (P < 0.05), & indicates significant difference
compared to dKO ctrl and dKO treat (P < 0.05), $ indicates significant difference compared to
mdx ctrl (P <0.05). Scale bar = 120 pm.
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Figure 3.22: Extent of damage from ex vivo eccentric contractions in fast, glycolytic muscles of
AICAR treated mice. Representative micrographs (A) and graphical summary (B) of the intensity
of trypan blue staining in non-peripheral fibers of the EDL muscle of wt, control and AICAR
treated dKO mice, and control and AICAR treated mdx mice. n = 3-4. * indicates significant
difference compared to all other groups (P < 0.05), & indicates significant difference compared to
dKO ctrl and dKO treat (P < 0.05), $ indicates significant difference compared to mdx ctrl (P <
0.05). Scale bar = 160 um.
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Figure 3.23: ex vivo skeletal muscle performance of fast, glycolytic muscles of AICAR treated
mice. Graphical representation of maximal tetanic force development, expressed as a percentage
of the initial contraction in the EDL muscle of wt, control and AICAR treated dKO mice, and
control and AICAR treated mdx mice during twelve electrically stimulated eccentric contractions.

n=3-4;*P <0.05.
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Figure 3.24: Forelimb strength in AICAR treated mice. (A) Graphical summary of the average
peak force produced by wt, control and AICAR treated dKO mice, and control and AICAR treated
mdx mice in the forelimb grip strength test. (B) Graphical summary of the average peak force
normalized to body weight produced by wt, control and AICAR treated dKO mice, and control
and AICAR treated mdx mice in the forelimb grip strength test. n = 3-4. * indicates significant
difference compared to all other groups (P < 0.05), & indicates significant difference compared to
dKO ctrl and dKO treat (P < 0.05), $ indicates significant difference compared to mdx ctrl (P <
0.05).
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4: DISCUSSION

At the outset of this project, we hypothesized that the benefits of the slow, oxidative myogenic
program to mdx mice are directly related to utrophin A. As a result, we predicted that the slow,
oxidative myogenic program would result in improved muscle morphology and function in madx
mice, but not in dKO mice. Our results support our hypothesis. Both the dKO and mdx mouse
skeletal muscles showed increased expression of important, phenotype shifting signaling
molecules like PGC-1a and SIRT lafter AICAR treatment. This was accompanied by an increase
in expression of oxidative phosphorylation proteins, slow troponin ¢, and MHC IIA. However,
only the strain that expressed utrophin A showed increased resistance towards dystrophy, as
indicated by multiple tests of muscle morphology and function. Clearly, the main point of
difference between the two strains, the absence of utrophin A in the dKO mice, plays arole in their
different responses to the shift in phenotype. This result confirms utrophin As a valid, and

important therapeutic target for DMD.
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4.1 Skeletal muscles of dKO and mdx mice have the same signaling capacity

Mammalian skeletal muscle has a variety of fiber types with different contractile and metabolic
properties. Under natural conditions, the fiber type profile of skeletal muscles is determined by the
type of activity they are needed to perform (4). Different forms of activity are associated with
different patterns of neural firing (1-3). Specifically, brief bursts of neural activity between long
periods of neuronal quiescence, trigger a fast, glycolytic fiber profile, while extended periods of
tonic motor nerve activity trigger a shift towards slow, oxidative fibers. This change in fiber-type
is controlled by specific signaling pathways, and research into these signaling pathways has led to
the discovery of several signaling proteins that are capable of inducing muscle plasticity and fiber
type changes. These proteins include calcineurin (CN), peroxisome proliferator-activated receptor
(PPAR) y coactivator la (PGC-1a), PPARB/S, AMP-activated protein kinase (AMPK), silent
mating type information regulator 2 homologue 1 (SIRT1), receptor-interacting protein 140
(RIP140), and E2F transcription factor 1 (E2F1) (5). Considering the focus of this project on
muscle phenotype shifting, it was imperative for us to understand the levels and patterns of
expression of some of these important, phenotype modifying signaling proteins in the dKO mice

relative to the mdx mice.

Our results show that dKO and mdx mice have a similar pattern of expression of several important
muscle signaling proteins. The activation of AMPK was shown to be higher in the slow, oxidative
soleus muscle compared to the fast, glycolytic EDL in the mdx mouse. This parallels what has
been previously seen in our lab and in the literature (7,8). We also showed this same result in the
dKO mouse. AMPK is an important regulator of energy metabolism, exerting control over key

systems such as glucose uptake and beta oxidation of fatty acids (9-11). With its involvement in
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the upregulation of slow, oxidative functions, the higher AMPK activation in the slow, oxidative

soleus muscle compared to the fast, glycolytic EDL was expected (12).

Since AMPK is known to interact with several other molecules to affect muscle phenotype,
including PGC-1a and SIRT1, we also measured their expression, and found it to be elevated in
the soleus muscle compared to the EDL in both dKO and mdx mice (13). As a promoter of
mitochondrial biogenesis (14,15), it was not surprising to see PGC-1a expressed at higher levels
in the soleus. Also, PGC-1a has previously been shown to have higher expression in slow,

oxidative muscles compared to fast, glycolytic ones (16-18).

Similarly, our data for SIRT1 matches the expression pattern that has been documented in the past
in rodents (19,20). SIRT 1 has been implicated in promotion of the oxidative phenotype, so its
higher expression in the soleus of dKO and mdx mice is expected (21,22). On the other hand,
Rip140 expression was higher in the EDL compared to the soleus in both dKO and mdx mice. This
pattern of expression is in agreement with the role of RIP140, which promotes the fast, glycolytic
myogenic program and/or repress the slow, oxidative phenotype (23,24). This result has also been
shown previously (25,26). To our knowledge, for all of the phenotypic modifiers mentioned above,
we were the first to document their expression in dKO mice and compare it to the expression in
mdx mice. It was noteworthy that dKO mice had the same expression levels of these molecules as
mdx mice, indicating that they have similar signaling capacities and are capable of modifying
muscle phenotype to a similar extent. In addition, these results indicate that dystrophin and

utrophin have little impact on the expression of these signaling molecules.
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4.2 Skeletal muscles of dKO and mdx mice have the same phenotypic capacity

Slow, oxidative and fast, glycolytic skeletal muscles differ from each other in multiple ways
including contractile physiology, metabolic capabilities, morphology, and fatigue resistance. It has
become common knowledge that this specialization is important, so research has identified ways
to distinguish these muscle types including the presence of specific contractile proteins and the
level of expression of certain metabolic enzymes (27-29). Fast, glycolytic muscle fibers have low
mitochondrial content, ranging from 1 to 3% of the total cellular volume, while oxidative muscle
fibers have much greater mitochondrial content, and as a result higher expression of oxidative
phosphorylation proteins (30). The contractile physiology of these muscles is also different and is
a result of the expression of different contractile apparatus proteins, like different isoforms of
troponin ¢ and the myosin ATPase. In addition, fast-twitch fibers can be further classified as they
show large variations in mitochondrial content and express a variety of myosin ATPase, including

type Ila and Ilb, (31-34).

To further characterize the dKO mice and compare their muscle phenotype to that of mdx mice,
we measured at the expression of cytochrome c, slow troponin, and myosin heavy chain | and 11
A in their fast and slow muscles. All of these phenotype indicators, except MHC 11 A, displayed
higher expression in the soleus than the EDL, and showed no differences between the two strains.
Cytochromce ¢ plays an important role in oxidative phosphorylation, residing on the inner
membrane of the mitochondrion and shuttling electrons between oxidative phosphorylation

complexes Il and 1V (35,36). Since the soleus is an oxidative muscle, cytochrome c expression
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was expected to be higher in the soleus compared to the EDL in both strains of mice. In addition,
the slow contraction kinetics of the soleus are a manifestation of its contractile apparatus, which
includes more of the slower myosin heavy chain, MHC I, and other slow contractile proteins such
as slow troponin c type 1 (37,38). Therefore, our results indicating a greater amount of MHC |,
MHC Il A, and slow troponin in dKO and mdx soleus muscles compared to their EDL muscles

were in line with expectations.

This characterization of the dKO mice as having a similar oxidative capacity and contractile
apparatus to mdx mice is important. An already slower, more oxidative phenotype in the dKO,
would block complementary signaling that activates the slow, oxidative myogenic program (49).
Since we showed that dKO mice have a similar muscle signaling capacity and phenotype to madx
mice, it increases the probability that if we treated both strains of mice with AICAR, under the

same conditions, they will respond similarly.
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4.3 Chronic AICAR treatment activates signaling pathways that are associated with the slow,

oxidative myogenic program in dKO and mdx mice

We have already mentioned that slow, oxidative muscle fibers in DMD patients and animal models
are more resistant to the dystrophic pathology than the fast, glycolytic fibers (41,42). Therefore,
the idea that the slow, oxidative myogenic program provides morphological and functional benefits
in muscular dystrophy has been raised by our lab (24, 43-50) and others (51-61). One of the most
powerful factors that has been identified to stimulate skeletal muscle plasticity and have specific
agonists is AMPK (48). AMPK has been described as an important integrator of cell signaling
pathways that mediate phenotypic plasticity within the context of dystrophic skeletal muscle, so
we sought to activate the slow, oxidative myogenic program in our dKO and mdx mice through it.
Perhaps the most-studied pharmacological stimulator of AMPK is 5-aminoimidazole-4-
carboxamide-1-B-D-ribofuranoside (AICAR). Chronic pharmacological AMPK stimulation via
systemic AICAR administration elicits robust phenotypic plasticity, such as fast to slow myosin
isoform shifts, mitochondrial biogenesis, increased glycogen storage, augmented PGC-1a,
PPARD/d and glucose transporter type 4 expression, enhanced insulin sensitivity, and improved

exercise performance [62-65].

AICAR induces the slow, oxidative myogenic program by increasing the activity/phosphorylation
of AMPK (48). After chronic AICAR treatment, the phosphorylation levels of AMPK were not
increased significantly in both dKO and mdx mice, though a trend towards increased
phosphorylation was present (Table 4.1). Out lab has previously shown that chronic AICAR
treatment increases AMPK phosphorylation in mdx mice (24). The absence of increased

phosphorylation in our data can be due to several reasons, including the amount of time elapsed
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between the injection of the mice with AICAR and their dissection on the final day of treatment.
It is possible that our mice were culled and dissected before the AICAR treatment produced an
effect on that day. Also, it has been shown that once a phenotype shift is induced
pharmacologically in dystrophic muscles, it prevents subsequent, complementary changes in
signaling (49). It is possible that once a slow, oxidative phenotype is expressed, subsequent
AICAR injections stopped producing an increase in AMPK phosphorylation. However, since
AICAR is known to induce phosphorylation mediated changes in the expression of proteins
associated with slower, more oxidative muscle fibers, we measured the expression of these
downstream targets to determine the impact of AICAR on our mice (Figure 1.3). We saw increases
in PGC-1a and SIRT1 expression, as well as a reduction in RIP140 expression in the EDL muscles
of dKO and mdx mice (Table 4.1). These changes indicate that the AICAR treatment was indeed

inducing increased activity of AMPK.

The increase in PGC-1a expression after AICAR treatment has been shown before in mdx mice
(24). We showed that dKO mice react in a similar manner to AICAR treatment, as their expression
of PGC-1a was also increased. AMPK can increase PGC-1a expression through phosphorylation
of transcription factors like MEF2, which is known to promote PGC-1a gene expression (17,18,66)
(Figure 1.3). In addition, AMPK can phosphorylate PGC-1a directly, increasing its activity, and
can indirectly protect it from degradation through its influence on NADH levels, which mediate
NADH quinone oxidoreductase 1 (NQOZ1) inhibition of PGC-1a degradation (66). As mentioned
earlier, PGC-1a promotes a slow, oxidative muscle phenotype through coactivation of nuclear
receptors and other transcription factors (18,67) (Figure 1.3). PGC-1a is also implicated in direct
regulation of the mitochondrial genome through the mitochondrial transcription factor A (Tfam)

(68). Increased expression of PGC-1a via AMPK activation has been correlated with upregulation
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of various proteins associated with the slow, oxidative phenotype, including utrophin A,
cytochrome c and COX 1V (24). As well, PGC-1a affects itself in a positive autoregulatory fashion,
and has been shown to convert fast, glycolytic type 11 B muscle fibers to mitochondria rich type |

and Il A fibers (18, 24).

Studies have revealed that AMPK and PGC-1a do not act alone. Rather, they act through a web of
intracellular signaling that also involves SIRT1 to evoke a slow, oxidative myogenic program (69)
(Figure 1.3). Therefore, the upregulation of SIRT1 concomitantly with increased AMPK activity
and increased PGC-1a expression after AICAR treatment is expected. This result is in agreement
with what has previously been shown in mdx mice (24). In dKO mice, we saw the same increase
in SIRT1 expression, showing that they similarly respond to pharmacological activation of AMPK.
SIRT1 uses NAD+ as a cofactor, meaning its activity is modulated by NAD+/NADH, which is
directly affected by the activation of AMPK (20). Through deacetylation, SIRT1 regulates a host
of transcription factors and co-regulators that influence many cellular functions (20). This includes
SIRT1’s deacetylation of PGC-1a. Deacetylated PGC-1a is thought to be a more active form, as
the deacetylation facilitates its incorporation into protein complexes at promoter regions,
increasing transcription of several genes associated with the slow, oxidative myogenic program
(69). The effects of the AMPK-PGC-1a-SIRT1 web, however, can be counteracted by RIP140,
which has been shown to induce expression of genes associated with the fast, glycolytic phenotype

(24).

RIP140 is powerful phenotypic modifier in skeletal muscle (23). By acting as a scaffold protein
between nuclear receptors and chromatin remodeling enzymes that promote transcriptional
repression, it can reduce mitochondrial enzyme gene expression (70). RIP140 has also been

reported to interact directly with and inhibit the activity of PGC-1 (71) (Figure 1.3). Transgenic
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RIP140 mice have reduced mitochondrial enzyme activity and significantly lower expression of
genes associated with the slow, oxidative phenotype, while RIP140 null mice have increased
oxidative capacity and a greater proportion of the slower MHC type Il A expressing skeletal
muscle fibers (23). Therefore, in order for AICAR to induce a slow, oxidative phenotype, RIP140
expression must be reduced, so our results are in line with expectations. It is also consistent with
other studies which showed that chronic AMPK activation by various means significantly down-
regulated RIP140 expression in the muscles of rodents, including mdx mice (24,72). In dKO mice,
we saw the same decrease in RIP140 expression, which, combined with the increased PGC-1a and
SIRT1 expression, indicates that they will, like mdx mice, express the slow, oxidative myogenic

program in response to AICAR treatment (24) (Table 4.1).
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Table 4.1: The effects of AICAR treatment on the activation and/or expression of important

phenotype shifting singaling molecules in the fast, glycolytic muscles of dKO and mdx mice.

Signaling molecule dKO-AICAR mdx-AICAR

P-AMPK unchanged unchaged
PGC-1a Up 50% Up 60%
SIRT1 Up 70% Up 90%
RIP140 Down 80% Down 70%
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4.4 Chronic AICAR treatment induces a more oxidative, possibly slower phenotype in dKO

and mdx mouse skeletal muscles

In the slow, oxidative myogenic program, increased oxidative capacity is brought on mainly
through mitochondrial adaptations that are generally referred to as ‘mitochondrial biogenesis' (68).
Mitochondrial biogenesis in muscle can mean either or both of the following changes: increased
in mitochondrial content per gram of tissue and/or changed mitochondrial composition, such
increased amounts of mitochondrial proteins (73). This increase in mitochondrial biogenesis can
be determined through observation of cytochrome ¢ and cytochrome c¢ oxidase (COX) subunits
(74,75). The slower phenotype that is also part of the slow, oxidative myogenic program can be
characterized through observation of members of the contractile apparatus, like troponin c, the

myosin ATPase.

With the upregulation of important promoters of the slow, oxidative myogenic program, and the
downregulation of the fast, glycolytic phenotype promoter RIP140, we expected to see an increase
in indicators of the slow, oxidative phenotype. Indeed, our results showed that there was a
significant increase in the oxidative phosphorylation proteins cytochrome c, cytochrome oxidase
complex 111, and cytochrome oxidase complex IV in the EDL of AICAR treated mice, indicating
increased oxidative capacity in the fast, glycolytic muscles of AICAR treated mice (Table 4.2).
This increase in oxidative phosphorylation has been documented before, with a significant increase

in cytochrome oxidase IV activity shown by Ljubicic et al. (24).

There was also a shift towards a slower phenotype, as the EDL muscles of AICAR treated mice

showed an increase in expression of slow troponin c type 1. In addition, they had a higher number
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of fibers expressing MHC Il A. Troponin c type 1 is an isoform of troponin c that is coded by the
TNNC1 gene and expressed in cardiac and slow skeletal muscle, so its increase indicates
development of a slower phenotype (76). MHC Il A is the MHC-a isoform with the slowest
contraction velocity (Vmax), so a greater number of fibers expressing it could also indicate a shift
towards a slower phenotype (77). Overall, these results show, as expected, that chronic AICAR
treatment induced an oxidative, possibly slower phenotype in the skeletal muscles of mdx mice,
which is in agreement with the literature. Importantly, and as expected from our results showing
increased in expression of signaling molecules that promote the slow, oxidative myogenic
program, we showed that dKO mice are also capable of expressing a slower, more oxidative

skeletal muscle phenotype when treated with the appropriate pharmacological agents (Table 4.2).
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Table 4.2: The effects of AICAR treatment on the expression of important phenotype indicators

in the fast, glycolytic muscles of dKO and mdx mice.

Phenotype dKO-AICAR mdx-AICAR
indicator

Oxidative proteins

Cytochrome c Up 70% Up 70%
Cytochrome Up 50% Up 60%
oxidase Il
Cytochrome Up 50% Up 100%
oxidase IV

Contractile proteins

Slow troponin c Up 60% Up 70%
MHCII A Up 40% Up 40%
DAPC

Utrophin A NA Up 100%
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4.5 Chronic AICAR treatment increases utrophin A expression and promotes reassembly of

the DAPC in the fast, glycolytic muscles of mdx mice, but not dKO mice

A central aspect of the slow, oxidative phenotype to this project is the increase in utrophin A
protein expression that has been reported in the past (24,46,47,219). We saw this same
upregulation of utrophin A in mdx mice (Table 4.2). dKO mice, on the other hand, did not express
any utrophin A due to their utrophin A-null genotype. In non-dystrophic muscles, dystrophin is
found along the entire sarcolemma, while utrophin A is localized to the neuromuscular junction
(78). As important as the increased expression, our immunofluorescence results show that the
AICAR treatment upregulated utrophin A throughout the sarcolemma, not only in the
neuromuscular junction. This likely allows utrophin A to better serve as a replacement to
dystrophin in functions such as recruiting the DAPC proteins to the sarcolemma and stabilizing it.
The C-terminus of utrophin A can bind DAPC proteins such as a-dystrobrevin-1 and -DG (79,80).
Also, like dystrophin, utrophin A binds -DG through its ZZ domain, though their modes of

binding differ slightly (79).

To verify the ability of utrophin A to recruit the DAPC, we looked at the expression and
localization of B-DG to the sarcolemma. B-DG expression in the EDL muscle of mdx mice was
significantly increased. This is consistent with earlier studies, which show that AMPK activation
has significant effects on the protein profile of cell membranes in skeletal muscle and other tissues
(24,81-83). On the other hand, B-DG expression was not increased in AICAR-treated dKO mice.
This suggests that the reassembly of the DAPC in the mdx mice was facilitated by the AICAR-

mediated increase in utrophin A expression.
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4.6 Chronic AICAR treatment improves skeletal muscle morphology and function in the

utrophin A expressing mdx mice, but not the utrophin A negative dKO mice

Our central objective was determine whether or not the slower, more oxidative phenotype that we
induced in the mice increased the resilience of their muscles to dystrophy and improved their
function independently of utrophin A. We looked at various parameters for an indication of this.
Muscle fiber central nucleation is a good indicator of muscle regeneration as a result of prior
necrosis. The more centrally nucleated fibers in the muscle, the greater the amount of damage this
muscle has seen and is regenerating from (84,85). Our results indicated that AICAR-treated mdx
mice were experiencing reduced necrosis, as has been reported in previous studies (24,57,231)
(Table 4.3). Another indicator of muscle damage is IgM staining. IgM is an immunoglobin that is
normally found in the serum. When the sarcolemma is compromised, IgM can penetrate the muscle
fibers and accumulate in them (50). The results of this experiment supported the results of the
previous experiment, as well as the results of previous studies, indicating reduced muscle damage

as a result of the AICAR treatment in mdx mice (24,57,231) (Table 4.3).

We also looked at muscle resistance to damage from eccentric contractions, which can cause
sarcomere as well as sarcolemmal damage (86). As a result of this damage, the peak tetanic force
generated by the muscles is reduced in successive eccentric contractions (87). After 12 eccentric
contractions, our results indicated that the AICAR treatment did not improve the force
maintenance in the mdx mice, which agrees with what has been shown previously by Ljubicic et

al. (24).

88



However, the eccentric contraction experiment was accompanied by trypan blue staining. Trypan
blue, a diazo dye, is used to selectively stain dead tissues or cells. Trypan blue is negatively
charged, so it is unable to pass through cell membranes unless they are damaged. Cells that exclude
the dye have undamaged membranes, while cells that display trypan blue fluorescence have
damaged membranes and are likely non-viable (90). The trypan blue staining results showed that
the AICAR treatment protected the mdx mice from muscle damage but could not do the same for
the dKO mice (Table 4.3). Such a result has been shown before, though with a different dye, in

mdx mice with AICAR treatment, but it is novel in dKO mice (24).

We performed one more test of muscle function, the forelimb grip strength test. This method can
measure disease progression and test the benefits of therapeutic interventions. It has been shown
previously that dystrophic mice had significantly reduced grip strength compared to wt mice, and
reduced grip strength has been attributed to several factors including declining muscle mass and
increased fibrosis, which are symptoms of DMD progression (91,92). Our results showed that the
AICAR treatment significantly improved the grip strength of mdx mice, indicating slowed DMD

progression and improved muscle function, as has been shown previously (93,94).

These results in the mdx mice indicate that the AICAR treatment, and the resulting induction of
the slow, oxidative myogenic program caused an improvement in the resistance of skeletal muscles
to DMD. As stated earlier, these results are in agreement with what has been shown in previous
studies (24,57,238). On the other hand, we documented an important and stark difference in the
ability of dKO mice to benefit from the slower, more oxidative phenotype. Unlike the mdx mice,
we found that chronic treatment with AICAR elicits no structural or functional improvements in
dKO mice (Table 4.3). Central nucleation was constant between AICAR treated and control dKO

mice, indicating that necrosis and resulting regeneration was not reduced by the AICAR treatment.
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Muscle fiber damage, as indicated by IgM penetration, was also unchanged by the AICAR
treatment. Muscles from ACIAR treated dKO mice did not have greater resistance to damage from
eccentric contractions, as indicated by trypan blue staining. Finally, the AICAR treatment did not
increase the forelimb strength of the dKO mice. This inability of the dKO mouse muscles to
benefit structurally or functionally from the slow, oxidative myogenic program points to a finding
that is central to our study: utrophin A is important to the benefits conferred on dystrophic mice

by the slow, oxidative myogenic program.
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Table 4.3: The effects of AICAR treatment on indicators of the DMD pathology in the fast,

glycolytic muscles of dKO and mdx mice.

Indicator of dKO-AICAR mdx-AICAR
pathology

Morphological indicators

Central nucleation uchanged Down 40%
IgM staining unchanged Down 30%

Functional indicators

ECC induced Unchanged Down 30%

damage

Grip strength Unchanged Up 16%
DAPC

B-Dystroglycan Unchanged Up 50%
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4.7 Utrophin A is directly linked to the benefits of the slow, oxidative phenotype in models of

DMD

Several aspects of the slow, oxidative phenotype have been hypothesized to provide benefits to
dystrophic muscles. These include improved mitochondrial function, reduced mitochondrially
mediated apoptosis, reduced proapoptotic caspase activity and oxidative stress, and improved
autophagy. Abnormalities in mitochondrial function have been found in DMD patients and
carriers, and have been especially linked to DMD’s early progression (226). A key aspect of the
slow oxidative myogenic program, mitochondrial biogenesis, has been shown to improve some
deficiencies found in dystrophic skeletal muscle that are linked to mitochondrial abnormalities,

including exercise intolerance, fatigue, and exaggerated lactic acid production (101).

Another deficiency found in dystrophic skeletal muscle is its vulnerability to atrophy, which can
be caused by mitochondrially mediated apoptosis (102). It occurs when mitochondrial proteins,
such as cytochrome c¢ and apoptosis inducing factor (AlIF), are released into the cytosol, causing
DNA fragmentation and cell death. The release of these proteins is facilitated by specialized pores,
such as the mitochondrial permeability transition pore (mtPTP) (102). The slow, oxidative
myogenic program has been shown to reduce mitochondrially mediated apoptosis by reducing
mtPTP opening succeptibility, and reducing calcium overload induced swelling of the
mitochondria, which is specifically linked to apoptosis and atrophy in dystrophic fibers (103). In
addition, the slow, oxidative myogenic program has been shown to reduce the pro-apoptotic
activity of the calcium dependent protease calpain, and the caspases, which are a group of cysteine

proteases involved in apoptosis and necrosis (54). Furthermore, the improved mitochondrial
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function elicited by the program is also associated with reduced damage to dystrophic fibers from

reactive oxygen species (104).

Increased AMPK activation, which elicits the slow, oxidative myogenic program, has been
associated with improved autophagy, which is thought to provide structural and functional benefits
to dystrophic muscles (13). Despite these multiple beneficial adaptations provided by the slow,
oxidative myogenic program to dystrophic fibers, our results show that the increased utrophin A
expression is the vital ingredient to the palpable structural and functional improvements that are

seen in mdx mice upon induction of the program.

While AICAR treatment successfully activated a slower, more oxidative phenotype in both strains
of mice, only the mdx mice were able to benefit from this transformation. Since we showed that
dKO mice have the same signaling capacity as mdx mice, which allows them to respond to AICAR
treatment and express the slow, oxidative phenotype properly, the main skeletal muscle difference

that remains between the two strains is the absence of utrophin A from the dKO mice.

Over the past years, there has been a hypothesis in our lab that utrophin A is vital to the benefits
that the slow, oxidative myogenic program confers on mdx mice (24,43-50). This seemed logical,
since utrophin A is an analog of dystrophin, binding the same proteins that comprise the DAPC,
and has been shown to be highly expressed in slow, oxidative muscles, which are less damaged by
DMD (41,42). In addition, transgenic overexpression of utrophin A has been shown to alleviate
the symptoms of DMD, and it has been determined that upregulation of utrophin A by ~2 fold in
dystrophic mice can significantly improve their resistance to the disease (87,88,95,96).
Interestingly, this ~2 fold increase in utrophin A expression is what we saw in the TA muscles of
our AICAR treated mdx mice, similar to what Ljubicic et al. showed (24). There is a body of

evidence that shows that utrophin A upregulation allows mdx mice to be phenotypically
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indistinguishable from wt mice in sedentary conditions, including in terms of myofiber size
variability and rates of degeneration and regeneration (87,97,98). Utrophin A stabilizes the
sarcolemma, and even improves higher models of DMD such as the GRMD dog (87,97,98).
Considering this evidence, and the fact that the slow, oxidative myogenic program upregulates
utrophin A expression to a physiologically relevant degree, it is clear that utrophin A is vital to the

benefits conferred on dystrophic mice by the slow, oxidative myogenic program.

In a recent publication by Chan et al. (2014), it was shown that upregulation of the slow, oxidative
myogenic program can improve muscle strength and function in both dKO and mdx mice, and it
was therefore claimed that utrophin A is not necessary for these improvements. In that study, they
rely on two main experiments to come to this conclusion. First, they show that PGC-1b does not
upregulate utrophin A or other proteins of the neuromuscular junction, while it still induces a more
oxidative phenotype in skeletal muscles. Through use of the muscle creatine kinase (MCK)
promoter, PGC-1b is transgenically upregulated in the skeletal muscles mdx mice. These MCK-
PGC-1B mice are shown to have improved muscle morphology and function, independently of
utrophin A. Moreover, MCK-PGC-1a dKO mice, which cannot express utrophin A, also showed
improved muscle morphology and function. Based on this, Chan et al. stipulate that utrophin A is
not necessary for the benefits of the slow, oxidative myogenic program to dystrophic mice.
However, in both of the above cases, the mice had overexpression of PGC-1a or PGC-1b as soon
as their muscles started to develop, and so expressed a slow, oxidative muscle phenotype prior to
birth. In utero overexpression of PGC likely reduces some of the prenatal abnormalities associated
with DMD, which results in improved resistance to the postnatal dystrophic phenotype, but is

unlikely to be replicated in a clinical setting (178,227).
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For example, PGC-1a is known to protect muscles from Forkhead box protein O (FoxO) mediated
atrophy, so having this advantage prior to the onset of dystrophy might reduce the loss of skeletal
muscle mass after its onset (225). In addition, there are other benefits besides, utrophin A
upregulation, that the slow, oxidative phenotype bestows on dystrophic mice, such as improved
autophagy, reduced apoptotic susceptibility, and decreased metabolic abnormalities (13,100-102).
When given a long time and allowed to function in the muscles as they develop, these adaptations
may pose a viable defense against dystrophy, but this is unrealistic in a clinical setting, where
patients are usually already dystrophic by the time they are diagnosed at approximately 5 years of
age (241). If these adaptations are only beneficial in the longer term, then inducing them
postnatally might not give them enough time to produce palpable benefits before the dystrophy

produces irreversible damage.

In fact, this is supported by the last part of the study by Chan et al., in which PGC was upregulated
in the mice postnatally using the inducible tet-response element promoter. Thus PGC-la
overexpression was only induced in the mice after removal of doxycycline from their chow at 3
weeks of age. In that part, only PGC-1a overexpression, which is associated with utrophin A
upregulation, was shown to ameliorate the dystrophic phenotype and it was only shown doing so
in mice that were capable of expressing utrophin A, the mdx mice. This part of the study follows
the same timeline as our study, which is more realistic for clinical interventions in humans.
Therefore, the multiple beneficial aspects of the slow, oxidative phenotype, other than utrohpin
expression, can not be ruled out in providing benefits to dystrophic muscles, but utrophin A
upregulation is vital to the realization of these benefits in a scenario that is more clinically relevant,

when the mice are already dystrophic and require treatment.
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5: CONCLUSION AND FUTURE DIRECTIONS

Our findings showed that dKO and mdx mouse skeletal muscles have similar signaling capacity
and display a similar phenotype, in terms of oxidative capacity and contractile proteins, based on
our measurements. When treated with AICAR, both mice displayed a significant increase in
oxidative capacity with expression of proteins indicating a possible shift towards a slower
phenotype. This shift in phenotype was associated with a significant increase in utrophin A
expression in the mdx mice, while the dKO mice could not express utrophin A. When tested for
functional and morphological signs of overcoming DMD, only the mdx mice, which had increased
utrophin A expression, showed improvements. These results indicate that utrophin A is directly

linked to the improvements incurred by the slow, oxidative myogenic program on dystrophic mice.

Our result confirm the hypothesis that was posed at the beginning of this study. This conclusion
verifies that utrophin A is an important therapeutic target for DMD, and that the slow, oxidative
myogenic program is a valid mechanism to upregulate utrophin A expression in models of DMD.
However, the extent to which the slow, oxidative myogenic program and the resulting utrophin A
upregulation benefits these models across their lifetime is still an area that needs investigation. A
study where the slow, oxidative myogenic program is induced in mdx mice throughout their lives
would provide interesting insights into how the benefits of the program change as the mice get
older, and whether or not the program can prolong the lives of mdx mice to match the lifespan of
wt mice. In addition, in a clinical setting, DMD patients might be identified very early or very late,
depending on the use of technologies like genetic testing or the absence of proper healthcare
infrastructure. Therefore, a study on the benefits of the slow, oxidative myogenic program to
models of DMD if treatment is started at a very early age or at a late age would provide further

insight into the improvements the program can offer in a clinical setting. In addition, it would be
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worthwhile to assess markers of non-utrophin A-related, beneficial slow, oxidative phenotype
adaptations, such as autophagy, in the AICAR-treated dKO and mdx mice. If these non-utrophin
A-mediated changes occur equally in both dKO and mdx mice, then the case for utrophin As the
vital component behind slow, oxidative phenotype’s resistance to dystrophy would be made even

stronger.

As mentioned earlier, there are many therapeutic options for DMD. A plethora of therapeutic
targets have been identified and there many ways to influence them, pharmacologically or
otherwise. Combining the utrophin A-mediated benefits of the slow, oxidative myogenic program
with other beneficial adaptations can help further improve the resistance of DMD models to the
disease. Several pathological conditions have been linked to increased necrosis and progression of
muscular dystrophies including DMD. Inflammation is part of the immune response to DMD and
has been shown to contribute to the progression of its pathology (105). Reduction of inflammation
has been shown to improve the DMD pathology in human patients and animal models (106,107).
Therefore, combining the slow, oxidative myogenic program with an anti-inflammatory drug like
VBP15, may lead to further improvements of the DMD pathology (106). Related to inflammation
is fibrosis, the penetration of skeletal muscles by fibrotic tissue, which directly contributes to
progressive muscle dysfunction and the lethal phenotype of DMD (109). There are therapeutic
options to reduce fibrosis in human patients and models of DMD, such as andrographolide, and
combining treatments like this with the slow, oxidative myogenic program might lead to greater
improvements in pathology (108). A combination of the known utrophin A-mediated beneficial
effects of the slow, oxidative myogenic program and other therapeutic avenues may open the door
to a potent combintatorial treatment that will not only improve models of DMD, but provide relief

to human patients of the disease.
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