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ABSTRACT

Muscular dystrophies are a group of genetic disorders characterized by muscle
necrosis, atrophy, and progressive weakness. Several of these diseases are caused by
defects in the dystrophin-glycoprotein complex, an integral membrane complex linking
the extracellular matrix to the subcellular actin cytoskeleton in skeletal muscle. The
central factors in this linkage are extracellular a-dystroglycan, which interacts with
laminin and other matrix receptors via the presence of a unique O-mannose glycan
structure, transmembrane -dystroglycan, and intracellular dystrophin, which binds (-
dystroglycan near its C-terminus and actin at its N-terminus. Mutations in genes
processing a-dystroglycan disrupt its attachment to laminin and cause a subset of
muscular dystrophy termed secondary dystroglycanopathy. Patient phenotypes span a
broad spectrum that includes, on one end, congenital muscular dystrophy along with

severe brain and eye abnormalities, and, on the other, mild, adult-onset muscle disease.



Although dystroglycanopathies are fatal, they are currently without effective treatment or
cure.

A challenge to the development of therapeutic agents for muscular dystrophies is
the identification of druggable targets. Because the primary biochemical defect in
dystroglycanopathies (as well as other dystrophin-glycoprotein related muscular
dystrophies) lies within a structural complex, one approach has been to upregulate
compensatory or homologous protein complexes or to modulate certain physiological
properties of muscles so that they are less vulnerable to contraction induced damage.
While this strategy has yielded a number of promising results, it has primarily utilized
genetic approaches that are technically infeasible for use in human patients. Thus,
identification of small-molecule interventions that ameliorate dystrophic features is of
great interest.

We employ a novel Fktn-deficient mouse model of dystroglycanopathy to probe
pathological features of disease, including abnormal muscle regeneration and fibrosis
which are key determinants of disease progression. Furthermore, we identify abnormal
activation of the mammalian target of rapamycin (mTOR) signaling pathway and show
that it can be targeted to improve histological and functional parameters of
dystroglycanopathy muscle. Our results set the stage for preclinical evaluation of
mTORCI inhibition as a novel therapeutic approach for muscular dystrophy.

INDEX WORDS: skeletal muscle, muscular dystrophy, dystroglycan, fukutin, muscle
differentiation, muscle fiber-type, mammalian target of rapamycin

(mTOR), rapamycin



DYSTROGLYCANOPATHY-TYPE MUSCULAR DYSTROPHY: EVALUATION OF
PATHOPHYSIOLOGY AND THERAPEUTIC TARGETING IN A MOUSE MODEL

OF FUKUTIN DEFICIENCY

STEVEN JAMES FOLTZ
B.S., The University of Delaware, 2011

B.A., The University of Delaware, 2011

A Dissertation Submitted to the Graduate Faculty of The University of Georgia in Partial

Fulfillment of the Requirements for the Degree

DOCTOR OF PHILOSOPHY

ATHENS, GEORGIA

2016



© 2016
Steven James Foltz

All Rights Reserved



DYSTROGLYCANOPATHY-TYPE MUSCULAR DYSTROPHY: EVALUATION OF
PATHOPHYSIOLOGY AND THERAPEUTIC TARGETING IN A MOUSE MODEL
OF FUKUTIN DEFICIENCY
by

STEVEN JAMES FOLTZ

Major Professor: Aaron M. Beedle

Committee: Brian S. Cummings
Mandi M. Murph
Han-Rong Weng
Lance Wells

Electronic Version Approved:

Suzanne Barbour

Dean of the Graduate School
The University of Georgia
August 2016



DEDICATION

To my parents

v



ACKNOWLEDGMENTS
To everyone who helped me through this experience: thank you. I am grateful for
the guidance of my graduate committee and the kind assistance I’ve received from
College of Pharmacy staff. I’d most especially like to thank my advisor Aaron Beedle:
it’s been a pleasure. You’ve been an outstanding mentor and have offered me nothing
but thoughtful advice. Lastly, a warm hello to my brother, Brian, and my girlfriend,
Emily, who have been with me through good times and bad. Thanks for keeping me

sanc.



TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS ...c.ooiiiiiiiiieceetete et v
LIST OF TABLES ... .ottt vii
LIST OF FIGURES ......oiiiiiiiiiiiee ettt s viii
CHAPTER
I INTRODUCTION ...ccocoiiiiiiiiiiiiiiiiiciececcce e 1
2 ABNORMAL SKELETAL MUSCLE REGENERATION PLUS MILD
ALTERATIONS IN MATURE FIBER TYPE SPECIFICATION IN
FKTN-DEFICIENT MUSCULAR DYSTROPHY MICE ....................... 44

3 FOUR-WEEK RAPAMYCIN TREATMENT IMPROVES MUSCULAR

DYSTROPHY IN A FUKUTIN-DEFICIENT MOUSE MODEL OF

DYSTROGLYCANOPATHY ...ooioiiiiiiiieieee et 76
4 DISCUSSION AND CONCLUSIONS ....ccooiiiiiiiienieeeeneeeeeee e 119
REFERENCES ...ttt sttt sttt e es 135

vi



LIST OF TABLES

Page
Table 1.1: Dystroglycanopathy Genes............cceeuieriieniieniieniieie et 13
Table 1.2: Mammalian Skeletal Muscle Fiber Types .......ccoccveeiiiviiniienieniieiieeieeeeee, 27
Table 4.1: Selected MTOR INIbItOLS .....cuerviriiiriiiiiiierieeceeeeeeeeee e 137

vil



LIST OF FIGURES

Page
Figure 1.1: The dystrophin-glycoprotein compleX .........cccccoevieriieniieniiienieeieeie e 4
Figure 1.2: Functional O-mannose glycan of a-dystroglycan .............cccoceeviieiiienienciinnnnn. 8
Figure 1.3: Diverse functions of Akt signaling in muscular dystrophy ............cccccceeeunennee. 40
Figure 2.1: Dystrophy is prevalent and progressive in Myf5/Fktn KO muscle................. 55

Figure 2.2: Frequency of type 1 oxidative fibers decreases with age in iliopsoas and TAS57
Figure 2.3: Frequencies of type 2a oxidative and type 2b glycolytic fast-twitch fibers are
unchanged in iliopsoas and TA between Myf5/Fktn KO and LC mice................. 59
Figure 2.4: Minor delay in progression of glycolytic type 2x fiber switching in TA of
Myt5/Fktn KO and LC MICE.......ceecvieiiieiiieiieeie ettt 60
Figure 2.5: Injury does not induce revertant expression of a-DG glycosylation in
Tam/FKtn KO MICE ...cc.veiuiiiiiiiiiiiiicieeitceeetce ettt 62
Figure 2.6: Differentiation is delayed in whole-body Tam/Fktn KO mice following
cardiotoxin (CTX) induced regeneration ............cceeeveeeueenieeiieenieeeiieeniieeieesee e 63
Figure 2.7: Regenerating myofibers are smaller in Tam/Fktn KO mice ..........ccceeeenneee. 65
Figure 2.8: Slow oxidative fibers are decreased in Myf5/Fktn KO and Tam/Fktn LC mice
fOllowIng CTX INJECHION ..evvviniiiiiiiiiieeieeit ettt 67
Figure 2.9: Fast oxidative fibers are decreased in Myf5/Fktn KO mice following CTX

101115161510 ) T PSSR PT PRSPPI 68

viil



Figure 2.10: Glycolytic type 2x, but not type 2b, fibers decrease following muscle
TEZEINETATION. ....eeeieeuiieeiteeteeeiteetteeeteesteeseaeesseessaeenseessseenseessseanseensseenseenseeanseenseesnseas 69

Figure 2.11: Both presynaptic and postsynaptic components are present at neuromuscular

junctions in 14 d regenerated muscle of Myf5/Fktn and Tam/Fktn KOs .............. 71
Figure 3.1: mTOR is activated in aged, fasted Myf5/Fktn muscle............ccceeevvenrennennne. 92
Figure 3.2: Akt/S6 protein expression in later-stage dystroglycanopathy muscle............. 93

Figure 3.3: Akt/mTOR signaling is unchanged following loss of aDG glycosylation......96
Figure 3.4: Four week daily RAPA treatment improves functional outcomes in
MYTS/FRtn KO TNICE.......vieiieiiieiieeiie ettt ete ettt et saee e aaeeseesaeeenseenseeenseas 99
Figure 3.5: Daily RAPA reduces central nucleation and alters fiber size of Myf5/Fktn KO
THHOPSOAS vttt ettt ettt ettt ettt e et et e et e e tee et e e saeeabeeseeenbeensaeenseenseasnnas 101
Figure 3.6: Distributions of either non-regenerating or regenerating muscle fibers........ 103
Figure 3.7: Four week daily RAPA treatment decreases immune cell infiltration in
THHOPSOAS ettt ettt ettt ettt et e s e e et e s it e e bt esabe e bt e snbeenbeeenreenees 105
Figure 3.8: Inflammatory or fibrotic analytes from solubilized quadriceps muscle........ 106
Figure 3.9: Fibrosis is reduced in iliopsoas and diaphragm of RAPA-treated Myf5/Fktn
KO MUICE .ttt ettt 108

Figure 3.10: pS6 localizes to myofiber- and non-myofiber-specific niches in iliopsoas of

MyTS/Fhtn KO MICE........eoiiiiiiieiiiieeiesteieetee ettt 110
Figure 3.11: Autophagy proteins are upregulated in dystroglycanopathy muscle........... 112
Figure 3.12: Mitochondrial function in TAs of Myf5/Fktn KO and LC mice................. 114
Figure 4.1: Roles for Rapamycin in dystrophic muscle...........cocceviiiiniiiiiiiiiee. 135

X



CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Muscular dystrophies are a diverse group of genetic diseases characterized by
progressive muscle weakness. While the age of onset and clinical manifestations vary
considerably between and even within different types of dystrophy, all share the common
feature of muscle fiber necrosis followed by regeneration. Muscle possesses robust
regenerative capacity, but this ability is inevitably compromised following several
degenerative cycles. Because of this, functional muscle fibers in dystrophic tissue are
replaced over time with non-functional depositions of extracellular matrix proteins or
adipocytes. In cases with involvement of the respiratory or cardiac muscles, this process
ultimately results in premature death. Despite the significant threat to human health,
these diseases remain without a cure. However, recent advances in our understanding of
disease progression have opened up a number of avenues for therapeutic development
and extended hope to the patient community. This introduction will review patient
phenotypes and the current understanding of underlying disease mechanisms particularly
in muscular dystrophies arising from defects in the essential muscle cell membrane-
stabilizing dystrophin-glycoprotein complex. Included in these diseases are Duchenne
muscular dystrophy, the most common form of muscular dystrophy in children, and
several lethal congenital muscular dystrophies. Due to their prevalence and severity,
substantial effort is directed toward the study and treatment of dystrophin glycoprotein

complex-related muscular dystrophies. Herein follows a review and discussion of the



current literature regarding muscular dystrophies arising from defects in the dystrophin
glycoprotein complex. Special attention will be paid to the primary and secondary
aspects of disease, along with recent advances and their implications for therapeutic
development.

The Dystrophin-Glycoprotein Complex

Duchenne muscular dystrophy , the most common form of muscular dystrophy in
children, is an X-linked recessive disorder affecting approximately 1 in 3600 -6000 males
(1,2). The genetic locus affected in Duchenne muscular dystrophy was identified through
linkage analysis of the X-chromosome in the early 1980s, and the discovery of its protein
product, dystrophin, followed a few years later (3-5). Despite the elucidation of the
primary biochemical defect in Duchenne muscular dystrophy, the functional significance
of dystrophin remained unclear. The first clues to its role came from immunochemical
localization studies that demonstrated that dystrophin was present at the sarcolemma of
normal, but not Duchenne muscular dystrophy, muscle (6). Shortly thereafter, it was
determined that intracellular dystrophin linked to a transmembrane glycoprotein (7).
Cosedimentation experiments first established a potential relationship between dystrophin
and actin, and dissociation of cytoskeletal proteins from the sarcolemma concomitantly
interrupted the dystrophin/glycoprotein interaction, leading to the hypothesis that
dystrophin is purposed as a bridge between the muscle membrane and the underlying
structural network (8). Furthermore, direct binding of costameric actin to isolated
sarcolemma was confirmed in membranes isolated from dystrophin-expressing wildtype

muscle fibers, but not those from dystrophin-deficient fibers, illustrating a bona fide



interaction between dystrophin and actin in situ (8-10). However, this model describes
only a piece of a larger system.

The transmembrane glycoprotein that binds on its intracellular surface to
dystrophin is B-dystroglycan, which is transcribed from an mRNA that also encodes a-
dystroglycan (from which it is post-translationally cleaved) (11-13). a-Dystroglycan
dimerizes with p-dystroglycan and binds several extracellular matrix proteins.
Dystrophin and dystroglycan therefore provide a critical link between the extracellular
matrix and the intracellular cytoskeleton and form the backbone of the dystrophin-
glycoprotein complex, an integral membrane complex also containing the sarcoglycans,
syntrophins, sarcospan, and o-dystrobrevin (8,11,14,15) (Figure 1.1). Work on o-
dystroglycan’s function as an extracellular matrix receptor first utilized overlay
experiments to demonstrate that a-dystroglycan binds specifically to laminin and not to a
number of other extracellular matrix proteins in muscle. Several basic residues within the
laminin G 4-5 domains of laminin were found to be required for this interaction; the early
observation that dystroglycan glycosylation was also required hinted that negatively
charged sugars on dystroglycan associate ionically with laminin. Importantly, this raised
the possibility that a-dystroglycan might serve as a receptor for a number of other
laminin G domain-containing proteins. Indeed, a-dystroglycan binds agrin and perlecan
at the neuromuscular junction, pikachurin in the eye, and neurexin in the brain, all with
important implications for tissue function (16-22). Mutations in genes encoding proteins
of the dystrophin glycoprotein complex can disrupt its function as a stabilizer of the
sarcolemma, but the extent of pathogenesis is crucially dependent on the specific nature

of the mutation and the extent to which the coded protein is altered.
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Figure 1.1 The dystrophin-glycoprotein complex. The basal lamina/extracellular matrix
and the intracellular cytoskeleton are connected, glycosylation-dependently, by linkages
from a-dystroglycan, B-dystroglycan, and dystrophin. The supportive
sarcospan/sarcoglycan subcomplex and dystrophin-associated signaling adapter proteins
are also shown.



The Duchenne muscular dystrophy gene is the largest in the human genome with an
approximate length of 2400 kilo-base pairs (kb). The full-length dystrophin mRNA,
spanning 79 exons, is approximately 14 kb in length and encodes a protein of 427 kilo-
Daltons (kDa). As such, it is relatively vulnerable to pathogenic mutations, although a
number of these are clustered at specific “hot spots” (e.g. exons 2-20 and 45-53) (23,24).
While defects in dystrophin are responsible for Duchenne muscular dystrophy, an allelic
variant of dystrophinopathy known as Becker muscular dystrophy has also been
described. Typically, Becker muscular dystrophy mutations consist of in-frame deletions
that result in a truncated but partially functional dystrophin, leading to a subdued
phenotype in patients (24,25). Importantly, a number of other dystrophin isoforms exist
with specific tissue and sub-tissue localizations, and it is likely that dystrophin mutations
that disrupt the function of relatively fewer of these isoforms, result in milder patient
phenotypes (26-31). Along with dystrophin, there are six sarcoglycans (a-, -, y-, d-, €-,
{-sarcoglycan), the first four of which form a tetrameric subcomplex within the skeletal
muscle dystrophin glycoprotein complex; mutations in a-, B-, y-, or d-sarcoglycan are
associated with a milder form of muscular dystrophy known as limb-girdle muscular
dystrophy 2C-2F (32,33). In contrast, loss of other dystrophin glycoprotein complex
proteins, including the syntrophins, which are adaptor molecules that facilitate the
localization of certain signaling molecules to the dystrophin glycoprotein complex, does
not result specifically in a muscle phenotype. However, the entire dystrophin
glycoprotein complex is absent from the sarcolemma in DMD and the loss of syntrophin
function, at least in muscle, is thus contained within the Duchenne phenotype (34-36).

Dystrobrevin deficiency is a general feature of both DMD and the sarcoglycan-associated



limb-girdle muscular dystrophies, and although a-dystrobrevin null mice do have a mild
muscle phenotype, no pathogenic mutations of a-dystrobrevin have been reported in
humans (37-39). Interestingly, a group of patients with inherited myopathy had reduced
sarcolemmal dystrobrevin and/or syntrophins, but apparently normal levels of most
dystrophin glycoprotein complex proteins (dystrophin, sarcoglycans, and [3-
dystroglycan). However, an underlying genetic abnormality was not determined in any
of these cases (35). While sarcospan is also lost from the muscle membrane in
dystrophinopathy, sarcospan-KO mice have apparently normal muscle and its function
within the dystrophin glycoprotein complex remains largely unexplained (40).
Interestingly, a detailed evaluation of sarcospan-deficient mice has revealed a
concomitant reduction in dystrophin glycoprotein complex and related utrophin-
glycoprotein complex abundance at the sarcolemma, suggesting that it may stabilize
dystrophin or utrophin expression; furthermore, transgenic overexpression of sarcospan
appears to reduce dystrophic pathology in dystrophin-mutant mice through upregulation
of homologous utrophin (41,42).

Unlike dystrophin and the sarcoglycans, mutations in DAGI, encoding
dystroglycan, are exceedingly rare in humans. In fact, there have been only two
confirmed instances of primary dystroglycanopathy described to date (43,44). «a-
Dystroglycan is a heavily glycosylated protein with a unique O-mannose glycan structure
that serves to bind to extracellular matrix proteins; oa-dystroglycan containing this
modification is termed “functionally glycosylated” because it is only through the
presence of this glycan structure that it is able to act as a receptor for extracellular matrix

proteins. Defects in glycosyltransferases or glycan-modifying enzymes responsible for



the synthesis of this structure cause a set of disorders termed secondary
dystroglycanopathy-type muscular dystrophies. These diseases span a broad phenotypic
spectrum and include severe congenital muscular dystrophies that most often result in
death within the first 10 years of life. Currently, 10 glycosyltransferases are known to
directly participate in the extension of this unique glycan: protein O-mannosyl-transferase
1 and 2 (POMT1/2), protein O-linked mannose N-acetylglucosaminyltransferase 2
(POMGNT?2), B-3 N-acetylgalactosaminyltransferase 2 (B3GALNT2), protein O-
mannose kinase (POMK), fukutin, fukutin-related protein (FKRP), transmembrane
protein 5 (TMEMS), pB-4 glucuronyl transferase 1 (B4GAT1), and like-
acetylglucosaminyl transferase (LARGE). Interestingly, at least one of the primary
mutations in DAG! disrupts the ability of LARGE to bind to the N-terminal domain of a-
dystroglycan,  resulting in  hypoglycosylation  reminiscent of  secondary
dystroglycanopathy (reviewed in(45)).

Over the past several years, significant progress has been made towards
understanding the functional glycan structure on a-dystroglycan; in fact, a link spanning
entirety of a linear chain from a-dystroglycan through the terminal sugars that bind
laminin has now been described (Figure 1.2). POMT1/2 form a complex to catalyze the
addition of mannose to one of two threonine residues (Thr 317/319) in the heavily
glycosylated mucin-domain of a-dystroglycan (46-48). POMGNT2 and B3GALNT2 add
a B-4 linked GlcNAc and -3 linked GalNAc, respectively, to complete the so-called core
M3 foundation of the functional O-mannose glycan. Next, POMK phosphorylates the 6
position of mannose with unclear consequences for dystroglycan function (49). Until

recently it was believed that this phosphorylation event was the first step in functional
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Figure 1.2 Functional O-mannose glycan of a-dystroglycan. Cartoon depiction of sugars
comprising the extracellular matrix binding glycan structure, beginning with O-mannose
attachment in a-linkage to a-dystroglycan. 10 known enzymes catalyze the elaboration
of this structure, which terminates in LARGE-synthesized tandem repeats of xylose and
glucuronic acid recently coined “matriglycan.” Note: Ribitol-5P (Rbo5P), is a linear
alcohol shown here as a pentagon for convenience. The contact points between adjacent
sugars (and/or alcohols) are not meant to reflect the linkage position. See Table 1.1
below for a complete list of dystroglycanopathy genes. Abbreviations: LARGE, like-
acetylglucosaminyl transferase; P4GATI1, P-4 glucuronyl transferase 1; TMEMS,
transmembrane protein 5; FKRP, fukutin-related protein, POMK, protein O-mannose
kinase; FKTN, fukutin; B3GALNT2, B-3 N-acetylgalactosaminyl transferase 2;
POMGNT2, protein O-mannose N-acetylglucosaminyl transferase 2; POMT1, protein-O-
mannosyl transferase 1; POMT2, protein-O-mannosyl transferase 2.
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glycan branching and that the laminin-interacting sugar moiety lay downstream.
Furthermore, it was hypothesized that the dystroglycanopathy genes FKTN and FKRP
(encoding fukutin, and fukutin-related protein, respectively), acted immediately
downstream of the phosphate added by POMK (50,51). However, it was discovered that
fukutin catalyzes the addition of ribitol-5-phosphate (Rbo5P) to the 3-position of
GalNAc, which is followed by successive addition of Rbo5P at C1 of the first Rbo5P by
FKRP, and that the rest of the functional glycan extends downstream of these
modifications (52). The result is a unique tandem RboSP structure, never before
observed in mammals, extending from the core M3 base. This is followed by the transfer
of xylose to the 1-position of the 2™ Rbo5P and then p-4 addition of glucuronic acid to
xylose (53-55). Ultimately, this process creates a glycan structure primed for terminal
action by LARGE, which functions as both an a-3 xylosyl- and -3 glucuronyltransferase
(56). In fact, several (at least 13) repeats of this [-3-xylose-al, 3-glucuronic acid-f1-]
appear required for the interaction between o-dystroglycan and its extracellular matrix
targets (52,57). Because of its unique structure and its role in binding matrix proteins,
this disaccharide repeat has been coined “matriglycan” (45).

In addition to genes synthesizing the functional O-mannose structure on o-
dystroglycan, a number of enzymes are responsible for synthesizing sugar-donor
substrates required for its extension. Loss of function mutations in these genes result in
“tertiary dystroglycanopathy.” In several cases, proteins other than a-dystroglycan are
modified with sugars also required for the functional O-mannose glycan (i.e. O-
mannosylated); in such instances, tertiary dystroglycanopathies and the congenital

disorders of glycosylation converge. However, among the genes causative for tertiary



dystroglycanopathy, at least one, isoprenoid synthase domain-containing (/SPD), which
catalyzes the formation of CDP-ribitol, seems to be linked exclusively to dystroglycan
because a ribitol modification has not been observed on any other protein in mammals
(52). Mutations in at least 4 other genes (GDP-mannose pyrophosphorylase § [GMPPB],
dolichyl-phosphate mannosyltransferase polypeptides 1, 2, 3 [DPM1, DPM2, DPM3]),
involved in the formation of GDP-mannose, have also been described as causative for
dystroglycanopathy-like congenital or limb-girdle muscular dystrophies (58-64). There is
one known dystroglycanopathy gene which appears not to modify the functional O-
mannose structure at all: protein O-mannose beta-1,2-N-acetylglucosaminyl transferase
(POMGNTI). POMGNTI participates in the synthesis of a linear sialylated O-mannose
tetrasaccharide on a-dystroglycan but loss of this structure via enzymatic deglycosylation
does not abolish laminin binding activity (65). It remains unclear why defects in
POMGnNT1 cause a dystroglycanopathy phenotype, but in some patients POMGnT1
mutations result in mislocalization of the enzyme, which is normally Golgi-resident, to
the endoplasmic reticulum, where it may be able to compete with POMGNT2 for
extension of O-mannose glycans (45,66,67). However, complete genetic ablation of
Pomgntl in mice results in a substantial reduction of the laminin-binding activity of a-
dystroglycan, suggesting that it is somehow required for the formation of the functional
glycan structure (68). This is supported by analysis of muscle from a subset of
POMGnT]1 patients with a heterogeneous population of a-dystroglycan, some of which is
able to function as an extracellular matrix receptor (66,69). It has also been suggested
that an interaction between POMGnT1 and fukutin facilitates localization of these

enzymes to the Golgi apparatus, where they are catalytically active. This indicates that
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POMGnT]1 may also function to modulate a-dystroglycan glycosylation independently of
its glycosyltransferase activity (70). The original classification of severe congenital
muscular dystrophies now known to be dystroglycanopathies categorized patients into
three groups: Walker-Warburg syndrome, muscle-eye-brain disease, and Fukuyama
congenital muscular dystrophy. Walker-Warburg syndrome was associated with the most
severe phenotypes and was initially distinguished from the similar muscle-eye-brain
disease based on the extent of neurological involvement in the disease (greater in Walker-
Warburg syndrome) (71,72). Fukuyama congenital muscular dystrophy was
distinguished by lacking or mild ocular abnormalities and its prevalence in Japan, where
it was discovered (73). Fukuyama congenital muscular dystrophy and muscle-eye-brain
disease genes were mapped prior to the discovery of the “Walker-Warburg syndrome
locus” and attributed to the genes FKTN and POMGNT 1, respectively (74); later, a study
in 30 Walker-Warburg syndrome patients identified 3 distinct genetic loci, giving the first
hint that these diseases have at least some degree of genetic heterogeneity (75). Today,
secondary dystroglycanopathies are seen as occupying space on a spectrum, with
relatively greater disruption of dystroglycan modification causing worse phenotypes.
Cases of Walker-Warburg syndrome might now be termed severe congenital muscular
dystrophy, congenital muscular dystrophy with mental retardation is an intermediate
disease that maintains a neurological phenotype, congenital muscular dystrophy without
mental retardation is relatively milder, and limb-girdle muscular dystrophy comprises the
mildest muscle phenotype and may or may not include neurological defects, with onset in
the late teen years in some cases. Although causative genes have been ascribed to each

of the aforementioned classifications, it is now recognized that dystroglycanopathies are
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allelic in nature; mutations in a “Walker-Warburg syndrome gene” might give rise to
limb-girdle muscular dystrophy if functional disruption of the encoded protein is modest.
In recognition of this, a new nomenclature system has been devised which classifies
muscular dystrophy, dystroglycanopathy-type (MDDG) into three categories: MDDGA,
severe muscular dystrophy with brain and eye involvement; MDDGB, congenital
muscular dystrophy without mental retardation; MDDGC, limb-girdle phenotype (76).
Dystroglycanopathy patients have now been identified with mutations in POMT] (46),
POMT?2 (47), POMGNTI (75), FKTN (74), FKRP (77), GTDC2/POMGNT2 (78),
LARGE (79), TMEMS5 (58), B3GALNT?2 (80), B3GNT1/B4GATI (81), POMK (82,83),
ISPD (58,59), and enzymes responsible for the generation of dolichol-phosphate
mannose, the sugar-nucleotide donor that serves as a substrate for protein mannosylation:
GMPPB (64), DOLK (84), DPM1 (63), DPM?2 (62), and DPM3 (61) (Table 1.1).

The dystroglycanopathies frequently present with muscular dystrophy, but the
degree of involvement and pathology in other organs, including the brain, varies
considerably between patients. The most commonly described neurological phenotype is
cobblestone lissencephaly, which refers to the smooth cerebrum found in some patients.
Neuronal migration during development is clearly affected following the loss of a-
dystroglycan glycosylation and leads to disorganization of the cortical laminae. In severe
cases, cerebellar atrophy is common and leads to an apparent “rounding” of the brain.
Cognitive impairment is a feature of many dystroglycanopathies, and is moderate to
severe (in order) in Fukuyama congenital muscular dystrophy, muscle-eye-brain disease,

and Walker-Warburg syndrome. Eye abnormalities include atrophy of the optic nerve or
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Table 1.1 Dystroglycanopathy Genes

Gene IOMIM Accession # Product Known Function(s) Phenotype: Old Phenotype: New
WWS, MEB, LGMD with
. cognitive MDDGA9
DAGI 128239 Dystroglycan, o and B subunits ECM receptor impairment, asymptomatic MDDGC9
hyperCKemia
‘WWS, MEB, congenital MDDGA1
POMTI 607423 Protein O- Mannosyl Transferase 1 Ser/Thr o-mannosylation muscular dystrophy with MDDGB1
mental retardation, LGMD2K MDDGC1
WWS, MEB, congenital MDDGA2
pPOMT2 607439 Protein O- Mannosyl Transferase 2 Ser/Thr o-mannosylation muscular dystrophy with MDDGB2
mental retardation, LGMD2N MDDGC2
. Transfers 32 WWS, MEB, congenital MDDGA3
POMGNTI 606822 i'c":"; gci‘g:n“;‘l‘l’s;rgislfi el N-acetylglucosamine to muscular dystrophy with MDDGB3
ve Y mannose mental retardation, LGMD20 MDDGC3
POMGNT2 . Transfers f4
(Formerly 614828 i‘c":"; ﬁﬁ::lz Slclr]av[;s forase 2 N-acetylglicosamine to WWS MDDGAS
GTDC2) R 4 mannose
Transfers 3 N-
B3GALNT2 610194  |B3-N-Acetylgalactosaminyltransferase 2 ‘]}:ﬂ‘:z;ga'm"samm o p4- WWS/MEB MDDGAII
N-acetylglucosamine
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glaucoma, corneal clouding or congenital cataracts, and retinal dysplasia or hypoplasia
(e.g. (46,47,71,72,75)). Muscle phenotypes vary widely from “floppy babies” without
the ability to sit up (Walker-Warburg syndrome), to adult onset (limb-girdle muscular
dystrophy) in which muscle defects are often identified as difficulties completing mildly
or moderately strenuous physical activities (e.g. stair climbing, running). Diagnostic
criteria may include genetic testing/screening along with a review of family medical
history and physical and neurological examinations. Results may be functionally verified
by serum creatine kinase test (a generic marker of muscle damage), a tissue biopsy
evaluated for histopathology, and muscle/brain MRIs (85). Histological hallmarks of
muscular dystrophy include centrally located myonuclei, muscle fiber size variation,
accumulation of extracellular matrix scar tissue (fibrosis), and fatty infiltration. Biopsies
are also routinely evaluated for the presence of functionally glycosylated a-dystroglycan
at the sarcolemma. Furthermore, with the recent elucidation of the laminin binding O-
mannose glycan and the discovery of several new dystroglycanopathy genes,
identification of specific dystroglycanopathy-causing mutations is more likely than it was
even a few years ago.

Life expectancy is significantly shortened in the three severe congenital muscular
dystrophies, and patients typically die within the first decade of life; in Walker-Warburg
syndrome, patients have a median survival of about 10 months and do not live past 3
years, due largely to skeletal muscle dysfunction. Because brain and eye pathologies
result mainly from developmental defects, post-natal correction is not feasible.
Therefore, therapies directed towards skeletal or cardiac muscle currently stand as the

most likely treatments to improve patient quality of life (by introducing or prolonging
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independent locomotion) and extend lifespan.  This, along with the primary muscle
phenotypes in DMD, Becker muscular dystrophy, and sarcoglycan-deficient limb-girdle
muscular dystrophies, has led to intense focus on skeletal muscle disease in dystrophin
glycoprotein complex-related pathologies. Animal models have been central to this work
and will be reviewed in detail in the next section.

Animals models of dystrophin glycoprotein complex-defects and their phenotypes

Defects in dystrophin, dystroglycan, and the sarcoglycans all result in muscular
dystrophy; this is also the case in animals, and there are a number of animal models of
defects in each of those dystrophin glycoprotein complex components. However, KO
models of other dystrophin glycoprotein complex components have also been made and
have revealed surprising roles for proteins assumed to participate minimally in dystrophic
pathology of dystrophin glycoprotein complex-related muscular dystrophy. One example
of this is the a-dystrobrevin (adbn”") KO mouse, which actually has a mild myopathy on
its own, and which, when crossed into a dystrophin-deficient lineage exacerbates
muscular dystrophy and significantly decreases lifespan. The muscle pathology in adbn™
mice is at least partially attributable to a loss of neuronal nitric oxide synthase (nNOS)
signaling; nNOS localizes to the dystrophin glycoprotein complex where it catalyzes the
synthesis of vasodilating nitric oxide, improving blood supply following mechanical
stimulation in muscle. However, this requires o-dystrobrevin for proper sarcolemmal
targeting (37,86-88). Loss of nNOS signaling is also seen in Duchenne muscular
dystrophy and contributes to fatigue in patients, consistent with the loss of all
sarcolemmal dystrophin glycoprotein complex in the disease (89). Exacerbation of

dystrophin-deficient muscular dystrophy by loss of dystrobrevin must therefore be
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nNOS-independent; indeed, a-dystrobrevin appears necessary for stabilization and
maturation of the neuromuscular junction, which is typically intact in muscle lacking
dystrophin. In similar fashion, al-syntrophin, a signaling molecule recruited to the
dystrophin glycoprotein complex through interaction with dystrobrevin, is also required
for nNOS signaling and NMJ maintenance. However, it remains unclear whether other
signaling functions of the dystrophin glycoprotein complex are disrupted by loss of
dystrobrevin or the syntrophins and contribute to pathology of dystrophin glycoprotein
complex-related muscular dystrophies (39,90).

Mouse models mutated for a-, B-, y-, and d-sarcoglycan have been made and all
show a progressive muscle phenotype.  Interestingly, dsarcoglycan-, but not
asarcoglycan-deficient mice lost the sarcoglycan complex (and sarcospan) in vascular
smooth muscle and developed cardiomyopathy. Bsarcoglycan and ysarcoglycan KO mice
also develop muscular dystrophy with loss of the entire sarcoglycan/sarcospan complex.
Interestingly, the rest of the dystrophin glycoprotein complex shows proper sarcolemmal
localization in the absence of sarcoglycans, and the link between intracellular actin and
extracellular laminin is preserved (91-94).  Sarcoglycan-null mice show muscle
membrane fragility but do not have increased susceptibility to contraction induced
damage (95). The sarcoglycans associate directly with the C-terminal domain of
dystrophin, and therefore may provide structural reinforcement of the dystrophin
glycoprotein complex near the actin-binding site (96). The relatively mild limb-girdle
phenotype seen in sarcoglycan KO mice and human patients further suggests that at least
some of the functions of the dystrophin glycoprotein complex are maintained in the

absence of the sarcoglycan complex. By comparison, the entire dystrophin glycoprotein
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complex is absent from the sarcolemma in dystrophin-deficient muscle, which typically
coincides with a more significant pathological involvement of the tissue.

The dystrophin deficient mdx mouse, which has a nonsense point mutation in
exon 23 of dystrophin, is the most commonly used animal model of dystrophinopathy.
As in human patients, the entire dystrophin glycoprotein complex is lost from the
sarcolemma in these mice; however, their muscles, with the exception of the diaphragm,
show a relatively low level of disease involvement (5,97). Lifespan studies have shown
that while mdx mice do have a reduced life expectancy compared to strain-matched wild-
type controls, they reach ages exceeding 20 months (98). The precise reasons for the
mild phenotype observed in these animals are unclear, but it appears that upregulation of
the dystrophin homologue utrophin may be a mitigating factor in disease. Normally
enriched post-synaptically at the neuromuscular junction, utrophin has been noted to
decorate the sarcolemma of regenerating fibers in mdx muscle, where it forms part of the
utrophin-glycoprotein complex (UGC) which is able to function similarly to the
dystrophin glycoprotein complex. Furthermore, transgenic overexpression of utrophin in
mdx mice drastically improved the dystrophic pathology in the more severely afflicted
diaphragm muscle. This observation led to the generation of mdx/utrn”" double knockout
mice that lack both dystrophin and utrophin; these mice show a substantial muscle
phenotype and often die by 20 weeks of age (99-102). Because the severe dystrophy
observed in mdx/utrn” double-knockouts more closely resembles the human Duchenne
muscular dystrophy phenotype, it is considered in many ways to be a superior model for
the study of Duchenne muscular dystrophy disease and therapy. In addition to the

dystrophin/utrophin double-deficient mouse, a number of mdx variants, with different
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dystrophin mutations and degrees of muscle pathology, have also seen application as
dystrophinopathy models (103,104). Interestingly, available evidence suggests that the
manifestation of a phenotype in mdx muscle is highly dependent on the host strain. When
the original mdx exon 23 mutation is bred into the DBA-2 background, muscle health is
dramatically diminished when compared to what is observed in mdx/B10 mice (the strain
in which the mutation initially arose) (105,106).

Non-rodent models of dystrophinopathy are also available and are widely used in
preclinical testing of therapies. Zebrafish, dog, and, most recently, pig models of
dystrophinopathy have been described (107-114). Of these, the Golden Retriever
muscular dystrophy dog is the best characterized and represents the closest animal model
to human disease presently available. A major advantage of this model is that affected
dogs are more similar in size to pediatric patients, and challenges of dose delivery can
therefore be better approximated than in smaller animals (115). Furthermore, Golden
Retriever muscular dystrophy dogs have been used to test new technologies (e.g.
magnetic resonance imaging (MRI)) for use as tools to evaluate disease pathology
(116,117). Recently, a pair of aphenotypic dystrophin-mutated dogs from a Golden
Retriever muscular dystrophy pedigree was reported. This discovery, along with that of
an increased dystrophic phenotype depending on genetic strain, strongly suggests the
presence of modifier genes that modulate the severity of dystrophic disease (118,119).

In stark contrast to the mild mdx dystrophin mutant, complete loss of Dagl
(dystroglycan) is embryonic lethal in the mouse. However, it appears that disruption of
the functional O-mannose structure on a-dystroglycan is sufficient to cause the observed

lethality. Mice null for dystroglycan-processing genes, including Pomtl, Pomt2, Fktn,
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and Fkrp all die between embryonic day 8.5 and 12.5 (ES8.5-12.5) (50,120-123).
Underlying this is the failure to form Reichert’s membrane, which separates trophoblasts
and parietal endoderm cells in murine embryonic development (124). To circumvent this
problem, a LoxP flanked (“floxed”) Dag! allele was generated, which allows for analyses
of tissue and timing specific consequences of dystroglycan loss. In the presence of a Cre
recombinase enzyme, LoxP sites are recombined to excise the floxed sequence; therefore,
Cre transgenes under a number of cell- or tissue-specific gene promoters have been
generated (125). Dystroglycan KO mice conditional for mature muscle (muscle creatine
kinase, MCK-cre), whole CNS (glial fibrillary acidic protein, GFAP-cre), epiblasts
(Mox2-cre, MORE mice), and Schwann cells (PO-cre) have revealed roles for
dystroglycan developmentally and post-developmentally in multiple organ systems and
have confirmed the role of dystroglycan in a number of patient phenotypes (126-129).
While these novel dystroglycan KO mice have been useful in studying the impacts of
dystroglycan loss they do not recapitulate the primary molecular defect in humans, where
a-dystroglycan glycosylation, but not protein, is lost.

A mouse harboring a spontaneous Large mutation, known as the myodystrophy
mouse (herein, Large™?) is frequently used as a model of secondary dystroglycanopathy;
however, the first description of this mutant vastly preceded the discoveries that
dystroglycan-hypoglycosylation results in muscular dystrophy and that LARGE is
required for functional dystroglycan glycosylation (130-132). Demonstration that
Large™ mice are deficient for dystroglycan glycosylation and that this is causative for
their dystrophic phenotype established this line as a standard model for

dystroglycanopathy. However, simultaneous loss of Large in all tissues confounds the
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relative contributions of functional dystroglycan glycosylation in different disease-
afflicted compartments. Specifically, it is challenging to sort muscle-intrinsic, nervous
system-intrinsic, and combined or synergistic phenotypes of both the muscle and the
nervous system. An interesting example of nerve/muscle ambiguity, although it has been
resolved, is that Large™? mice have morphologically abnormal neuromuscular junctions
and reduced expression of the nicotinic acetylcholine receptor, likely due to a role for
agrin/perlecan-adystroglycan complexes in facilitating nicotinic acetylcholine receptor
clustering (19,133-136). As a consequence, miniature endplate potentials, which
represent the depolarization of the post-synaptic (muscle) end of the NMJ due to a single
vesicle of neurotransmitter, are significantly lower in Large™‘ muscle even though
quantal content (which measures the amount of neurotransmitter contained within in a
single vesicle) is significantly higher. This suggests that a number of endplates in myd
mice are improperly innervated but a subset of properly innervated endplates may
compensate (133). The post-synaptic defect in muscle was confirmed by a study
demonstrating that muscle-specific transgenic Large expression in Large™ mice restores
NMIJ structure and function (137). However, deletion of dystroglycan specifically in the
CNS had no effect on pre-synaptic neurotransmission but reduced high-frequency
stimulated long-term potentiation of neurons. In agreement with this observation,
Large™ mice have an apparent memory deficit (126,138). Thus, the cognitive impact of
a-dystroglycan hypoglycosylation complicates analysis of muscle function in widely used
assays that rely to some extent to the behavior or motivation of the animal (e.g. forelimb

grip strength, treadmill run or open field activity, rotorod).
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Aside from the Large™ mouse, there has also been some interest in developing
mouse models of secondary dystroglycanopathy that incorporate known patient
mutations. In particular, founder mutations identified in FK7N and FKRP have high
incidences within certain populations and are therefore reasonable choices for
development of “knock-in” models (74,139). However, mice carrying these human
mutations have subclinical phenotypes (140-142). Although this result is disappointing
on first take, it has provided a central insight to our understanding of secondary
dystroglycanopathies: mutations in o-dystroglycan processing genes may generate
proteins with residual function sufficient to protect affected tissues. In the case of Fkin
human patient knock-ins, mice homozygous for the human insertion retained a significant
amount of high molecular-weight a-dystroglycan (indicating the presence of functional

HP/-

glycosylation).  Generation of heterozygous patient/null (Fktn™"™) compound Fktn

mutants substantially reduced, but did not abolish, glycosylated dystroglycan.

Comparison of Fkn'™""

and myd mice demonstrated laminin binding activity in skeletal
muscle protein prepared from Fktn but not Large mutants (140). It is currently
hypothesized that congenital muscular dystrophy phenotypes require at least 70% loss of
a-dystroglycan functional glycosylation, and it is predicted that more severe patient
phenotypes should correspond to mutations that more significantly inhibit the activity of
their respective gene products, although genotype-phenotype correlations for FK7N and
FKRP have not been successful in predicting disease severity (143-145). Mice with
human FKRP mutation knock-ins also fail to exhibit a distinct dystrophic phenotype,

including those with mutations causing severe congenital muscular dystrophy in patients;

however, inclusion of the resistance cassette used in selection during model development

21



substantially disrupts protein function and is therefore maintained rather than excised
(122,142). Together, these results demonstrate that knock-in models are unsuitable for
the study of secondary dystroglycanopathy and suggest that a KO approach is likely
preferable. Because loss of a-dystroglycan functional O-mannosylation is embryonic
lethal in mice, conditional knockout of dystroglycan processing genes is required for the
generation of a viable colony. To date, this has been accomplished only for Pomt2 and
Fktn (50,121,146). As with floxed Dagl mice, these models are versatile because gene
knockout is accomplished through the use of specific Cre recombinase transgenes.
However, only Fktn has been knocked out specifically in skeletal muscle, via Myf5-
driven cre (Myf5/Fktn KO mice). Furthermore, a whole-body tamoxifen-inducible Fktn
KO mouse has been described which enables the assessment of fukutin loss in all tissues
without the developmental and behavioral consequences observed in myd mice (50).
These models are powerful when used together because they make it possible to
investigate muscle-intrinsic and —extrinsic functions of fukutin. Altogether, three types
of models are most commonly used for the study of congenital dystroglycanopathy-type
muscular dystrophy: Myf5/Fktn KO mice, FKRP patient knock-in mice, and Large™*
mice. Of these, only the Myf5/Fktn KO mouse has disruption of a-dystroglycan
glycosylation specifically in muscle. ~ While Large™? mice represent the lone
spontaneous dystroglycanopathy model, affected animals can die at ages as early as 5
weeks, representing a significant challenge to their experimental use. Ultimately, all
animal models of disease have distinct strengths and weaknesses, but due to its versatility
and ability to generate disease-relevant phenotypes, the work described here utilizes the

floxed Fktn mouse.
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Muscle development and mechanisms of disease in dystrophin glycoprotein complex-

related muscular dystrophy

Skeletal muscle specification is largely a function of four transcription factors
termed myogenic regulatory factors: myogenic factor 5 (Myf5), myoblast determination
protein (MyoD), myogenin, and muscle-specific regulatory factor 4 (MRF4 or Myf6).
The myogenic regulatory factors are expressed at different times during developmental
and post-developmental myogenesis, and their forced expression in non-muscle cell types
induces the muscle program (147). Myf5 and MyoD control the maturation of satellite
cells, the resident stem cells of muscle, to myoblasts, mono-nucleated progenitors
committed to the muscle lineage. Myogenin is expressed as myoblasts fuse to form a
nascent multi-nucleated muscle fiber, while MRF4, at least in adult muscle, appears to
regulate terminal differentiation of myotubes (148,149). Mice with targeted KO of
MyoD are viable and have no overt phenotype while mice deficient in Myf5 die shortly
after birth due to malformation of the rib cage, but have apparently normal skeletal
muscle (150,151). Because neither Myf5 nor MyoD KO mice are deficient in skeletal
muscle, it was hypothesized that they either function redundantly or compensatorily in
myoblast determination. This was demonstrated by the generation of Myf5/MyoD
double KO mice, which were born but died minutes thereafter due to an inability to
breathe independently (152). The presence of muscle specific mRNAs, including those
encoding contractile proteins or acetylcholine receptor, were undetectable in the
Myt5/MyoD-null pups, and histological examination revealed a complete absence of
skeletal muscle (152). In contrast, myogenin-null mice have myoblasts that align in

preparation for myofiber formation and express acetylcholine receptor mRNA; however,
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the myoblasts fail to fuse, resulting in a total loss of functional skeletal muscle and
perinatal lethality (153,154). Myf5 is first expressed during murine development at
embryonic day 8 (E8), while myogenin expression follows at E8.5. MyoD is observed
from days 10-12 and MRF4 appears briefly at E9 and then again at E16 and is the most
prevalent myogenic regulatory factor postnatally (147,155). The MRF4 gene is in close
proximity to Myf5, and it appears that Myf5 cis-activates MRF4 expression. This
discovery enabled the development of allelic Myf5 mutants containing insertions of
varying length; while all of these mutants are Myf5-null, larger insertions in Myf5
correspond to a stronger disruption of MRF4 transcription. Crosses of these Myf5
mutants with MyoD null mice led to generation of Myf5/MyoD-mutant mice.
Interestingly, mutants in which MRF4 expression is relatively unaffected (i.e. smaller
insertions into the Myf5 locus) develop muscle, challenging the postulated role for MRF4
specifically as a regulator of differentiation (156). The specific expression patterns of the
various myogenic regulatory factors are therefore clearly regulated spatiotemporally in
the developing embryo and require tight control for the correct formation of skeletal
muscle.

Adult muscle consists of mature, post-mitotic myofibers and associated progenitor
cells (satellite cells), which reside at the surface of the muscle fiber beneath the basal
lamina (network of laminins sandwiched between the sarcolemma and the rest of the
extracellular matrix) (157). Satellite cells are normally quiescent and require activation
signals to enter the cell cycle, which is the first step in the formation of new muscle in
adults. In muscular dystrophy, satellite cell activation occurs in response to a local injury

and is followed by proliferation, fusion and terminal differentiation. Myf5 and MyoD
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both control the progression of satellite cells into myoblasts but it appears that,
physiologically, Myf5 regulates myoblast proliferation rate while MyoD potentiates their
ability to differentiate further (158,159). Satellite cells are marked by the expression of
paired box protein 7 (Pax7), which is lost in transition to myoblasts. However, a subset
of satellite cells will coexpress Pax7 and MyoD, and eventually lose myoblast character
and return to quiescence (160). This asymmetric self-renewal of the satellite cell pool is
critical to its maintenance in mature muscle. Whether a satellite cell renews or proceeds
along the myogenic lineage seems to depend on the segregation of signaling factors in
dividing cells, which regulate Pax7 or myogenic regulatory factor expression to
determine cell fate (161,162). The ability of satellite cells to function properly is central
to muscle health; this ability may become compromised in muscular dystrophy,
potentially underlying regeneration deficits that contribute significantly to disease
progression, as will be discussed later in this section.

Mature muscle fibers are distinguishable based on mature isoform expression of
specific proteins, including actin and myosin, which confer distinct metabolic and
contractile properties (163) (Table 1.2). For the purpose of simplicity, we will refer to
muscle fiber types according to the expression of myosin heavy chain forms. In humans,
the major fiber type classifications are type I, expressing MYH7 (slow-twitch, oxidative
metabolism), type IIA, expressing MYH?2 (fast-twitch, oxidative metabolism), and type
11X, expressing MYHI (fast-twitch, intermediate metabolism). Other mammals also have
fast-twitch, glycolytic fibers (IIB) that expresses MYH4; while MYH4 is present in the

human genome, it is not expressed. Individual muscle fibers may express multiple
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mature myosin isoforms or switch from one type to another in age- and use-dependent
manners (164). The entirety of a given muscle shows mosaicism with respect to the
myosin isoforms expressed in individual fibers, but the overall composition of the muscle
determines its twitch and fatigue characteristics (165-167). At birth and in newly
regenerated muscle fibers, the embryonic myosin heavy chain (eMHC) isoform
predominates. Terminal differentiation of muscle involves fiber-type specification,
whereby expression of eMHC falls as mature myosin isoforms rise. In newborns, this
process is mediated by the maturation of the neuromuscular system and the loss of
polyneuronal innervation, in particular. Motor neurons and neuronal stimulation
profoundly affect fiber type, which is important for use/disuse adaptation (reviewed in
(165)).

Abnormal fiber-type distributions have been described in muscular dystrophies
and may contribute to disease pathology. Specifically, type I fibers are apparently more
stable under disease conditions. The slow and/or oxidative myogenic programs are
controlled at least in part by the expression of peroxisome proliferator-activated receptor
y coactivator 1-a (PGC-1a). Direct transgenic overexpression of PGC-1a or KO of an
upstream repressor dramatically shifts muscle towards a slow, oxidative phenotype
(168,169). Furthermore, expression of PGC-la in the mdx mouse improves several
disease parameters and significantly reduces fatigue (170,171). This agrees with the

observation in the Large-deficient myd mouse that the soleus (primarily oxidative)

26



Table 1.2 Mammalian Skeletal Muscle Fiber Types

Type Gene (Myosin Heavy Chain) |Contraction Speed |Metabolism
Neonatal MYHS N.D. N.D.
Embryonic MYH3 N.D. N.D.

1 MYH?7 Slow Oxidative
2A MYH?2 Fast Oxidative
2B MY H4* Very Fast Glycolytic
2X MYHI1 Fast Intermediate

*Not expressed in humans
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muscle, but not the extensor digitorum longus (EDL, glycolytic), was resistant to fatigue
(172). Together, these results indicate that fiber-type modulation is a potential means of
preserving dystrophic muscle, but it should be noted that slow-twitch muscles generate
significantly less force than their fast-twitch counterparts. When placed in the context of
weak dystrophic muscles, forced expression of the slow, oxidative program might have
undesirable consequences for overall muscle strength or function. Furthermore, a
predominance of type I fibers has been observed in severely affected muscles of
Duchenne muscular dystrophy patients, demonstrating that some slow muscles are still
susceptible to disease (173,174). Ultimately, sampling difficulties challenge a detailed
analysis of fiber types in human patients and limit our knowledge of the extent to which
they influence pathology.

It is clear that muscle is a dynamic tissue with intricate biology under both normal
and disease conditions; however, despite the nuances separating the diverse muscular
dystrophies, all types are marked by myofiber necrosis/degeneration (reviewed in (175)).
Different types of muscular dystrophy diverge with respect to the primary cause of
muscle damage, and are frequently categorized according to specific classes of molecular
defects. While the clinical aspects of dystrophin glycoprotein complex-related muscular
dystrophies differ, they share myofiber susceptibility to contraction-induced damage
resulting from a failure to connect the muscle cytoskeleton to the extracellular matrix
(176). This was first demonstrated in the mdx mouse, where stress-induced damage was
significantly higher than in control animals. Work in the myd mouse (130,131) showed
that muscle fibers lacking glycosylated a-dystroglycan demonstrate had increased

accumulation of a membrane-impermeant dye following laser-induced damage in vitro.
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Furthermore, wild-type fibers detached from laminin show similar vulnerability to
damage, providing robust evidence that functionally glycosylated a-dystroglycan
stabilizes the sarcolemma through attachment to laminin (177,178). Cells have evolved
mechanisms to survive minor cell membrane insults; in muscle, these “micro-tears”
engage a Ca’'-sensitive membrane-repair machinery. Interestingly, loss of dysferlin, a
protein involved in sarcolemmal repair, also results in muscular dystrophy, indicating that
minor perturbations of the membrane are present even in muscle with a functional
dystrophin glycoprotein complex (179-181).  However, in dystrophinopathy or
dystroglycanopathy muscle it appears that damage exceeds the cell’s capacity for local
membrane self-repair and leads to myonecrosis, representing the earliest phase of the
dystrophic process. Altogether, these observations underscore the requirement of an
intact muscle cell membrane to maintain tissue health.

In addition to the primary biochemical lesion of muscular dystrophies caused by a
defective dystrophin glycoprotein complex, a number of other, secondary defects are
histologically identifiable and distinguish normal and dystrophic muscle (discussed with
patient phenotypes above). Skeletal muscle possesses a remarkable potential for
regeneration, and in the earliest periods of muscular dystrophy, centrally nucleated
myofibers are the most obvious distinction between normal and dystrophic muscle.
Progression of muscular dystrophy seems to depend critically on either failed or defective
regeneration, which corresponds to development of fatty/fibrotic tissue phenotypes. The
precise mechanisms that govern regeneration in dystrophic muscle are not fully
understood; as such, they represent an area of active research within the field. It is

unclear whether a-dystroglycan glycosylation is required for proper satellite cell function
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after injury, but the MCK-cre/dystroglycan-null mouse, which retains the dystrophin
glycoprotein complex throughout all stages of regeneration, has only a mild dystrophy,
suggesting that the dystrophin glycoprotein complex contributes to successful
myogenesis (127). In all, alterations in the satellite cell niche, including its biochemical
organization and the presence of other cell types (e.g. immune cells, fibroblasts), or in the
ability of satellite cells to interact with their niche, could influence regeneration in
diseased muscle. Still, until relatively recently, it was unclear whether satellite cells from
dystrophic muscle bore an intrinsic defect that limited their ability to generate new
myofibers. Work in the myd mouse, which has hypoglycosylated o-dystroglycan,
demonstrated that satellite cells on isolated muscle fibers proliferated at significantly
lower rates compared to those on wild-type fibers. However, when removed from their
native fibers and cultured in vitro, proliferation rates of myd satellite cells were
equivalent to wild-type levels. Furthermore, analysis of the laminin network on isolated
muscle fibers of myd mice revealed a disorganization and discontinuity in comparison to
highly uniform arrangements of laminin on wild-type fibers. Satellite cells isolated from
wild-type mice and expanded in vitro were able to contribute to new myofibers in
engraftment experiments only when first grown on plates coated with laminin, suggesting
that satellite cells interact with laminin in a way that is central to their function (182).
This striking result emphasizes the unexpected ways in which secondary defects of
muscular dystrophy contribute to pathogenesis of disease. It should be noted, however,
that FKRP knock-down mice have fewer Pax7" satellite cells in late embryonic
development (E15.5), and that these satellite cells appear to have lower myogenic

capability in vitro (183). It is unclear, however, if this defect is FKRP-specific or if myd
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satellite cells are somehow exceptional; additional work is therefore required to clarify
common versus gene-specific regenerative deficiencies.

The local environment of satellite cells indeed differs substantially in dystrophic
compared to normal muscle and in ways that extend beyond the irregular satellite cell
niche. Regeneration requires the coordination of several events according to a strict time
course, including an initial period of inflammation and phagocytosis of cellular debris
from the damage site, activation, proliferation and maturation of satellite cells, followed
by their fusion and differentiation into multi-nucleated myotubes (for review, see
(184,185)). In normal muscle, injury events are relatively infrequent, enabling repair and
regeneration to proceed uninterrupted; however, this is likely not the case in dystrophic
muscle. Consider, for example, a single region within the muscle that adjoins several
fibers. Damage to any of these adjacent fibers will initiate a regeneration process, with
early myotube formation starting around 3 days- and peaking at 7 days-post injury. If
another damage event occurs within this time frame, the microenvironment of progenitors
involved in repair of the first injury is altered, with potential consequences for
regeneration.

In the immediate aftermath of a necrotic event, an inflammatory response
dominates the degenerated region. Pro-inflammatory cytokines are released from blood
vessels supplying the damaged muscle and from “resident” macrophages, which are
activated in response to local injury (186). Acute inflammation functions to remove
damaged cellular material, and recruits alternative populations of immune cells to the
tissue that facilitate the progression of regeneration. Macrophages are classified

according to their activation and inflammation profiles, with the most general
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categorization distinguishing them as M1 (classically activated) and M2. Ml
macrophages are most commonly associated with a pro-inflammatory phenotype, while
M2 macrophages are categorized into three subtypes: M2a (alternatively activated), M2b,
and M2c, each with distinct roles (187). M2c macrophages are primarily considered
“anti-inflammatory,” and suppress the activity of M1 macrophages to enable tissue
repair. Thus, M1 macrophages are associated with the earliest periods of muscle
regeneration, while M2c macrophages appear later. Under normal conditions, M2a
macrophages are associated with the final steps of regeneration and repair, including the
formation of new blood vessels and extracellular matrix synthesis. However, tight
regulation of the M2a population is required for the proper formation of new muscle cells
(188). Recent work has shown that secreted factors from M1 macrophages promote
migration of muscle progenitors (MPs) but inhibit their fusion and differentiation
(189,190). This supports a requirement for distinct temporal regulation of macrophages
during muscle regeneration. Over time, dystrophic muscle transitions from an acute to
chronic inflammatory phenotype, which likely impairs regenerative processes (191).
Furthermore, chronic inflammation in dystrophin-deficient muscle is associated with
accumulation of alternatively activated macrophages, which seems to correspond to
progressive fibrosis (192,193). Interestingly, it has also been argued that macrophages
participate directly in the sarcolemmal lysis that precedes necrosis (194). Macrophage
depletion in mdx muscle significantly reduced incorporation of a membrane impermeable
dye into muscle fibers, representing an apparent stabilization of the cell membrane (195).

While inflammation has long been known as a secondary aspect of dystrophic disease,
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current evidence suggests that it has more than a passive role in the progression of
muscular dystrophy.

One of the clearest indicators of disease status in dystrophic muscle is the level of
fibrosis, which increases substantially over time. Mechanisms regulating fibrosis are of
increasing interest because the myofibers and fibrotic content in muscular dystrophy are
inversely related and it is therefore expected that a delay in the development of fibrosis
might prolong muscle function. Increasingly, it is becoming clear that various abnormal
phenotypes in dystrophic muscle are interrelated and combine to fully produce the
presentations of patients. As mentioned above, impairment of muscle regeneration
parallels a worsening phenotype in dystrophic muscle; furthermore, it is probable that
factors modulating the microenvironment of muscle progenitors share at least partial
responsibility for this impairment (192,196,197). Muscle is replaced by either deposition
of extracellular matrix proteins, which are synthesized by fibroblasts, or adipose tissue, in
a process termed fatty degeneration. Initially, it was hypothesized that satellite cells were
multipotent and could be forced into fibrogenic or adipogenic lineages. However, this
was abandoned following the discovery of a single non-myogenic progenitor cell type
that could differentiate into both fibroblasts and adipocytes (termed fibro/adipogenic
progenitors, FAPs) (198,199). Co-culture of muscle progenitors (MPs) with FAPs
significantly reduces the expression of the quiescence markers Pax3 and Pax7, and
increases expression of the myogenic regulatory transcription factors Myf5 and MyoD,
signaling commitment of MPs to the myogenic lineage. Importantly, the adipogenic

potential of these cells is potently inhibited in the presence of myotubes, consistent with
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the observation in muscular dystrophy patients that fatty degeneration/infiltration occurs
late in the disease process after muscle content in the tissue is largely depleted (198).
While myofibroblasts and adipocytes arise from a common progenitor cell in
muscle, their presence in dystrophic muscle do not strictly overlap. Although this
reflects, at least in part, the strong negative influence of myofibers on adipogenic
differentiation of FAPs, it also likely reflects other aspects of the disease state in vivo as
well. In particular, paracrine signaling of transforming growth factor  (TGFp) strongly
induces a fibrotic phenotype in exposed FAPs. TGF is upregulated in both Duchenne
muscular dystrophy and dystroglycanopathy muscle and coincides with substantial levels
of tissue fibrosis (200). When properly regulated, however, TGFp is not pathogenic but
is instead a critical mediator of muscle repair. Following damage, local extracellular
matrix is broken down to allow the expansion of the satellite cell population and the
formation of new muscle fibers; formation of new extracellular matrix surrounding
nascent fibers is one of the final steps completing the regenerative cycle (201-204).
Under physiological conditions, this is accomplished via secretion of TGFB from M2a
macrophages. However, continual degeneration in dystrophic tissues leads to a
persistence and eventual accumulation of these macrophages, which in turn increases pro-
fibrotic cytokines in the tissue and leads to fibrosis commonly seen in dystrophic muscle.
While gene therapies are emerging as an attractive technology for the treatment of
genetic diseases, several challenges need to be addressed before they are used clinically
for treatment of muscular dystrophies of the dystrophin glycoprotein complex. First, in
the cases of both dystroglycanopathy and dystrophinopathy, a successful gene therapy

would replace missing aspects of the dystrophin glycoprotein complex at the sarcolemma,
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which may prove to be antigenic. Secondly, because skeletal muscle comprises a
significant portion of total body mass, it is unclear what level of dosing would be
required to reach all target muscles. Although it is theoretically possible to specifically
target the muscles most essential to survival (e.g. heart, diaphragm), a major goal of
therapeutic development for muscular dystrophy is to improve patient quality of life,
which includes an extension of the ambulatory period in patients. Full replacement of the
dystrophin gene is probably impossible due to its extraordinary size, although some
efforts to circumvent through various methods have shown some promise. In the case of
dystroglycanopathies, the high number of causative genes combined with the rarity of
patient mutations in several of them makes gene therapy an impractical proposition.
Ultimately, since these diseases share the common loss of a transmembrane link between
actin and the extracellular matrix, it might be possible to take advantage of this shared
defect to develop treatments that apply to many or most dystrophin glycoprotein
complex-related muscular dystrophies. One approach to accomplish this would be to
design therapies that target the dystrophic process; however, knowledge of the signals
regulating the process is required in order to successfully identify strong candidate
molecules for intervention.

Signaling pathways in muscular dystrophy

Although widely known as a structural complex, the unexpected discovery of
dystrophin glycoprotein complex-localized signaling molecules revealed new functions
for the dystrophin glycoprotein complex in muscle. In particular, it is hypothesized that
the dystrophin glycoprotein complex senses mechanical stimulation through its

attachment to laminin and that associated signaling molecules can be stretch-activated.
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However, in order to function as a mechanically activated signaling complex, the
dystrophin glycoprotein complex requires an intact extracellular connection. Abnormal
signaling events in dystrophinopathy/dystroglycanopathy related directly to the
dystrophin glycoprotein complex could be caused by any of the following: 1) stretch-
independent gain or loss of function resulting directly from detachment from laminin; 2)
loss of function of dystrophin glycoprotein complex-mediated mechanotransduction; 3)
compensatory signaling activities of other laminin receptors (in muscle, a7p1 integrin) at
the cell surface. Furthermore, in secondary dystroglycanopathies specifically, the
entirety of the dystrophin glycoprotein complex is present at the sarcolemma but
unattached to extracellular matrix receptors like laminin (132). In this case, the
dystrophin glycoprotein complex may modulate the cytoplasmic concentration of
signaling proteins by acting as a scaffold for binding of inactive molecules that are
activated by stretch in normal muscle but merely sequestered at the sarcolemma in the
absence of laminin binding. It is therefore possible that secondary signaling phenotypes
may differ between dystrophin deficient- and dystroglycanopathy-muscle. In support of
this hypothesis, it has been shown that B-dystroglycan interacts directly with signaling
proteins including growth receptor bound protein 2 (Grb2) and Mitogen-activated kinase
kinase 2 (MEK2) and that interruption of the a-dystroglycan-laminin link in vitro
recruited an inactive Grb2/MEK complex to the cell membrane (205-207).

The dystrophin glycoprotein complex scaffold also regulates nNOS, which
synthesizes nitric oxide (NO) in response to mechanical stimulation to dilate vasculature.
Loss of nNOS at the sarcolemma reduces muscle endurance, and in combination with

dystrophin deficiency produces a compound phenotype of dysfunction with aspects of
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weakness and fatigue (89). Recently, it has been suggested that nNOS activation is
dystrophin- but not sarcolemma localization-dependent. ~ Furthermore, 5'-adenosine
monophosphate activated kinase activates nNOS in a stretch-dependent fashion, but
appears not to co-localize with the dystrophin glycoprotein complex; therefore, it is likely
that an as yet unidentified signaling molecule associates with the dystrophin glycoprotein
complex and effects mechanotransduction of nNOS (208).

Evidence for misregulated laminin-dependent signaling processes has been
reported in both in vitro and in vivo models of sarcolemmal detachment from the
extracellular matrix, implying that loss of a-dystroglycan glycosylation alters muscle
signaling pathways. Indeed, one study found that loss of the dystroglycan-laminin
interaction in cultured myotubes reduced phosphatidyl inositol 3-kinase (PI3K)/Akt
survival signaling and increased apoptosis, suggesting the presence of an alternative
mechanism of death in dystrophic muscle fibers not involving membrane fragility (209).
In contrast, increased Akt signaling was observed in mdx diaphragm and was increased
following the application of passive stretch to the muscle (210). This appears to be a
downstream consequence of a concomitant increase in expression of the integrin
complex, which also binds to laminin and propagates stretch signals. However, integrin
levels were unchanged in young, pre-diseased mdx mice, which further suggests that the
sarcolemma is remodeled to compensate for the reduction in laminin binding associated
with loss of the dystrophin glycoprotein complex. Akt activation led to downstream
survival signaling through nuclear factor-xB (NF-kB). Although NF-kB has cell survival
roles, it is also a negative regulator of muscle mass and inhibits muscle regeneration.

Therefore, given the necrotic phenotype of dystrophin-deficient muscle, it is likely that
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NF-kB functions pathogenically in mdx muscle (210,211). Increased NF-kB levels have
also been observed in biopsies from Duchenne muscular dystrophy patients, a finding
which has stimulated interest in the use of NF-«xB inhibitors as novel therapeutics (200).

Increases in the activation of Akt are also associated with muscle hypertrophy
signaling through the control of protein synthesis/turnover dynamics. Akt stimulates
mammalian target of rapamycin (mTOR), which is a central mediator of muscle
hypertrophy and a key regulator of protein translation (212,213). Protein degradation
proceeds through two primary mechanisms, the ubiquitin proteasome and autophagy.
The proteasome typically recycles the majority of proteins in a cell, while the autophagy
pathway handles long-lived proteins, protein networks and organelles (214-216). Akt
negatively regulates both of these functions: the proteasome through inhibitory
phosphorylation of forkhead box (FOXO) transcription factors that regulate the
expression of proteosomal genes and autophagy through phosphorylation of Beclin-1,
which prevents autophagosome formation (217-219). A marked dysregulation of protein
translation/autophagy exacerbates dystrophy in dystrophin-deficient muscle with an
associated imbalance of cellular energetics and an accumulation of damaged
mitochondria. Metabolic modification through either a low protein diet or pharmacologic
activation of 5’-adenosine monophosphate activated kinase, a major energy sensor and
mTOR regulator in muscle, benefits mdx muscle structure and function (220-222).

While these results implicate muscle-intrinsic Akt signaling in the pathogenesis of
dystrophinopathy, paradoxical findings have been reported in mdx mice with a
constitutively active Akt transgene; these mice have a mild disease burden with reduced

sarcolemmal fragility and increased muscle regeneration (223). Furthermore, micro-
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RNA mediated increases in Akt activation are associated with substantial improvements
in dystrophin-deficient muscle (224). Downstream signaling of Akt is also required for
proper muscle maintenance: muscle-specific abrogation of mTOR signaling results in a
moderate to severe myopathy (225,226). Interestingly, loss of mTOR complex 1
(mTORC1), an effector of Akt signaling, results in feedback Akt activation with a
simultaneous increase in fast-twitch muscle fibers (225). Fast fiber types are more
sensitive to autophagy defects, and it is possible that this underlies the relative stability of
type I fibers in dystrophic muscle (227,228). However, in the case of miRNA
modulation of Akt, pathological amelioration was observed in the absence of fiber type
remodeling. It remains unclear why some studies posit beneficial effects of Akt signaling
while others suggest it is deleterious, but strategies to target the pathway for therapy will
need to consider that Akt likely plays multiple, potentially conflicting roles in dystrophic
muscle (Figure 1.3).

One major challenge to cell signaling studies in muscular dystrophy is the gradual
change in tissue composition associated with disease progression. Importantly, muscle
fiber-intrinsic and -extrinsic cell signaling programs are likely different and reflect
varying functions of different cell types in muscle. The overall muscle environment
proceeds through regenerative, inflammatory, and fibrotic phases and each of these is
associated with prominence of specialized cells. While it is theoretically possible to
target the molecular processes underlying each of these stages, it is also likely that
therapeutics directed towards this goal would show fleeting efficacy. However,
modulation of pathways involved in a number of these disease processes may offer

distinct advantages over monotherapies aimed at a single disease feature. Because of its
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Figure 1.3 Diverse functions of Akt signaling in muscular dystrophy. Akt signals
through stretch-dependent (integrins, dystrophin glycoprotein complex) and stretch-
independent (receptor tyrosine kinases/growth factor receptors) mechanisms for a number
of cellular outputs (blue), including cell growth and survival. Potential dystrophin
glycoprotein complex or glycosylation dependent processes are shown with dotted lines.
mTOR exists in two complexes (orange, underlined), one upstream (mTORC2) and one
downstream (mTORCI1) of Akt. Proteins positively coupled to Akt signaling are
represented by ovals, while proteins opposed to Akt signaling are represented by
rectangles.
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widespread participation in physiological processes across diverse cell and tissue types,
Akt/mTOR signaling has drawn some interest as a therapeutic target in muscular
dystrophy. Interestingly, pharmacologic approaches to address the role of Akt and
mTORCI1 activities seem to demonstrate contrasting effects in dystrophic muscle;
specifically, Akt activation and mTORCI inhibition each seem to improve aspects of
muscle pathology. In dystrophin-deficient muscle, activation of Akt with valproic acid
reduced fibrosis and improved the integrity of the sarcolemma (229). Furthermore,
inhibition of phosphoinositide 3-kinase (PI3K), an upstream activator of Akt, appears to
be linked to decreased anti-apoptotic signaling of NF-kB in mdx mice (210). It is likely
that divergent effects of Akt and mTORCI regulation stem from mTORC]1 independent
functions of Akt, particularly with respect to its role in cell survival.

mTORCI lies downstream of Akt and is known primarily as a regulator of protein
translation, which it controls both directly, through phosphorylation of proteins
associated with the translational machinery, and indirectly, through promotion of
ribosome biogenesis (230). While normal muscle requires mTORCI1 signaling for
maintenance of muscle mass, activation in dystrophic muscle seems to have deleterious
consequences, which include pathogenic inflammation and muscle fibrosis. The relative
numbers of mono-nucleated non-muscle cells in dystrophic muscle is drastically
increased compared to normal muscle. Since mTORC]1 signaling may control protein
synthesis in these abnormally prevalent cell types (e.g. fibroblasts, macrophages), it
likely functions to exacerbate pathological features of muscular dystrophy. In support of
this notion, use of rapamycin, an mTORCI inhibitor, in mdx mice has been shown to

reduce inflammation and fibrosis and improve muscle function (231,232). Additionally,
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dystrophin- or collagen VI-deficient mice maintained on a low protein diet as a means of
reducing mTORCI1 activity demonstrate an improvement in histological parameters
(221,233). However, these studies also implicate abnormal activation of Akt as a factor
influencing muscle disease, contradicting results of Akt drug studies. While the results of
rapamycin trials in dystrophic mice provide clearer results than attempts to probe the
behavior of Akt, a number of questions, including the precise mechanism by which
rapamycin improves muscular dystrophy, remain. It is unknown whether the findings in
the mdx mouse will extend to other animal models of muscular dystrophy, an, in
particular, those stemming from defects in the dystrophin glycoprotein complex.
Furthermore, it is unclear to what extent mTORCI1 should be inhibited to provide
therapeutic benefit, especially in light of genetic experiments demonstrating the essential
role of mMTORCI1 in normal muscle function (225,226). Rapamycin is by far the most
widely used mTOR inhibitor for research purposes and 1is indicated for
immunosuppression (i.e. graft rejection). Therefore, the use of rapamycin in basic and
preclinical investigations of mTORCI1 disruption makes some sense, especially in
diseases with notable inflammatory phenotypes like the muscular dystrophies. However,
its poor bioavailability mandates further study using drugs with improved
pharmacological parameters like everolimus, which is formulated for oral use. Lastly,
evaluation of mTORCI inhibition as a treatment for muscular dystrophy will ultimately
benefit from demonstrations of its performance in additional disease models outside of

the mild mdx mouse.
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Conclusion

As long as repairing the primary defect in a given muscular dystrophy is
infeasible, alternative therapeutics capable of targeting common features of the various
dystrophic processes are the most desirable. The ability to correctly identify targets and
successfully modulate them pharmacologically is of paramount importance to the patient
community. While the past several years have seen a number of substantive advances in
our understanding of dystrophin glycoprotein complex-related pathologies as well as a-
dystroglycan glycosylation and function, therapeutic development is still limited.
Additional insights into different disease processes and the ways in which they combine
to produce the complex dystrophic phenotype are needed in order to direct drug
discovery and therapeutic development. However, there is still an urgent need to provide
patients with treatment options, especially in congenital muscular dystrophies where
patients are likely to die within the first decade of life. The following chapters will
describe work to determine novel disease mechanisms and treatment strategies in animal

models of secondary dystroglycanopathy.
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CHAPTER 2
ABNORMAL SKELETAL MUSCLE REGENERATION PLUS MILD ALTERATIONS
IN MATURE FIBER TYPE SPECIFICATION IN FKTN-DEFICIENT MUSCULAR

DYSTROPHY MICE!

'Foltz SJ, Modi JN, Melick GA, Abousaud MI, Luan J, Fortunato MJ, and Beedle AM. (2016)
Abnormal Skeletal Muscle Regeneration plus Mild Alterations in Mature Fiber Type
Specification in Fktn-Deficient Dystroglycanopathy Muscular Dystrophy Mice. PLoS
One 11(1): e0147049, Reprinted here with permission of the publisher, July 19, 2016
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Abstract
Glycosylated a-dystroglycan provides an essential link between extracellular

matrix proteins, like laminin, and the cellular cytoskeleton via the dystrophin-
glycoprotein complex. In secondary dystroglycanopathy muscular dystrophy,
glycosylation abnormalities disrupt a complex O-mannose glycan necessary for muscle
structural integrity and signaling. Fktn-deficient dystroglycanopathy mice develop
moderate to severe muscular dystrophy with skeletal muscle developmental and/or
regeneration defects. To gain insight into the role of glycosylated a-dystroglycan in these
processes, we performed muscle fiber typing in young (2, 4 and 8 week old) and
regenerated muscle. In mice with Fktn disruption during skeletal muscle specification
(Myf5/Fktn KO), newly regenerated fibers (embryonic myosin heavy chain positive)
peaked at 4 weeks old, while total regenerated fibers (centrally nucleated) were highest at
8 weeks old in tibialis anterior (TA) and iliopsoas, indicating peak
degeneration/regeneration activity around 4 weeks of age. In contrast, mature fiber type
specification at 2, 4 and 8 weeks old was relatively unchanged. Fourteen days after
necrotic toxin-induced injury, there was a divergence in muscle fiber types between
Myf5/Fktn KO (skeletal-muscle specific) and whole animal knockout induced with
tamoxifen post-development (Tam/Fktn KO) despite equivalent time after gene deletion.
Notably, Tam/Fktn KO retained higher levels of embryonic myosin heavy chain
expression after injury, suggesting a delay or abnormality in differentiation programs. In
mature fiber type specification post-injury, there were significant interactions between
genotype and toxin parameters for type 1, 2a, and 2x fibers, and a difference between

Myf5/Fktn and Tam/Fktn study groups in type 2b fibers. These data suggest that
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functionally glycosylated a-dystroglycan has a unique role in muscle regeneration and
may influence fiber type specification post-injury.
Introduction

The dystrophin-glycoprotein complex (DGC), including dystrophin, dystroglycan,
sarcoglycans, sarcospan and additional intracellular scaffold and signaling molecules,
provides an important connection from the intracellular actin cytoskeleton to the
extracellular matrix in skeletal muscle and other tissues (11,12,234). Extracellular a- and
transmembrane B-dystroglycan (aDG, BDQG) are crucial to this link as unique O-mannose
glycan structures on aDG bind directly to laminin, agrin, neurexin, and perlecan in the
basement membrane, conveying structural and signaling integrity through aDG to DG
and dystrophin (8,16,17,20,235-238). Functional loss of this axis causes various forms of
muscular dystrophy including X-linked Duchenne and Becker muscular dystrophies
(dystrophin), and a number of autosomal recessive congenital and limb girdle muscular
dystrophies (239). Secondary dystroglycanopathy, a disease with normal dystroglycan
and DGC protein expression but abnormal aDG glycosylation, is emerging as a large and
diverse class of autosomal recessive muscular dystrophies caused by mutations in one of
16 known genes involved in the O-mannose glycosylation of aDG [for review, see
(240)]. This class of muscular dystrophies encompasses a broader range of phenotypes
(severe congenital to mild late onset) than other DGC-related diseases, the varied
pathomechanisms downstream of the loss of aDG-matrix binding are poorly delineated,
and there are no validated therapies for patients.

Recent work by our group and others demonstrates a role for contraction-induced
sarcolemmal damage in the dystrophic progression of dystroglycanopathy, but also

indicates a role for aDG in skeletal muscle development and/or regeneration processes in
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more severe disease phenotypes (50,57,82,146,178). Both developmental and
regeneration processes influence the distribution of muscle fiber types as marked by the
expression of various myosin heavy chain proteins. Type 1 fibers (expressing MYH?7)
confer a slow, fatigue-resistant muscle profile, while type 2 fibers are fast with variable
fatigue: type 2a (MYH2), type 2x (MYHI), and type 2b (MYH4) isoforms have
fast/oxidative, fast/intermediate and fast/glycolytic profiles, respectively, although
humans do not express the type 2b isoform [for review see (165)]. Postnatally, immature
isoforms are lost and fast isoforms emerge due to a combination of signals including
increased load on the muscle, maturation of the neuromuscular junction, and a rise in
thyroid hormone (165). Slow muscle fiber types may persist from the embryo or arise
from a conversion of type 2a fibers to type 1 around 4 weeks of age (241).

Fiber death after a necrotic incident stimulates activation and proliferation of
muscle resident stem cells, “satellite cells” [for review, see (242)]. Resulting myoblasts
(expressing embryonic heavy chain) can fuse to one another and remaining mature fibers
to repopulate the muscle compartment. Post-regeneration fusion typically leads to fiber
type specification that is dependent on the stimulation frequency from the innervating
motor neuron with low frequency stimulation driving type 1 differentiation and high
frequency or aneural fibers becoming fast (165). Transition between fiber types is a
common event in skeletal muscle and often reflects an adaptive response of muscles to
use or disuse; because myosin protein turnover is slow, muscles experiencing fiber type
transformation frequently harbor hybrid fibers with mixed myosin isotypes (e.g. 2a/x,
2b/x)(165). As the expression profile of distinct skeletal muscle fiber types convey

specific contractile, metabolic, and fatigue properties, variation in fiber type specification
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during development or regeneration in muscular dystrophy influences patient phenotype.
In fact, variation in fiber type proportions and/or fiber type selective susceptibility to
disease has been reported in a number of muscular dystrophies, including Duchenne
muscular  dystrophy (DMD), myotonic dystrophy, facioscapulohumeral and
oculopharyngeal muscular dystrophies [e.g. (174,243-245)]. While fiber types have not
been analyzed in any dystroglycanopathy model, muscle force measurements from the

extensor digitorum longus (EDL) and soleus of Large™®™*

mice suggested an increased
susceptibility of type 2 fibers to contraction-induced injury in dystroglycanopathy muscle
(172).

To better understand the abnormal processes during skeletal muscle development
and regeneration in dystroglycanopathy muscular dystrophy, we performed fiber isotype
analysis in two mouse models with conditional knockout of dystroglycanopathy gene
Fktn. In the Myf5-cre/Fktn knockout (Myf5/Fktn KO), gene disruption at embryonic day
8 initiates a dystroglycan glycosylation defect during skeletal muscle development,
affecting downstream satellite cells and muscle fibers (50). In the whole animal
inducible knockout, Cre-ER is expressed in all cells, but only translocates to the nucleus
for gene excision when tamoxifen is present (tamoxifen-cre/Fktn KO mice, Tam/Fktn
KO). In these Tam/Fktn KO inducible mice, Fktn gene knockout was induced in skeletal
muscle (and all other tissue types) post-development (15). Our data indicate changes in
the regeneration process and mild changes to fiber type differentiation post-injury,

suggesting that functional aDG plays a role in these processes that may contribute to

disease progression and phenotype.
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Materials and Methods

Ethics Statement

All mouse procedures were approved by the University of Georgia Institutional
Animal Care and Use Committee (AUP A2010 08-163, A2013 07-016). All efforts were
made to minimize animal suffering.
Mice

Mice were maintained on a 12:12 light:dark cycle with standard husbandry and a
supplement of wet food pellets on the cage floor 2 to 4 times per week. Myf5-cre/Fkin
and whole animal inducible Tam-cre/Fktn conditional exon 2 knockout mice have been
described previously, were a kind gift from Dr. Kevin Campbell (U. Iowa) and
correspond to Jackson Laboratory strains #007893, #004682, and #019097 (50). Myf5-
cre/Fktn knockouts (Myf5/Fktn KO; Myf5 ™" Fkm™") were bred from Myf5"“"; Fktn""* x
Myf5™" Flktn™™ or Myf57; Fken™™ x Myf5™";Fkm™" pairs. Whole animal CAG-
creERT2 (Cre-ER) tamoxifen inducible Fktn knockout mice (Tg+/cre'ER;FktnL/'; Tam/Fktn
KO) were bred from Tg”“"**®; Fkm™ x Fkm™" pairs so induction of Cre recombination
was only necessary at one allele to induce homozygous exon 2 deletion. To induce
recombination for gene knockout in Tam/Fktn KO mice, tamoxifen (Tam; Sigma, St.
Louis, MO; or Cayman Chemical, Ann Arbor, MI) was dissolved in ethanol and diluted
with sunflower oil (Sigma) to 100 mg/ml for delivery by oral gavage at 0.4 mg/g. Mice
received the first round of Tam-treatment on two non-consecutive days (day 1 and 3) at 6
to 8 weeks of age and a second round of Tam-treatment 8 weeks later at 1 day pre- and 1
day post-toxin treatment. All littermate control mice were Tam-treated at the same time

as their inducible KO littermates; all of the following genotypes were used for Tam/Fktn
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LC mice as we previously demonstrated that heterozygotes and Fktn floxed mice have no
phenotype: Tg"“* R Fktn""*; Tg"", Fktn™" or Tg"", Fktn"" [15].

A total of 26 animals were used in the analysis of 2, 4, and 8 week old (wko)
iliopsoas and TA muscles: 2 wko Myf5/Fktn KO and LC, n = 4 each; 4 wko Myf5/Fktn
KO and LC, n = 4 each; (except Myf5/Fktn LC iliopsoas, n = 3); 8 wko Myf5/Fktn KO
and LC, n = 5 each. 27 mice were used for the Myf5/Fktn and Tam/Fktn regeneration
study, and the CTX-treated and contralateral saline-treated muscles were collected from
each mouse: Myf5/Fktn LC, n = 5; Myf5/Fktn KO, n = 7; Tam/Fktn LC, n =7; Tam/Fktn
KO, n=28.

Cardiotoxin-induced regeneration

On the day of cardiotoxin injection, mice were anesthetized by isoflurane, lower
hindlimbs were shaved, and mice were given an analgesic dose of meloxicam 1 mg/kg
(VWR, Radnor, PA) by subcutaneous injection. Cardiotoxin (Sigma), at 10 uM in 0.9%
sterile saline, was delivered in 25 pL intramuscular injections longitudinal into the tibialis
anterior (TA, with potential involvement of the extensor digitorum longus, EDL).
Identical injection of sterile 0.9% NaCl was completed for the left hindlimb (saline
vehicle control). All toxin injections were performed by the same experimenter (AMB)
for consistency across the dataset. Mice were euthanized 14 days post-injection and
muscles were dissected for cryopreservation according to standard protocols (50,246).
Note, for this study, the TA and EDL were dissected out and analyzed as a single unit.
Immunofluorescence and microscopy

The iliopsoas or TA/EDL were cryosectioned to a depth of 1 mm from the proximal side,
then 7 um sections were cut and mounted on glass slides for histological and fiber type

analysis. Sections analyzed were derived from a comparable 300 um zone of Ilio or TA,
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respectively, across all samples, accounting for minor variations in muscle dissection and
a subset of samples that required re-sectioning. Immunofluorescent staining for myosin
isoforms was performed using mouse monoclonal myosin heavy chain antibodies F1.652
(embryonic), BF-35 (all but 2x), BF-F3 (type 2b), SC-71 (type 2a), and BA-DS5 (type 1)
(Developmental Studies Hybridoma Bank, University of lowa, lowa City, [A) at 1:20 —
1:40 dilution. Samples were co-stained for nuclei (DAPI; Life Technologies, Grand
Island, NY) and membrane/basement membrane counterstain by perlecan (heparin sulfate
proteoglycan; EMD Millipore, Darmstadt, Germany) or aDGct rabbit monoclonal 5-2
(247) or related hybridomas 29-10 or 45-4, not previously reported. Neuromuscular
junctions were analyzed using rabbit monoclonal antibody D35E4 against presynaptic
marker synaptophysin (Cell Signaling Technology, Danvers, MA) and Alexa 488-
coupled bungarotoxin for detection of nicotinic acetylcholine receptors at the
postsynaptic endplate (Life Technologies). Muscle sections were blocked in 5% donkey
serum in PBS for 30 min, incubated in primary antibody in 5% donkey serum at 4°C
overnight, washed 3 x 5 min, incubated in secondary antibody (AlexaFluor A546 anti-
mouse IgGl, IgG2b, or IgM and AlexaFluor A488 anti-rabbit or rat IgG; Life
Technologies) with or without A488-bungarotoxin at 1:500 in 5% donkey serum for 30
min at room temperature, washed 3 x 5 min and mounted with PermaFluor
(ThermoScientific, Waltham, MA). Detection of glycosylated aDG by indirect
immunofluorescence with IIH6 antibody has been described previously (50). Tissues
were viewed by 20X objective on an inverted epifluorescent microscope (Olympus,
Center Valley, PA) and images were captured using a DP-72 camera and CellSens

software (Olympus).
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For image analyses, a series of overlapping images crossing the entire muscle
section were taken and compiled into a section map in Photoshop (Adobe). Compiled
maps were analyzed by blinded observers in Image Pro Express (Media Cybernetics,
Rockville, MD) for fiber counts and whole section area; a subset (all knockouts at 14 d
post-CTX) was also analyzed for single fiber area of embryonic myosin heavy chain-
positive (eMHC) fibers. Whole section areas from compiled maps were compared for
serial sections of the same muscle and the most representative section map for each
muscle was selected for total fiber counting. Mean Ilio section areas were: Myf5/Fktn 2
wko LC 0.72 + 0.21 mm*; KO 0.56 % 0.18 mm’; 4 wko LC 1.08 = 0.20 mm’; KO 0.96 +
0.13 mm?; 8 wko LC 1.73 £ 0.35 mm?; KO 1.21 + 0.29 mm?; two-way ANOVA age, p <
0.05. Mean TA/EDL section areas were: Myf5/Fktn 2 wko LC 1.20 + 0.05 mm*; KO
1.89 + 0.29 mm?; 4 wko LC 2.72 + 0.39 mm*; KO 1.95 + 0.12 mm’; 8 wko LC 5.13 +
0.64 mm?; KO 3.25 + 0.46 mm?; two-way ANOVA genotype*age, p < 0.05; age, p <
0.0001. Any serial section that deviated by > 15% from the counted map was also
counted separately for total fibers. Total fiber counts ranged from 246 to 1716 in the
iliopsoas and from 920 to 3795 in the TA of 2, 4, and 8 wko Myf5/Fktn mice; total fibers
ranged from 1157 to 7483 in TAs of Myf5/Fktn or Tam/Fktn mice enrolled in the CTX
study. Positive fibers (centrally nucleated [CN], eMHC) were counted by manual tag and
divided by the number of total fibers in the section map x 100. Proportions of mature
fiber types (MHC type 1, 2a, or 2b) were analyzed as the percentage of a given fiber type
per total mature fibers (total fibers within a muscle section less eMHC expressing fibers)

for each sample. Proportions of MHC type 2x fibers were determined as the percentage
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of fibers not stained by the MHC “all but 2X” antibody, which detects all MHC isoforms
except type 2x, per total mature fibers for each sample.
Graphs and Statistics

Fiber-type and central nucleation data are plotted as scatterplots with each data
point representing analysis from one study animal; mean and standard error are shown.
In text data references are also reported as mean with standard error. Data are analyzed
by two-way ANOVA with Bonferroni’s post-test, which compares each row by all
columns and each column by all rows (Prism 5, GraphPad, La Jolla, CA). Because
separate littermate and knockout data are used from the two strains (Myf5/Fktn and
Tam/Fktn) in fiber typing post-injury, we performed two-way ANOVA across all
genotypes to facilitate comparisons between the two different types of knockout mice
(e.g. Myf5/Fktn KO injured vs Tam/Fktn KO injured). Post-tests from this analysis of all
genotype groups are denoted on figures using asterisks. We also performed two-way
ANOVA on each strain group independently for the toxin-induced regeneration
experiments (Myf5/Fktn only and Tam/Fktn only) to enable further interpretation of
significance detected in the “all genotypes” analysis. Two-way ANOVA interaction
(Genotype*Toxin or Genotype*Age) p values are reported on each figure; individual
group effects (Genotype, Age, or Toxin) are only reported if the interaction p value is not
significant. eMHC-positive areas are plotted as proportion of fibers within a given size
range (bin) per total number of eMHC-expressing fibers. Optimal bin sizes for eMHC-
positive fiber areas were determined previously (50). Fiber-size distributions were non-
normal (D’agostino & Pearson omnibus normality test failed), so data were analyzed by a
two-tailed Mann-Whitney test (Prism 5, GraphPad, La Jolla, CA). p < 0.05 is considered

statistically significant in all tests. *, p <0.05; **, p <0.01; *** p <0.001.
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Results
Dystrophy progressively increases in Fkitn-deficient muscle

Sarcolemmal attachment to the extracellular matrix through specific glycan
structures on aDG is critical for muscle protection against contraction-induced damage
(178). Accordingly, loss of Fktn or other genes involved in processing the O-Mannose
glycan on aDG renders the sarcolemma vulnerable to contraction-induced damage and
myonecrosis (50,146,172,248,249). To determine postnatal disease onset, we evaluated
muscle regeneration in Myf5/Fktn KO muscle by the percentage of eMHC-expressing
and centrally nucleated (CN) fibers in the iliopsoas and TA (with EDL) at 2, 4, and 8
weeks old (wko). CN was significantly increased in both iliopsoas and TA muscles of
Myf5/Fktn KO mice, with a significant interaction between genotype and age in the TA,
but not the iliopsoas (Figure 2.1A, B left). Post-tests identified elevated CN, a long-term
marker of muscle regeneration, in 8 wko Myf5/Fktn KO TA (8 wko KO CN = 32.6 +
4.1%) and iliopsoas (8 wko KO CN = 20.0 + 4.8%), but a clear age-dependent increase in
knockout muscle CN was only present for the TA muscle, due to an earlier onset of
pathology in iliopsoas of some KO mice. In contrast, the proportion of eMHC-
expressing fibers in both muscles was highly variable. However, there was a significant
interaction between genotype and age (genotype*age) in the TA only; with increased
eMHC-positive fibers in Myf5/Fktn KOs at 4 and 8 wko, reaching maximum at 4 weeks
(4 wko KO eMHC = 12.8 + 3.3%; Figure 2.1A, B right). In the Ilio, eMHC regenerating
fibers were increased in Myf5/Fktn KO mice, with post-test significance at 4 weeks (4
wko KO eMHC = 15.0 + 5.0%). Because eMHC is only temporarily expressed in
regenerating muscle, it represents a “snapshot” of current regeneration at the time of

analysis. Consequently, proportions of eMHC-expressing fibers are more variable and do
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Figure 2.1 Dystrophy is prevalent and progressive in Myf5/Fktn KO muscle. Muscle
regeneration after fiber necrosis as measured historically by central nucleation (CN, left)
or transiently by embryonic myosin heavy chain expression (eMHC, right) in (A)
iliopsoas or (B) TA muscle of 2, 4, and 8 wko Myf5/Fktn-deficient (KO) or control (LC)
mice. *, p<0.05; **, p<0.01; *** p<0.001. Two-way ANOVA with Bonferroni’s post-
test. TA, n =4 mice per 2 and 4 wko group, n =5 per 8 wko group; Ilio, n=3-4 per 2 and
4 wko group, n=5 per 8 wko group.
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not necessarily increase over time; CN, however, may persist for several months
following a regeneration event, making it a suitable tool for examining the progression of
disease. Thus, these data indicate that, on average, 20 — 30% of all muscle fibers have
regenerated by 8 wko, confirming the development and progression of dystrophy in Fktn-
deficient muscle and indicating a period of highly active muscle
degeneration/regeneration peaking at 4 weeks and subsiding at 8 weeks.

Fiber type specification shows age-dependent differences

To assess whether Fktn loss alters muscle fiber differentiation, iliopsoas and TA
muscles from 2, 4, and 8 wko Myf5/Fktn KO and LC mice were analyzed for expression
of mature myosin heavy chain isoforms, indicative of different muscle fiber types. The
iliopsoas was chosen because it is a smaller, proximal muscle that is more severely
affected in Myf5/Fktn KO mice, while the TA is widely used in physiological assessment
of muscle. In order to account for differences in the numbers of fibers in muscles across
the sample set, data were analyzed as the proportion of isotype positive fibers per total
mature fibers counted (presented here as percentages). By this measurement, there was
no interaction between genotype and age (genotype*age) and no genotype effect for
either iliopsoas or TA in type 1 (oxidative, slow-twitch) fibers, but there was a significant
age effect in both muscles with fewer type 1 fibers in older mice compared to younger
mice (Figure 2.2). In post-test analysis, type 1 fibers significantly decreased in iliopsoas
of Myf5/Fktn KO from 4 to 8 weeks (Figure 2.2A, C), whereas in the TA, type 1 fibers
were significantly decreased in all mice from 2 to 8 wko and in Myf5/Fktn KO mice from
4 to 8 wko, indicating that postnatal depletion of the type 1 fiber pool may proceed more
slowly in Myf5/Fktn KO mice (Figure 2.2B, D). Neither type 2a (fast oxidative) nor type

2b (fast glycolytic) fibers were changed in the iliopsoas or TA muscles of Myf5/Fktn
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Figure 2.2 Frequency of type 1 oxidative fibers decreases with age in iliopsoas and TA.
Oxidative type 1 fibers in (A) iliopsoas and (B) TA of 2, 4, and 8 wko Myf5/Fktn-
deficient (KO) and control (LC) mice. *, p<0.05; **, p<0.01; *** p<0.001, two-way
ANOVA with Bonferroni’s post-test. Whole tissue (C) iliopsoas and (D) TA maps of
sections stained with anti-myosin heavy chain type 1 antibody (red), with basement
membrane perlecan or sarcolemmal aDG core protein (green) and nuclear (blue)
counterstains. Scale bar = 100 pm. n =4 for all 2 and 4 wko measurements (except Ilio
LC, n=3); n=5 for all 8 wko measurements.
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KOs compared to LCs at any time points examined, although type 2a fibers were
reduced in 8 wko compared to 4 wko KO mice (Figure 2.3). The proportion of type 2x
(intermediate glycolytic) fibers was significantly affected by age, but not genotype nor
genotype*age interaction (Figure 2.4). Type 2x were not yet developed in 2 wko mice
but progressively increased through 8 weeks of age in iliopsoas and TA muscles. In post-
test analysis, both 4 and 8 wko mice had more type 2x fibers in the iliopsoas compared to
2 wko mice, while in the TA, Myf5/Fktn LC had increased type 2x fibers at 4 and 8
weeks, but KO mice type 2x fibers were only elevated at 8 weeks (Figure 2.4). Thus, the
transition timing to widespread type 2x fiber specification in TA may be minimally
affected in Fkin-deficient muscle. Altogether these data demonstrate that postnatal
mature fiber type specification is primarily age-dependent, with minimal or no affect due
to Fktn-deficiency.

Muscle fiber differentiation is altered following induced regeneration in post-development,
whole-body compared to developmental, muscle-specific Fktn KO mice

To understand the role of functionally glycosylated aDG in fiber type
specification of regenerated fibers, we used cardiotoxin (CTX) to induce widespread,
synchronized regeneration in two different Fktn-deficient mouse models: developmental,
skeletal muscle-specific Myt5/Fktn KO (as above) and whole animal, Cre-ER Fktn mice,
in which Fktn deletion is induced by tamoxifen-mediated translocation of Cre-ER to the

+/Cre-ER L/-,
JFktn™"; and

nucleus for gene excision (Tam/Fktn KO are Tam-treated Tg
Tam/Fktn LC mice are Tam-treated Tg"”“"**® Fktn™", Tg"* Fktn"", or Tg"",Fktn"") (50).
The tibialis anterior (TA) was chosen for analysis because it is the smallest muscle that is

easily accessible for intramuscular CTX delivery, ensuring that a greater proportion of

the muscle compartment is toxin affected. Myf5/Fktn mice were toxin injected at 6 wko
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Figure 2.3 Frequencies of type 2a oxidative and type 2b glycolytic fast-twitch fibers are
unchanged in iliopsoas and TA between Myf5/Fktn KO and LC mice. (A) Oxidative
type 2a fibers in iliopsoas (top) and TA (bottom) of 2, 4, and 8 wko Myf5/Fktn-deficient
(KO) and control (LC) mice. (B) Glycolytic type 2b fibers in iliopsoas (top) and TA
(bottom) of 2, 4, and 8 wko Myf5/Fktn-deficient (KO) and control (LC) mice. *, p<0.05;
two-way ANOVA with Bonferroni’s post-test. n =4 for all 2 and 4 wko experimental
groups (except Ilio 4 wko LC, n = 3); n= 5 per 8 wko group.
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Figure 2.4 Minor delay in progression of glycolytic type 2x fiber switching in TA of
Myf5/Fktn KO mice normalizes by 8 weeks. Glycolytic intermediate-twitch 2x fibers in
Myt5/Fktn-deficient (KO) and control (LC) (A) iliopsoas and (B) TA muscles. *,
p<0.05; **, p<0.01; *** p<0.001, two-way ANOVA with Bonferroni’s post-test. Whole
tissue (C) iliopsoas and (D) TA maps of sections stained with antibody detecting all
myosin isoforms except type 2x (red), with basement membrane perlecan or sarcolemmal
aDG core protein (green) and nuclear (blue) counterstains. Unstained (negative) fibers
were counted to measure type 2x. Scale bar = 100um. n =4 for all 2 and 4 wko
measurements (except Ilio 4wko LC, n=3); n =5 per 8 wko group.
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and muscle was collected 2 weeks after injury at 8 wko. As Myf5 expression begins at
embryonic day 8 (250,251), mouse gestation is ~19 days, and tissue was collected at 8
wko, the Myf5/Fktn KO muscle is approximately 10 weeks post-Fktn deletion.
Therefore, Tam/Fktn mice were sacrificed 10 weeks following tamoxifen induction of
Fktn deletion so that the length of Fktn-deficiency was comparable between Tam/Fktn
and Myf5/Fktn KO animals. Loss of Fktn function was confirmed by staining TA
sections with the aDG functional glycan specific antibody IIH6. In saline injected TA,
the vast majority of fibers in both Myf5/Fktn and Tam/Fktn KOs were negative for
glycosylated aDG; however, Tam/Fktn KOs had significantly higher residual IIH6 levels
than their Myf5/Fktn counterparts (Figure 2.5). As the efficiency of gene knockout in
muscle satellite cells of Tam/Fktn KOs has not been previously addressed and because
Myf5/Fktn KOs exhibit minor fiber populations with residual aDG glycosylation, we also
examined ITH6 staining in Myf5/Fktn and Tam/Fktn KOs 14 days after toxin injection.
We observed no differences in the proportions of [IH6-positive fibers between saline- and
toxin-injected TAs in either mouse strain (n=6), indicating that regenerated fibers are not
disproportionately arising from cell populations that may have escaped Fktn gene
excision (Figure 2.5).

In analysis of regeneration 14 days post-toxin injury, there was a significant
interaction between genotype and toxin (genotype*toxin) for CN and eMHC measures of
skeletal muscle regeneration (Figure 2.6). In post-hoc analysis, all CTX-treated groups
had higher CN compared to saline (contralateral) controls (Figure 2.6A; saline-treated
CN means range 2.3 + 0.3% [Tam LC] to 27.8 + 3.3% [Myf5 KO] vs. toxin-treated CN

means range 23.2 £ 2.7% [Tam KO] to 54.4 £ 4.3% [Myf5 LC]). CN was also elevated
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Figure 2.5 Injury does not induce revertant expression of a-DG glycosylation in
Tam/Fktn KO mice. (A) Quantification of fibers with glycosylated a-DG in TAs of
Myf5/Fktn or Tam/Fktn mice. *** p<0.001, two-way ANOVA with Bonferroni’s post-
test. (B) TA muscle sections showing glycosylated aDG (antibody IIH6, red) and core
aDG protein (antibody 5-2, green) with DAPI nuclear counterstain 14 days post-saline or
cardiotoxin (CTX). Scale bar, 200um. White arrows mark some representative fibers with
glycosylated aDG. Note, red punctate staining is background from mouse [gM-A546
secondary antibody.

62



A Genotype*Toxin (all genotypes): p < 0.0001 B Genotype*Toxin (all genotypes): p < 0.0001

Genotype*Toxin (Myf5/Fktn): p = 0.0001 Genotype*Toxin (MyfS5/Fktn): p = 0.9425 (Genotype: p < 0.0001)
Genotype*Toxin (Tam/Fktn): p < 0.0001 Genotype*Toxin (Tam/Fktn): p = 0.0001
ety . *kk s
* %%k ' > %k H
* k% s |
—_ } * %k h
I Fkk | * } * % %k i
I % % % I I I
*

Figure 2.6 Differentiation is delayed in whole-body Tam/Fktn KO mice following
cardiotoxin (CTX) induced regeneration. Muscle regeneration measured by long- (CN,
(A)) or short-term (eMHC, (B)) markers in muscle specific (Myf5) and whole-body
(Tam) Fktn KO and LC mice following intramuscular injection with saline or CTX. *,
p<0.05; **, p<0.01; *** p<0.001; two-way ANOVA with Bonferroni’s post-test (all
genotypes combined) depicted on figures; two-way ANOVA per strain (Myf5/Fktn or
Tam/Fktn) are also reported. (C) Whole tissue maps of tibialis anterior (TA) muscles
from Myf5/Fktn or Tam/Fktn KO muscle injected with saline or CTX stained with anti-
eMHC antibody (red), with sarcolemmal aDG core protein (green) and nuclear (blue)
counterstains. Scale bar = 100 um. n=5, Myf5 LC; n =7, Myf5 KO and Tam LC; n =
8, Tam KO.
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in saline Myf5/Fktn KO compared to saline Myf5/Fktn LC TA muscle, similar to
findings in naive 8 wko TA and iliopsoas muscles (Figure 2.1; Figure 2.6A). In contrast,
CN was not different between saline-injected Tam/Fktn KO and LC mice and was
significantly lower in saline-injected Tam/Fktn KO than in Myf5/Fktn KO muscle
(Figure 2.6A, C). Interestingly, proportions of CN fibers were significantly lower 14
days post-CTX in Tam/Fktn KO mice compared to all other CTX-treated groups,
suggesting that a potential defect or delay in regeneration/differentiation accompanies
whole-body Fktn excision (Figure 2.6A, C). This interpretation is supported by the
unexpected finding that eMHC in Tam/Fktn KO CTX muscle was significantly increased
relative to both Tam/Fktn KO saline muscle and all other CTX groups 14 days after
treatment (Figure 2.6B, C; Tam KO eMHC = 16.5 £ 1.6%; all other groups, mean
eMHCs range from 0.0 = 0.0 to 6.0 = 1.3%). We previously noted that eMHC positive
fiber areas were much smaller in naive 20 week old Myf5/Fktn KO compared to a milder,
mature-muscle specific knockout MCK/Fktn KO mice and in Myf5/Fktn KO versus LC 7
days post toxin-injury (50); therefore, we analyzed the size of eMHC expressing fibers in
the 14 day post-toxin Myf5/Fktn and Tam/Fktn KO mice here. At 14 days post-toxin,
regenerating (eMHC+) fibers tended to be very small in both Myf5/Fktn and Tam/Fktn
TAs. However, Myf5/Fktn KOs had substantially fewer transiently regenerating fibers at
this time point (55-366 fibers, n=7) compared to their Tam/Fktn counterparts (337-1840
fibers, n=8) (Figure 2.7). Note, very small eMHC expressing fibers generally do not have
central nuclei, so the reduction in Tam/Fktn KO CN can be explained, in part, but the
high number of small eMHC remaining at 14 days post-toxin in this model. These data

suggest that either aDG function in regeneration is dependent on its presence or absence
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Figure 2.7 Regenerating myofibers are smaller in Tam/Fktn KO mice. Proportions of
eMHC-expressing muscle fibers in TAs of Myf5/Fktn (black bars) or Tam/Fktn(white
bars) KO mice 14 days after CTX injection grouped according to size. The number of
eMHC-positive muscle fibers ranged from 55-366 in Myf5/Fktn (n = 7) and 337-1840 in
Tam/Fktn KOs (n = 8). p <.0001, two-tailed Mann-Whitney test.
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during development or that non-muscle aDG, such as brain or motor neuron aDG, is also
critical for regeneration or the transition to terminal differentiation in muscle fibers post-
injury.

In order to clarify the role of aDG glycosylation in muscle fiber type
specification, we examined fiber type distributions in TA muscle of saline- or toxin-
injected Tam/Fktn and Myf5/Fktn mice. There was a genotype*toxin interaction across
all genotypes for proportions of type 1 (slow-oxidative) fibers due primarily to a
genotype*toxin interaction in Tam/Fktn mice (Figure 2.8). Type 2a (fast-oxidative)
fibers were subject to genotype*toxin interaction, primarily due to different toxin-
induced regenerative responses between Myt5/Fktn KO and Tam/Fktn KO as detected by
statistical post-tests. However, a genotype*toxin interaction and a genotype group effect
were detected in independent analyses of Tam/Fktn and Myf5/Fktn strains, respectively
(Figure 2.9), further indicating the possibility of abnormal differentiation of regenerated
fibers in whole-body Fktn KOs.

Analysis of type 2b fibers revealed substantial variability in the prevalence of this
fiber type across all groups; however, there was a significant genotype effect as all
Tam/Fktn mice had lower means for type 2b than Myf5/Fktn mice (including littermates),
which may reflect an age dependent type 2b fiber preference between the two strains in
the study, with no effect of Fktn deficiency (Figure 2.10A). In contrast, a genotype*toxin
interaction was detected for type 2x fibers. In post-test comparisons, regeneration after
CTX injury decreased the relative frequency of type 2x fibers in all groups (Figure 2.10).
The presence of a toxin-induced regeneration effect, but no interaction in independent

analyses of Myf5/Fktn and Tam/Fktn strains, suggests that the overall genotype*toxin
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Figure 2.8 Slow oxidative fibers are decreased in Myf5/Fktn KO and Tam/Fktn LC mice
following CTX injection. (A) Quantification of slow type 1 oxidative fibers in TA
muscle of saline- or CTX-injected Myf5/Fktn and Tam/Fktn LC or KO mice. *, p<0.05;
** p<0.01; *** p<.001; two-way ANOVA with Bonferroni’s post-test (all genotypes
combined) depicted on figures; two-way ANOVA per strain (Myf5/Fktn or Tam/Fktn)
are also reported. (B) Whole tissue maps of CTX-injected TA muscle stained with anti-
myosin heavy chain type 1 antibody (red), with sarcolemmal aDG core protein (green)
and nuclear (blue) counterstains. Scale bar = 100 um. n =5, Myf5 LC; n =7, Myf5 KO
and Tam LC; n = 8§, Tam KO.

67



A Genotype*Toxin (all genotypes): p = 0.0015 B
Genotype*Toxin (Myf5/Fktn): p = 0.7083 (Genotype: p = 0.0278)
Genotype*Toxin (Tam/Fktn): p = 0.001

| % % | E
— 50~ b
® © 3
£ 40 =
£ o
T, b ®
4 A AA A
g 204 A é% - ' <
& A AA _‘F O
S 10 " %
§ A A E
'- c T T T T T T T T E
6&6‘0 oé 9’§\°° 0«+ é\(‘e 06\.\. é\(& 0«.\. |t—“
[P MR SN *RERA VA s M &
N2 - AV ) &
& )
& o & & < & <8

Figure 2.9. Fast oxidative fibers are increased in Tam/Fktn KO mice following CTX
injection. (A) Quantification of fast type 2a oxidative fibers in TA muscle of saline- or
CTX-injected Myf5/Fktn and Tam/Fktn LC or KO mice. *, p<0.05; **, p<0.01; **%*,
p<.001; two-way ANOVA with Bonferroni’s post-test (all genotypes combined) depicted
on figures; two-way ANOVA per strain (Myf5/Fktn or Tam/Fktn) are also reported. (B)
Whole tissue maps of CTX-injected TA muscle stained with anti-myosin heavy chain
type 2a antibody (red), with sarcolemmal aDG core protein (green) and nuclear (blue)
counterstains. Scale bar =200 pm. n=5, Myf5 LC; n =7, Myf5 KO and Tam LC; n= 8§,
Tam KO.
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A G'T (all genotypes): p = 0.7826 (G: p = 0.0035) B
Genotype*Toxin (Myf5/Fktn): p = 0.6294
Genotype*Toxin (Tam/Fktn): p = 0.4967
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Figure 2.10 Glycolytic type 2x, but not type 2b, fibers decrease following muscle
regeneration. Glycolytic type 2b (A) or type 2x (B) fiber proportions in muscle-specific
(Myf5) or whole-body (Tam) Fktn— KO and LC muscle injected with saline or CTX. *,
p<0.05; *** p<0.001; two-way ANOVA with Bonferroni’s post-test (all genotypes
combined) depicted on figures; two-way ANOVA per strain (Myf5/Fktn or Tam/Fktn)
are also reported. (C) Whole tissue maps of TA muscle from Myt5/Fktn or Tam/Fktn
KO and LC muscle injected with saline or CTX and stained with an antibody detecting
all myosin heavy chain isoforms except type 2x. Unstained (negative) fibers were
counted to measure type 2x. Scale bar =100 um. n =35, Myf5 LC; n =7, Myf5 KO and

Tam LC; n =8, Tam KO.
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effect (all genotypes) reflects the greater magnitude of type 2x fiber loss in the Tam/Fktn
cohort compared to the Myf5/Fktn cohort, possibly an age rather than a knockout effect.
In sum, these results indicate specific roles for functional aDG in the transition from
eMHC and in the differentiation to type 1 and 2a fibers in regenerated skeletal muscle
after injury; however, the contributions of aDG glycosylation in muscle development
versus aDG glycosylation in non-muscle tissues are not fully clear. In particular, loss of
Fktn in pre-synaptic motor neurons of the neuromuscular junction (NMJ) in Tam/Fkin,
but not Myf5/Fktn, KO mice could affect muscle innervation and regeneration.
Therefore, we probed sections from saline- or toxin-injected TAs of Myf5/Fktn and
Tam/Fktn mice with synaptophysin (for detection of the pre-synaptic component of the
NMJ) and a-bungarotoxin (BGTX, for detection of nicotinic acetylcholine receptors at
the muscle endplate). While full elaboration of the neuromuscular junction morphology
cannot be determined from muscle transverse sections, we did measure NMJ occupancy
(colocalization of both presynaptic synaptophysin and postsynaptic BGTX). There was
no difference in the innervation/occupancy status of NMJs according to genotype*toxin
interaction or genotype, although there was a significant toxin effect, apparently due to
increased variability and a reduced group mean in injured littermate mice (Figure 2.11).
Discussion

Skeletal muscles exhibit fiber type mosaicism, but myofibrillar phenotype varies
considerably between muscles according to muscle use. A growing body of work has
shown shifts in fiber type predomination of muscles in various dystrophic conditions, but
the underlying mechanism of these changes is not fully understood (174,244,252-254).

Decreased muscle function in dystrophic patients and mouse models often involves
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Figure 2.11 Both presynaptic and postsynaptic components are present at neuromuscular
junctions in 14 d regenerated muscle of Myf5/Fktn and Tam/Fktn KOs. (A) Proportion
of NMJs positive for synaptophysin and BGTX in saline- or CTX-injected TA of
Myf5/Fktn and Tam/Fktn KOs or grouped Myf5/Tam LCs. (B) Representative images
showing localization of NMJ pre-synaptic (synaptophysin, red) and post-synaptic
markers (BGTX, green) in Myf5/Fktn KO and Tam/Fktn KO and LC TAs injected with
saline or CTX. Nuclei stained with DAPI (blue). Scale bar = 100um. n=7, LC; n =4,
Myf5 KO; n = 6 Tam KO.
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components of both muscle weakness and fatigue, so enhanced populations of low-
endurance, fast-twitch fiber types may negatively affect performance in dystrophic
tissues (255,256), suggesting a protective role for activation of the oxidative myogenic
program. However, these observations do not extend to all muscles, as the vastus
lateralis of both human DMD patients and GRMD dogs show a reduction of type 2 fibers,
suggesting that enhancement oxidative program may actually be deleterious in some
muscles (116,173,257).

Despite extensive examination of fiber types in dystrophin-deficient muscle, little
work has been done in models of aberrant aDG glycosylation. Analysis of biopsies from
rectus femoris or biceps brachii of Fukuyama-type congenital muscular dystrophy
patients, whose muscles contain defective Fktn, revealed increased type 1 and decreased
type 2b fibers in a subset of patients; however, differences in the ages of the patients
sampled may have contributed to inter-patient variability with respect to muscle fiber
types (258). A study in the LARGE™Y™® mouse, a spontaneous mutation model for
dystroglycanopathy, found that while both the soleus and EDL muscles were weak in
myd mice, the soleus was resistant to force loss following lengthening contraction (172).
The soleus had increased B1 integrin, suggesting an increase in the frequency of the other
major laminin-binding complex in muscle, a7B1 integrin. However, a clear relationship
between fiber type and integrin expression has not been established and it is therefore
unclear whether oxidative fiber types, increased integrin content, or a combination of the
two protect the soleus from lengthening-contraction induced damage. The low
proportion of type 1 fibers in the TA and iliopsoas analyzed here may not reflect fiber

dynamics in muscles enriched for slow, oxidative contraction, like the soleus. Overall, it
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remains unclear if the altered fiber phenotypes identified here help to drive the disease
process or are simply biomarkers of underlying pathogenic or nonpathogenic differences
due to altered aDG structural or signaling axis.

In spontaneous models of MD, it is difficult to distinguish the roles of the affected
gene in developmental, regenerating, or muscle-extrinsic regulation of fiber type. In
particular, dystrophic muscle undergoes cycles of early, highly active and later, slowly
progressive disease states as the regenerative capacity of the muscle is exhausted
(259,260). To more clearly determine the roles of aDG in muscle regeneration and fiber
type specification, we induced widespread regeneration in both muscle-specific (Myf5)
and whole body (Tam, inducible) Fktn KO muscle. We noted clear differences in the
numbers of regenerated fibers (CN) between saline-treated Myf5/Fktn and Tam/Fktn KO
muscle, suggesting that early loss of aDG glycosylation has developmental consequences
that may enhance muscle susceptibility to damage. We previously showed that there
were more eMHC-positive (regenerating) fibers in 20 week old Myf5/Fktn KO mice
compared to a milder, mature muscle MCK/Fktn KO model, and that the eMHC-positive
fibers were much smaller in both naive Myt5/Fktn versus MCK/Fktn KO muscle and in 7
day post-toxin Myf5/Fktn KO versus LC muscle. As expected, the proportion of very
small regenerating fibers (< 75um?) was lower at 14 days in this study versus 7 days
post-toxin in Myf5/Fktn KOs (~35% 14 days post to ~55% 7 days post) previously
reported (15), indicating further growth and maturation of the regenerated muscle fiber
pool with the additional time post injury. However, we report the surprising finding that
post-development, whole-body inducible Tam/Fktn KOs had significantly more eMHC-

positive fibers compared to all other toxin injected groups; furthermore, regenerating
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fibers in Tam/Fktn KOs were significantly smaller than those in Myf5/Fktn KOs.
Notably, delayed muscle fiber maturation has also been reported in FCMD muscles
(133). Thus, while developmental, muscle-specific Fktn ablation appears to increase
vulnerability to damage, post-developmental, muscle-intrinsic and -extrinsic Fktn loss
may also lead to defective and/or delayed regeneration. Specifically, differences between
Myt5/Fktn and Tam/Fktn KO mice could be due to the presence/absence of glycosylated
aDG in muscle development, the presence/absence of glycosylated aDG in motor
neurons, and/or mouse age.

Motor neurons play a significant role in post-developmental fiber specification,
but do not appear to dictate fiber type in developing muscle; furthermore, muscle
innervation is at least partially responsible for the induction of the slow-fiber program,
meaning that the developmental muscle-intrinsic fiber-specification pathway, under
normal conditions, favors fast-type fibers (165,261,262). Interestingly, we found that
CTX-induced regeneration promoted an increase in the oxidative phenotype in whole-
body Tam/Fktn KO mice but no change or a decrease in the oxidative phenotype in early
Myf5/Fktn KO mice. Together, these results suggest that functionally glycosylated aDG
may be important in both the presynaptic motor neuron (muscle extrinsic) and
postsynaptic muscle (muscle intrinsic) components of muscle regeneration and fiber type
determination or that developmental loss of aDG processing impacts the determination of
muscle regeneration and subsequent muscle fiber type post-development. Since muscle
from both Myf5/Fktn and Tam/Fktn KO mice are Fktn-deficient in skeletal muscle
myofibers and satellite cells, it is expected that the muscle intrinsic sensory signaling

pathways controlling fiber specification should be comparable. Thus, Fktn loss in motor
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neurons may affect myosin expression through altered activity, although NMJ occupancy
was not different between LC and KO mice. However, there is also evidence that
specific myoblast populations formed during development, may favor generation of
different fiber types; specifically, satellite cell subpopulations tend to form muscle of
predetermined fiber types (165,263,264). Since Fktn deletion is initiated at E8 in
Myft5/Fktn KO mice, muscle progenitors in developing muscle are affected by
hypoglycosylation of aDG, representing an alternative explanation for phenotypic
differences between Myf5/Fktn and Tam/Fktn KO mice. It is likely that a combination of
aDG-driven developmental and neuronal factors contribute to fiber type specification;

however, additional work will be required to clarify such mechanisms.
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CHAPTER 3
FOUR-WEEK RAPAMYCIN TREATMENT IMPROVES MUSCULAR
DYSTROPHY IN A FUKUTIN-DEFICIENT MOUSE MODEL OF

DYSTROGLYCANOPATHY *

’Foltz SJ, Luan J, Call JA, Patel A, Peissig KB, Fortunato MJ, and Beedle AM (2016) Four-week
rapamycin treatment improves muscular dystrophy in a fukutin-deficient mouse model of
dystroglycanopathy. Skeletal Muscle 6:20, Reprinted here with permission of the
publisher, July 19, 2016
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Abstract

Background: Secondary dystroglycanopathies are a subset of muscular dystrophy caused
by abnormal glycosylation of a-dystroglycan (aDG). Loss of oDG functional
glycosylation prevents it from binding to laminin and other extracellular matrix receptors,
causing muscular dystrophy. Mutations in a number of genes, including FKTN (fukutin),
disrupt aDG glycosylation.

Methods: We analyzed conditional Fktn knockout (Fktn KO) muscle for levels of mTOR
signaling pathway proteins by western blot. Two cohorts of Myf5-cre/Fktn KO mice
were treated with the mTOR inhibitor rapamycin (RAPA) for 4 weeks and evaluated for
changes in functional and histopathological features.

Results: Muscle from 17-25 week old fukutin-deficient mice has activated mammalian
target of rapamycin (mTOR) signaling. However, in tamoxifen-inducible Fktn KO mice,
factors related to Akt/mTOR signaling were unchanged before the onset of dystrophic
pathology, suggesting that Akt/mTOR signaling pathway abnormalities occur after the
onset of disease pathology and are not causative in early dystroglycanopathy
development. To determine any pharmacological benefit of targeting mTOR signaling,
we administered RAPA daily for 4 weeks to Myf5/Fktn KO mice to inhibit mTORCI.
RAPA treatment reduced fibrosis, inflammation, activity-induced damage, and central
nucleation, and increased muscle fiber size in Myf5/Fktn KO mice compared to controls.
RAPA-treated KO mice also produced significantly higher torque at the conclusion of

dosing.
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Conclusion: These findings validate a misregulation of mTOR signaling in dystrophic
dystroglycanopathy skeletal muscle and suggest that such signaling molecules may be
relevant targets to delay and/or reduce disease burden in dystrophic patients.
Background

The dystrophin-glycoprotein complex (DGC) provides a critical link between the
extracellular matrix and the intracellular cytoskeleton to enhance cell membrane stability
(8,11,178). a-Dystroglycan (aDG) is an extracellular protein within the DGC that acts as
a receptor for laminin and other matrix proteins, but it requires the presence of a rare O-
mannose glycan structure for this function (11,48,53,54,67,240). Disruption of aDG O-
mannose glycosylation impairs its laminin binding activity causing a group of diseases
known collectively as secondary dystroglycanopathies, which are characterized by
progressive muscle pathology along with variable involvement of the brain and eyes
(132). To date, mutations in at least 15 genes, including FKTN, encoding fukutin, have
been identified as causative for secondary dystroglycanopathies (74,79,131,265).
Recently, fukutin has been directly implicated in the modification of the core M3 O-
mannose structure on o-DG as a ribitol-5-phosphate transferase that acts upstream of
functional modification by like-acetylglucosaminyl transferase (LARGE) (52). Despite
these advances, current therapeutic strategies for dystroglycanopathies are limited, and
they remain without treatment or cure.

Disease pathology in DGC-related muscular dystrophies has been attributed to
increased susceptibility of the sarcolemma to contraction-induced damage following
disruption of aDG-laminin binding, leading to cycles of muscle degeneration and

regeneration (178). Dystrophic muscles lose regenerative capacity over time and muscle
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fibers are gradually replaced with fibrotic or fatty tissues (259,260,266). However, recent
evidence suggests that loss of dystroglycan functional glycosylation induces
developmental and regeneration-specific defects that may also contribute to disease
severity (50,57,146,182,267).

To date, signaling studies in models of dystroglycanopathy have been limited;
however, disruption of aDG-laminin interactions might result in downstream signaling
consequences. Antibody-mediated laminin detachment has been shown to dysregulate
the serine/threonine kinase Akt (protein kinase B), leading to increased apoptosis in
cultured myotubes (209). While best known for its role in cell survival, Akt is also
critical for a number of physiological processes in muscle and has been implicated in the
progression of dystrophy in dystrophin-deficient mice (210,223,268). Akt is activated
through phosphorylation at threonine 308 (T308) by phosphoinositide-dependent kinase 1
(PDK1) and at serine 473 by phosphoinositide-dependent kinase 2 (PDK2). More
recently, the elusive PDK2 has been identified as a rapamycin insensitive complex of
mammalian target of rapamycin (mTOR), known as mTOR complex 2 (mTORC2) (269).
Activation of Akt leads to the downstream activation of mTOR complex 1 (mTORCI),
which stimulates muscle growth and hypertrophy through increased protein synthesis
(212,213). Interestingly, mTOR inhibition decreased muscle necrosis and effector T cell
infiltration in the mdx mouse, a mild model of Duchenne and Becker muscular
dystrophies (DMD/BMD) (231). Importantly, muscles from human dystroglycanopathy
patients and animal models of disease demonstrate a marked variability in fiber size
within a given tissue, often displaying abnormally high populations of both hypertrophic

and atrophic cells (50,122). These findings suggest that abnormal regulation of cell
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growth pathways may be a factor contributing to disease pathology. Altogether,
manipulation of the molecular mechanisms controlling cell growth and viability might
offer an avenue towards the amelioration of dystrophic pathology. Indeed, previous
studies have indicated the therapeutic benefit of engaging cell survival signaling (224) or
modulating cellular processes involved in cell size, including protein synthesis (through
mTOR) and autophagy in other types of muscular dystrophy (232,270).

In the present study, we show that 17-25 week old (hereafter, “aged”) Fkin-
deficient dystroglycanopathy mice with later-stage muscular dystrophy have increased
activation of mTOR. However, induction of Fkin loss post-development (in 6 week old
mice) failed to change activation status of signaling proteins involved in the mTOR
pathway prior to the onset of muscle pathology, indicating that mTOR activation may be
a byproduct of the disease state. To better understand whether this change corresponds to
pathogenic or compensatory processes in dystroglycanopathy muscle, we investigated the
ability of the mTOR inhibitor rapamycin (RAPA) to alter dystrophic pathology. Daily
oral dosing of RAPA from 8 to 12 weeks of age reduced histopathology, including
proportions of centrally nucleated (CN) muscle fibers, and protected against increased
serum creatine kinase (CK) levels following a damaging downhill treadmill run in
Myft5/Fktn knockout (KO) mice. Ankle dorsiflexors [tibialis anterior (TA), extensor
digitorum longus (EDL), extensor hallucis longus muscles] of RAPA-treated KO mice
also produced significantly higher torque post- vs. pre-study, in contrast to untreated KO
mice. Immunofluorescent analysis of iliopsoas after completion of the 4-week RAPA
study demonstrated mTOR activation (determined by pS6 localization) in both muscle

and non-muscle compartments of dystrophic tissue. However, pS6 levels correlated

80



closely with levels of fibrosis in VEH- but not RAPA-treated KO mice. Biochemical
analysis revealed increased levels of proteins involved in autophagosome formation in
untreated KO mice which were partially reduced following 4 weeks of RAPA treatment.
Overall, our data suggest that manipulations in the mTOR pathway may have potential
therapeutic benefit. Future studies will be important to define the best pharmacological
agents and molecular targets in the mTOR pathway for skeletal muscle improvements in
dystroglycanopathies.

Materials and Methods

Antibodies.

The following primary antibodies used in this study were purchased from
commercial suppliers: Rabbit anti-Akt, p-Akt (S473 and T308), S6, p-S6 (S235/236), p-
mTOR (S2448), mTOR, Beclin-1, LC3B, GAPDH and mouse anti-S6 from Cell
Signaling (Cat# 4691, 4060, 2965, 2217, 4858 or 2211, 5536, 2983, 3738, 2775, 5174,
2317); rabbit anti-Vps15 (A302-571A) from Bethyl Laboratories; rat anti-perlecan from
Millipore (MAB1948P); rat anti-CD11b from Fisher (BD Biosciences, BDB550282).;
dystrophin (MANDYS16) and embryonic myosin heavy chain (eMHC, F1.652) from the
Developmental Studies Hybridoma Bank (DSHB); rabbit anti-collagen VI (ColVI, 70R-
CRO09x) from Fitzgerald Industries. ~ Antibodies detecting functionally glycosylated
aDG (IIH6) and B-dystroglycan protein (BDG, 7D11) have been described previously
(11,271) and were a gift from Dr. Kevin Campbell (U. Iowa) or purchased from DSHB.
aDG-core antibodies (45-3, 5-2) were reported recently (247). Secondary antibodies
conjugated to horseradish peroxidase, or Alexa Fluor® 488 or 546 were purchased from

Millipore, Jackson ImmunoResearch, or Life Technologies.
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Mice.

All mouse husbandry and experimental procedures were approved by the
University of Georgia Institutional Animal Care and Usage Committee under Animal Use
Protocols A2010 08-153 and A2013 07-016 (Beedle). Mice were maintained on a 12:12
hour light:dark cycle. Earclips were taken for identification and genotyping. Myf5/Fktn
conditional KO and Tam/Fktn inducible KO mice have been described previously
(50,267). Female mice homozygous for LoxP flanked (floxed) Fken exon 2 (Fktn™")
were crossed to male mice heterozygous for the floxed Fkn allele and hemizygous for
Myf5-driven Cre-recombinase (Myf5“™", Fkm"") to generate developmental skeletal
muscle knockout of Fkin (Myf5*, Fkm™", called Myf5/Fkin KO). Whole animal
Tamoxifen inducible KO mice (driven by the CAGGCre-ER promoter, Jackson
Laboratories strain #004682) were generated by crossing Tg"™™*"'/*, Fkin™" and floxed
Fkin (Fkm™") mice to give Tg“**"/", Fkm“" progeny (Tam iKO). Due to the
incorporation of the null allele, tamoxifen-induced cre-recombination is required at only
one allele to guarantee Fktn loss. Both female and male knockout and littermate mice
were used for all studies with no preference or special consideration for sex. All study
mice, except for the daily rapamycin dosing study with treadmill endpoint, were fasted
for 12 hours (over the light cycle) prior to tissue collection. For mice in the daily
rapamycin dosing study with muscle torque endpoint, the fast was started in the evening
following muscle torque measurements for euthanization and tissue collection the

following morning.
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Tamoxifen Dosing.

Tamoxifen (Sigma or Cayman Chemical) was dissolved in 200 proof ethanol and
diluted in sunflower seed oil (Sigma) heated to 70°C. Mice were given two 10 mg doses
of tamoxifen by gavage two days apart at 6 weeks of age and one additional dose the
week of tissue collection. A total of 18 mice were dosed for the study: 9 Tam iKO and 9
Tam littermate control (LC; Tg"", Fken""; Tg™", Fken""; or Tg“*"'/*, Fkn™'™).
mTOR Pathway Pharmacological Dosing.

10 mg/ml stock solutions of rapamycin (RAPA, Calbiochem or VWR Scientific)
were made in DMSO (Sigma) and stored at -20°C. A working solution of 0.5 mg/ml was
made by 1:20 dilution in 0.9% saline. 5% DMSO in 0.9% saline was dosed to vehicle
control mice (VEH). Insulin (Sigma) was stored as a 7.5 mg/ml stock in 1% acetic acid
and was diluted 1:10 in 0.9% saline to provide a working solution of 0.75 mg/ml (0.1%
acetic acid in 0.9% saline was used as the vehicle control). For single dose studies, mice
were fasted for a total of 12 hours and given vehicle or insulin by intraperitoneal injection
at a dose of 0.1 U/g 30 minutes prior to sacrifice or given vehicle or RAPA (2 mg/kg) by
gavage 6 hours prior to dissection. A total of 5 Myf5/Fktn KO mice were dosed with
vehicle, 5 with rapamycin, and 6 with insulin. A total of 4 littermates were dosed with
vehicle, 5 with rapamycin, and 6 with insulin.

Daily study mice were administered vehicle (VEH LC or KO) or 2 mg/kg RAPA
(RAPA LC or KO) by oral gavage once a day for 4 weeks. In the first daily dosing study
(with muscle torque endpoint), 5 mice were used in each group. In the second daily study
(with treadmill endpoint), 8 and 7 Myf5/Fktn KO mice were dosed with RAPA and

vehicle, respectively; and 6 RAPA-treated and 6 vehicle-treated littermate controls (LC;
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Myfs< Fken™™ Myfs™ Fkm"™ or Myf5™" ,Fkin"") were used. One RAPA KO met
statistical criterion for exclusion and was therefore not included in the final dataset (see
statistics).

Physiological Measurements.

Mice in the daily rapamycin treatment study were analyzed for serum creatine
kinase levels before and after a downhill exhaustion treadmill run. Mice were
equilibrated to a 4-lane mouse treadmill (Accuscan) at a -10° angle for two 30 min
session (25 min at Om/min, 5 min at 3m/min) on days 1 and 2 after the last RAPA or
VEH dose. Blood was collected from the ventral tail artery of study mice after the
second equilibration session (“Pre-exhaustion bleed”). On the third day post-dosing,
mice were run using the downhill exhaustion protocol (warm-up: 5 min at 3m/min;
downhill exhaustion run: 5 min at 10m/min, 5 min at 15m/min, 5 min at 20m/min, and up
to 15 min at 25m/min)(50). When mice remained on the shock pad for 10 consecutive
seconds, exhaustion time was recorded and mice were removed from the treadmill.
Treadmill run distances for Myf5/Fktn KO mice are reported as a normalized comparison
to distances of cage- and/or age-matched LC mice running a simultaneous exhaustion
protocol. Two hours after the run end, a post-treadmill blood sample was collected and
mice were sacrificed for tissue collection. For creatine kinase measurements, serum was
diluted 1:10 in ultrapure water and added to creatine kinase reagent (StanBio) according
to manufacturer’s protocol. The resulting mixture was assayed for CK activity using a
Synergy 2 microplate reader (BioTek Instruments).

Torque was measured from the ankle dorsiflexors of mice as previously described

(272,273). Mice were anesthetized with 1.5% isoflurane mixed oxygen, hair was
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removed from the left lower hindlimb, and the foot was attached to a servomotor for
torque measurement (Aurora Scientific, Aurora Canada). Muscle contraction was
stimulated using Pt-Ir needle electrodes inserted percutaneously adjacent to the peroneal
nerve using 1 to 2mA (stimulator Model 701C, Aurora Scientific). Isometric torque was
measured in response to 20, 40, 60, 80, 100, 125, 150, and 200Hz of stimulation
frequency. Each mouse in the RAPA daily study with muscle torque testing underwent
two separate muscle torque exams, one prior to the onset of RAPA or VEH dosing (the
“pre” test) and one on the day following the 28" RAPA or VEH dose (the “post” test).
Torque measurements were normalized to body mass (in kg) for each mouse to account
for size differences between animals.

Kidney and Liver toxicity measurements.

Blood urea nitrogen (BUN) and serum alanine transaminase (ALT) were assayed
using kits purchased from Arbor Assays and Cayman Chemicals, respectively. For BUN,
serum was diluted 1:20 in ultrapure H,O and analyzed by colorimetry according to
manufacturer’s protocol on a Spectramax microplate reader using Softmax Pro 5.3
software (Molecular devices). ALT was detected in serum diluted 1:10 in ultrapure H,O
via consumption of NADH in a coupled reaction. Absorbance measurements were taken
at 340 nm (Synergy 2 microplate reader) every minute for 5 minutes and the average rate
of change across a linear range was used to quantitate ALT.

Succinate dehydrogenase measurement.

TA muscles were homogenized on ice with a glass on glass dounce homogenizer

in 2ml of 33mM PO4” buffer. Samples were aliquoted and taken through three cycles of

freezing and thawing before use. A method for spectrophotometric determination of
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succinate dehydrogenase (274) was adapted for the microplate. Triplicate 4 or 8 pl
volumes of tissue homogenate were incubated with 10 pl of 0.5 M sodium succinate for 2
minutes at 30°C. 10 pl of sodium cyanide was mixed into samples followed by 300 pl
cytochrome C working reagent (0.1 M cytochrome C from equine heart in 0.17 M PO,>"
buffer, 0.004 M AICl3/CaCl,, and H,O mixed 2.5:1:7.5) immediately prior to reading
(Spectramax microplate reader). Reduction of cytochrome C was assessed by kinetic
absorbance measurements at 550 nm. Data are presented as pumol cytochrome c
reduced/minute/mg tissue mass.

Histology and Microscopy.

Seven-micron tissue cryosections were stained by hematoxylin and eosin (H&E)
according to standard protocols. Sections were processed for secondary
immunofluorescence (IF) as described previously (50,246,267). H&E or
immunofluorescent stained skeletal muscle sections were imaged using an X71 inverted
epifluorescent microscope with a Peltier element-cooled 12.8MP DP72 CCD camera and
CellSens software (Olympus).

For analysis of eMHC, aDG glycosylation (IIH6) and central nucleation, tiled
20X images were taken across each entire muscle section and aligned to compile entire
section maps in Photoshop (Adobe), then positive and negative fibers were counted
manually using ImagePro Express (MediaCybernetics). Data are reported as percentages
obtained by dividing the number of positive fibers by the total number of muscle fibers in
an entire muscle section. Tissue maps from this analysis were also used for measurement
of muscle fiber minimum diameter. Perimeters of individual muscle fibers were traced in

a semi-automated fashion using a combination of manual segmentation (dark objects) and
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manual polygon selection in ImagePro Premier v9.1 (Media Cybernetics), which
calculated minimum diameter according to a reference distance (scale bar). Area values

were sorted according to size, grouped into bins of 2.5um (estimated from the formula

3.50 . .. . . . .. .
h = 7 where h is optimized bin size, o is the standard deviation, and n is the number

of observations), up to a maximum of 30 um and plotted as a histogram. Analyses were
performed blinded to experimental group and study design.

Sections incubated with anti-collagen VI, anti-CD11b, or anti-pS6 were imaged
and mapped as above. Whole section maps were analyzed for fluorescent area using Fiji
(Image J, (275)) software. Briefly, a region of interest was drawn to encircle the entire
muscle section. The number of pixels/section was quantified and a color threshold was
set. Pixels at brightness above the color threshold were considered positive for collagen
VI, CD11b or pS6; these pixels were selected and counted. Data are expressed
proportion of area, which is the number of positive pixels/total number of pixels in the
section for each map.

Western Blotting.

Pooled hindlimb muscles (soleus, gastrocnemius, tibialis anterior [TA],
hamstring, quadriceps, gluteus); or isolated quadriceps from individual mice were
homogenized and solubilized in buffer containing 50 mM Tris (pH7.4), 150 mM NacCl,
1% Triton-X, and a homemade cocktail of phosphatase and protease inhibitors: pepstatin
A, 0.6pg/ml; aprotinin, 0.5pg/ml; leupeptin, 0.5pg/ml; phenylmethanesufonylfluoride,
0.1mM; benzamidine, 0.75mM; calpain I inhibitor, 2uM; calpeptin, 2uM; NaF, 50mM;
NaPP;, 10mM; B-glycerophosphate, 10mM . Initial studies included NaVO, for

inhibition of tyrosine and alkaline phosphatases. However, there was marked sample
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precipitation over time, so NaVO, was excluded from all samples reported here.
Insoluble material was pelleted at 142,000xg for removal and the resulting supernatant
was filtered through cheesecloth. Protein concentrations were determined using a
modified DC protein assay (Bio-Rad) with a SpectraMax microplate reader (Molecular
Devices).

Solubilized skeletal muscle protein samples (500ug) were loaded onto 3-15%
gradient gels for SDS-PAGE. Protein was transferred to PVDF (Millipore), blocked with
1% milk in Tris buffered saline with 0.1% Tween-20 (TBS-T), and probed with primary
antibody overnight, as described previously (50,246). Secondary antibodies conjugated
to horseradish peroxidase were used and blots were imaged with West Pico or West Dura
chemiluminescent reagent (Pierce) and the Fluorchem HD2 digital imager (Protein
Simple). All study mice (n=4-8 per group) from each group were tested by western blot
with a minimum of two technical replicates. One sample (VEH LC) in the daily RAPA
dosing study was unfit for analysis by western blot and was excluded from those data
sets.

Cytokine/Chemokine Multiplex Assay.

Transforming growth factor-p (TGF-B, TGFBMAG-64K-01) or mouse
cytokine/chemokine (MCYTOMAG-70k: interleukin-1p, monocyte chemotactic protein-
1, and tumor necrosis factor-a) magnetic bead kits were purchased from Millipore for
analysis via the Luminex xMAP platform. Solubilized protein (50pg) or diluted serum
samples (1:30, TGF-B; 1:4 cytokine/chemokine multiplex) were loaded onto a pre-wet
96-well plate and incubated with antibody-conjugated magnetic beads overnight at 4°C.

Beads were pelleted using a handheld magnet, samples were decanted, and pelleted beads

88



were resuspended in the presence of biotinylated detection antibodies. Finally, the beads
were treated with streptavidin-conjugated phycoerythrin and imaged with the MAGPIX
(Luminexcorp) using xPonent 4.2 software. Median fluorescent intensity (MFI) for each
sample was normalized as fold increase over background MFI.

Graphing, Data Analysis, and Statistics.

Band densitometry for western blot was measured using AlphaView 3.0 software
(Protein Simple). Band intensities of a given blot were set as a proportion of the
maximum intensity (equal to 1), and these values for the protein of interest were
normalized to the corresponding value of the total protein content for phospho-epitopes
of signaling proteins or to loading control (GAPDH) for all others.

Data are plotted as scatter plots (each individual data point represents one study
mouse) with the group mean and standard error of the mean using Prism 5 (GraphPad).
As a number of plots contained possible outlier samples, a Dixon’s g-test (276,277) was
applied to every data set with a critical value of a=.05 to identify true outliers. A number
of datasets contained an outlier in one of the study groups. For the most part, the
individual outlier mouse was not consistently an outlier across datasets; therefore no
action was taken in these cases. However, one mouse in the daily dosing study was a
clear outlier in the majority of its datasets. Therefore, this mouse was excluded from
reported data. Differences between study groups were determined by two-tailed
Student’s #-test or two-way analysis of variance (ANOVA) with Bonferroni’s post-test in
Prism 5. The interaction (e.g. Drug*Genotype) p-value from two-way ANOVA analysis
is reported on all figures and individual main effects (e.g. Drug, Genotype) are reported

only in the absence of a significant interaction between variables. Statistical significance
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between groups is denoted by *, p<.05; **, p<.01; *** p<.001. A significant difference
between one group and two or more other groups is represented on plots by a line
originating from the first group, with downward ticks indicating each group from which it
differed. = Asterisks above downward ticks indicate significance level. Fiber size
distributions were compared by two-way ANOVA at each bin size (Prism 5, GraphPad).
A significant interaction (Drug*Genotype p<0.05) is marked by * and a significant
genotype (p<0.05) effect is marked by f. Correlations were determined by Pearson
(Gaussian) or Spearman (non-parametric) tests.

Results

The Akt/mTOR signaling axis is altered in dystroglycanopathy muscle.

Abnormal intracellular signaling has been reported in various forms of muscular
dystrophy, including other DGC-related diseases (reviewed in (278)), but not in
dystroglycanopathy.  To determine whether Akt/mTOR signaling is altered in
dystroglycanopathy mice, we examined the activation status of pathway proteins in fasted
Myf5/Fktn KO muscle from mice aged 17-25 weeks, an age range with substantive
remodeling of the muscle compartment. Myf5/Fktn KO mice were selected for study
because 1) Fktn-deficiency is the most common form of congenital dystroglycanopathy;
2) this conditional knockout model bypasses embryonic lethality associated with total
Fktn loss; and 3) Fktn excision is initiated during muscle development causing moderate
to severe dystroglycanopathy, similar to the phenotypic spectrum observed in human
patients. As expected, Myf5/Fktn KO mice had significantly less functional aDG
glycosylation in solubilized hindlimb skeletal muscle than age-matched LC mice (Figure

3.1A). Akt activation status was not different in Myf5/Fktn KO compared to LC mice
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using either T308 or S473 normalized to total Akt protein (Figure 3.1 A, B). In contrast,
the activated pool of mTOR, the kinase subunit of mMTORC1 and mTORC?2 was increased
(phospho-S2448/total mTOR) (Figure 3.1A, B). mTOR serine 2448 is phosphorylated in
a feedback loop by mTORCI substrate S6 kinase 1 (279,280), indicating elevated
mTORCI activity in the skeletal muscle of Myf5/Fktn KO compared to LC. Despite this
indication of elevated S6 kinase activity, phosphorylation of its downstream target,
translation initiator ribosomal protein S6, was not significantly increased in Myf5/Fktn
KO vs. LC mice relative to total S6 protein although total S6 protein was elevated (Figure
3.1A, B; Figure 3.2). The considerable variability in expression of Akt and S6 proteins in
Myf5/Fktn KO mice (Figure 3.2) may reflect differences in the severity of muscular
dystrophy within the aged knockout cohort. Therefore, the iliopsoas muscle was
examined histologically for inter-individual disease pathology. The iliopsoas was chosen
because it is a proximal muscle more severely affected in Myf5/Fktn KO mice and has a
relatively small cross-sectional area with less intra-section variability in pathology. As
expected, there was extensive fibrosis (increased collagen VI, ColVI) and variation in
muscle fiber size in iliopsoas muscles of the aged Myt5/Fktn KO mice, but dystrophy in
some mice was more severe than in others (Figure 3.1C, D). When total S6 protein
expression was plotted versus ColVI fibrosis for individual Myf5/Fktn KO study mice,
there was a significant positive correlation (Pearson r=.8147, Figure 3.1D). Therefore,
some variation in cellular signaling pathways may be explained by a loss of muscle fibers
and/or an increase in the fibrotic content of the muscle compartment in late-stage

dystrophic Myf5/Fktn KO animals.
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Figure 3.1 mTOR is activated in aged, fasted Myf5/Fktn KO muscle. (A) Western blot
analysis of solubilized protein from hindlimb muscle of MytS/Fktn LC and KO mice.

(B) Quantification of Akt phosphorylation at T308 and S473, mTOR phosphorylation at
S2448, S6 phosphorylation at S235/236, relative to total Akt, mTOR, and S6 protein,
respectively, as a measure of protein activation. mTOR phosphorylation at S2448
normalized to total mTOR is significantly increased in KO muscle. Two-tailed Student’s
t-test; *, p<0.05. (C) Representative images of iliopsoas muscle from aged LC or KO
mice. H&E staining and dystrophin (red), ColVI (green), DAPI (blue)
immunofluorescence are shown. Scale bar =100um. (D, Left) Quantification of ColVI in
iliopsoas of aged mice reveals significantly increased collagen content in KO muscle.
Two-tailed Student’s t-test; *, p<0.05. (D, Right) Total S6 protein correlates with ColVI
quantity in KO muscle (Pearson r=0.8147; p=0.0256). n=8 Myf5/Fktn LC and 8
Myft5/Fktn KO mice (n=7 per group for ColVI analysis due to tissue artifacts).
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Figure 3.2 Akt/S6 protein expression in later-stage dystroglycanopathy muscle. (A)
Quantification of Akt or S6 protein expression in 17-25 week old Myt5/Fktn LC and KO
mice. Two-tailed Student’s t-test. *, p<0.05. (B) Akt expression has a significant
correlation with the proportion of ColVI+ area in KO muscle (Pearson r = 0.7922,
p=0.0337). n=8 Myf5/Fktn LC and 8 Myf5/Fktn KO mice (n=7 per group for ColVI
analysis due to tissue artifacts)
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To determine whether abnormal activation of mTOR in KO muscle is due to a
change in its ability to integrate input from external ligands, we probed the pathway by
acute activation with insulin in Myf5/Fktn KO and LC mice. Twelve week old mice
were chosen because muscle fibers populate a relatively larger proportion of the tissue
compartment in Myf5/Fktn KO muscle at this time point. Animals were fasted for a total
of 12 hours and treated with an insulin challenge or vehicle in the last 30 min. The
dystroglycan glycosylation deficiency was confirmed in KO mice and S6 ribosomal
protein activation was tested by western blot as a downstream readout of mTORCI1
activity. Insulin significantly induced activation of S6, the target of mTORC]1 substrate
S6 kinase. Phosphorylation at S235/236 relative to S6 protein was increased in both LC
(3.84£1.26-fold) and KO muscle (3.07+0.75-fold) (two-way ANOVA, drug effect
p=0.0255). To assess basal levels of mMTORCI activity at this age, a separate cohort of
mice was dosed with mTOR inhibitor rapamycin (RAPA) or vehicle 6 hours before
muscle collection. RAPA reduced the ratio of S6 phosphorylation to S6 protein in fasted
littermates (4.71 = 2.40-fold) and Myt5/Fktn KO (7.24 + 3.55-fold) compared to time-
matched vehicle controls (two-way ANOVA drug p=0.0147). These results demonstrate
that mTORCI1 retains the capacity to respond to acute activation or inhibition in
Myf5/Fktn KO mice.
mTOR activation is not coincident with loss of functional aDG glycosylation.

Although our results indicate misregulation of mTOR signaling in Myf5/Fktn KO
mice, it is unclear whether this finding results directly from improper glycosylation of
aDG or from the progressive dystrophic process. For example, changes in mTOR

signaling could arise from any of these possibilities: first, loss of aDG binding to laminin
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could change the activation status of signaling molecules to directly effect pathway
changes identified here (e.g. (209)). Second, mTOR signaling could be initiated by
disease processes contributing to the pathological progression, including muscle
regeneration (223,268,281), differentiation and growth of replacement fibers (213,282-
284), or fibrosis (285,286). Finally, mTOR pathway activation could be a compensatory
adaptation by the muscle to mitigate damage burden on the tissue.

To address the first possibility, we employed the whole-body inducible Fktn-KO
(1IKO) mouse to induce Fktn exon 2 deletion and subsequent deficiency in aDG
glycosylation post-development, a model we reported previously to have a reduction of
aDG glycosylation as early as 2.5 weeks and evidence of muscle damage by 8 to 10
weeks post-tamoxifen (50). Adult mice were dosed with tamoxifen and euthanized
(fasted) 5 weeks later to ensure that aDG glycosylation was disrupted, but dystrophic
pathology was not yet present. Iliopsoas of tamoxifen-treated iKO mice (Tam iKO) were
histologically normal but showed reduced immunoreactivity to IIH6 antibody against the
glycosylated epitope of aDG (Figure 3.3A); furthermore, decreased aDG glycosylation
and a shift to lower molecular weight aDG protein was confirmed by western blot
(Figure 3.3B). Analysis of Akt, mTOR and S6 activation revealed no significant
differences between Tam LC and Tam iKO mice (Figure 3.3B,C) suggesting that
abnormal mTOR signaling is not a direct consequence of aDG hypoglycosylation.
4-Week daily mTORC1 inhibition improves disease features in dystroglycanopathy mice.
These data indicate that mTOR activation in aged Myf5/Fktn KO is likely related to the
dystrophic phenotype but do not distinguish between potential pathogenic or protective

roles for this signal. Although previous studies have demonstrated the ability of
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Figure 3.3 Akt/mTOR signaling is unchanged following loss of aDG glycosylation. (A)
Representative images of littermate (Tam LC) or inducible knockout (Tam iKO)
iliopsoas. H&E and aDG glyco images are shown. Scale bar = 100um. (B) Western
blot analysis of solubilized skeletal muscle from hindlimbs of Tam LC or Tam iKO mice.
(C) Quantification of Akt phosphorylation at T308 and S473, mTOR phosphorylation at
S2448, and S6 phosphorylation at S235/236 relative to total Akt, mTOR, and S6 protein,
respectively, as a measure of protein activation. Data are presented as mean £ SEM. n=9

per group.
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rapamycin to reduce the dystrophic phenotype in some models of muscular dystrophy,
complete ablation of mMTORCI1 signaling through knockout of raptor, an obligate member
of mTORC, leads to a dystrophic phenotype in mice (225,231,232). This might indicate
that mTORC]1 signaling is necessary for the maintenance of normal skeletal muscle, but
becomes pathogenic under disease conditions. To test whether mTORCI1 signaling
contributes to pathology in Myf5/Fktn KO mice, 8 week old KO and LC mice were dosed
with 2 mg/kg RAPA or vehicle control (VEH) daily for 4 weeks by oral gavage.
Although RAPA is approved for clinical use, adverse effects including nephrotoxicity
and hepatotoxicity have been reported (287). To determine whether 4-week daily RAPA
treatment induced damage to the kidneys or liver, we evaluated blood urea nitrogen
(BUN) and serum alanine transaminase (ALT) levels in study mice during the final week
of dosing. No effect of RAPA treatment was observed for either analyte: BUN (mg/dL)
= 22.39+£2.979, VEH LC; 20.37+£2.698, RAPA LC; 17.50+3.70, VEH KO; 22.10+2.88,
RAPA KO (two-way ANOVA, drug p=0.6812) and ALT (U/L) = 75.73+38.51, VEH LC;
66.30+21.52, RAPA LC; 86.84+36.78, VEH KO; 40.94+13.83, RAPA KO (two-way
ANOVA, drug p=0.3552). Therefore, we have no evidence of treatment-related toxicity
in the 4 week 2 mg/kg RAPA dosing regimen to dystroglycanopathy mice.

We employed 2 separate study designs to enable analysis of distinct functional
outcomes: in the first study, we obtained in vivo torque measurements from ankle
dorsiflexors prior to and at completion of the dosing regimen, and isolated single, fasted
muscles for biochemical analysis. In the second study, tail vein blood was collected for
determination of serum CK from study mice before and after a downhill treadmill run to

exhaustion. Isometric torque measurements were taken across a spectrum of stimulation
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frequencies (5, 10, 20, 40, 80, 100, 150, 200 Hz) in order to evaluate contractile ability
while still simulating physiologic contraction, which occurs in rodents between 60 and
100 Hz (288). Data are plotted as a force-frequency curve to provide direct measurement
of the frequency-dependence of tetanic contraction and the maximal torque, which is an
indirect measure of maximal muscle force. Assessment of resultant force-frequency
curves demonstrated an age-related improvement in dorsiflexor torque (Pre vs. Post) of
VEH LC mice that was absent in VEH KO mice, indicating that Myf5/Fktn KO mice do
not experience muscle strength improvements typical with maturation to adulthood
(Figure 3.4A). In contrast, there was a significant interaction between frequency and
time (Pre vs. Post) for both RAPA-treated LC and KO mice demonstrating robust gains
in isometric torque at several stimulation frequencies (i.e., 150-200Hz in RAPA LC and
80-200Hz in RAPA KO) (Figure 3.4A). Maximal torque of LC and KO mice receiving
RAPA improved by 14.02 + 4.68 and 14.32 + 3.66 N*mm/kg body mass, respectively,
compared to a modest increase in VEH LC (7.92 + 3.61) and highly variable changes in
VEH KO mice (6.97 = 12.10 S.E.M.). In the second cohort, 4-week RAPA treatment
significantly increased treadmill run distances of Myf5/Fktn KO mice normalized to age-
and trial-matched LC mice, corroborating the functional improvement seen via muscle
force testing (Figure 3.4B).

CK values, indicating the presence of muscle damage, were also notably different
between RAPA and VEH KO mice. First, basal serum CK (pre-treadmill) in VEH KO
mice was not statistically different from LC mice (Figure 3.4C), a finding consistent with
our previous work demonstrating elevated serum CK levels only in young Myf5/Fktn KO

mice (50). This can be explained by the gradual replacement of CK-containing muscle
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Figure 3.4 Four week daily RAPA treatment improves functional outcomes in Myf5/Fktn
KO mice. (A) Force-frequency curves showing in vivo force measurements taken from
tibialis anterior muscles of daily RAPA study mice prior to and at completion of RAPA
or VEH dosing. Two-way repeated measures ANOVA with Bonferroni’s post-test. *,
p<0.05; **p<0.01; ***p<0.001. n=5 mice per group. (B) Comparison of downhill
treadmill distances run by VEH and RAPA KO mice. Data are presented as the
proportion of KO distance normalized to respective age- and treatment-matched LC mice
from the same treadmill run. Two-tailed Student’s t-test. *, p<0.05. n=7 mice per group.
(C) Serum creatine kinase analysis of tail vein bleeds taken from daily RAPA study mice
at the end of dosing (left, Pre-tread) or 2 hours after a downhill run to exhaustion (right,
Post-tread). Two-way ANOVA with Bonferroni’s post-test of all pairs. *, p<0.05; **,
p<0.01; *** p<0.001. n=6, VEH and RAPA LC; n=7, VEH and RAPA KO.
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fibers with fibrotic tissue during disease progression, meaning that fewer muscle fibers
are available to leak CK to the serum in older mice. However, basal serum CK was
increased in RAPA KO mice (Figure 3.4C), suggesting a RAPA-induced delay in
Myf5/Fktn KO pathology. Importantly, serum CK was significantly increased over basal
levels by a downhill exhaustion run in VEH, but not RAPA, KO mice, suggesting that 4
week daily RAPA treatment was protective against muscle injury in Myf5/Fktn KO mice
(Figure 3.4C).

If muscle injury were indeed reduced in RAPA KO mice, regenerative markers
might likewise be decreased since regeneration in dystrophic muscle indicates prior
degeneration. To evaluate cumulative regeneration across the timeline of the dosing
study, we analyzed central nucleation (CN), which persists for several weeks to months
following a regeneration event, in muscle fibers of the iliopsoas (289). RAPA KO mice
had significantly fewer centrally nucleated fibers compared to VEH KO mice (Figure
3.5A, B). However, this could signify either that RAPA treatment reduces muscle
damage or that it inhibits subsequent regeneration. To clarify this point, we assessed
levels of embryonic myosin heavy chain (eMHC)-positive fibers, which transiently mark
regeneration, in iliopsoas of RAPA-study mice. eMHC-positive fibers were unchanged
between VEH and RAPA KO iliopsoas and were increased compared to drug-matched
LC iliopsoas (two-way ANOVA, drug p=0.9917, genotype p=0.0002) (Figure 3.5A, B).
Together, these results indicate that muscles in RAPA KO mice retain regenerative
capacity in the short term, and support a myoprotective effect of RAPA treatment.
Fktn-deficient dystrophic muscle exhibits notable fiber size variability populated by an

abundance of both small, atrophic fibers and larger, hypertrophic fibers. Since mTOR is
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Figure 3.5 Daily RAPA reduces central nucleation and alters fiber size of Myf5/Fktn KO
iliopsoas. (A) Images from iliopsoas muscles of VEH- or RAPA-treated LC and KO
mice. H&E, functionally glycosylated aDG, and core aDG/embryonic myosin heavy
chain (¢eMHC) are shown. Nuclear DAPI counterstain is shown in blue. Scale bar =
100um. Asterisks denote identical tissue locations across images. Muscle fiber
regeneration as measured historically by (B, left) central nucleation (CN) or acutely by
(B, right) eMHC. Data are plotted as ((#positive fibers/total fibers)*100). Two-way
ANOVA; *, p<0.05; ***p<0.001. n=10 VEH LC, n=9 RAPA LC, n=12 VEH KO, n=12
RAPA KO. (C) Distribution of muscle fiber minimum diameter from iliopsoas of VEH-
and RAPA-treated LC and KO mice. Fibers are grouped into bins of 2.5um. Two-way
ANOVA performed for each bin. *, Drug*Genotype p<0.05; §, Genotype p<0.05. n=5
VEH LC (tissue artifact), n=5 RAPA LC (tissue artifact), n=7 VEH KO, n=7 RAPA KO.
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a well-studied regulator of muscle fiber size, we hypothesized that RAPA treatment
might alter this distribution in treated mice. Cross-sectional minimum fiber diameters
were measured for all muscle fibers in the iliopsoas of RAPA-study mice. Littermate
mice show more evenly distributed minimum fiber diameters, with few or no atrophic
fibers. In contrast, fibers from both RAPA and VEH KO muscle had significantly higher
proportions of small-sized fibers and an expanded proportion of fibers with minimum
diameters greater than 25 pm (Figure 3.5C). In accordance with this, we observed a
significant effect of genotype on fiber size at 6 of the 12 bin sizes. Furthermore, there
was a significant Drug*Genotype interaction at the 5-7.5, 7.5-10, 15-17.5, 17.5-20, 20-
22.5 and 22.5-25 pm minimum fiber diameter bins. To confirm that differences in fiber
size between VEH and RAPA KO mice were not due simply to a reduction in small,
regenerating fibers, we further analyzed distributions of regenerated (in KOs only) and
non-regenerated muscle fibers separately. We found little difference between the fiber
diameter distributions of all fibers compared to non-regenerated fibers only; furthermore,
the proportions of regenerated fibers at each bin size were different only at the 20-
22.5um bin, indicating that changes in overall fiber size distributions are likely not
attributable to differences in the pool of regenerating fibers (Figure 3.6). Thus, RAPA
shifted fiber size towards larger values in KO muscle but relatively smaller values in LC
muscle, further supporting the idea that Fkin-deficient muscle has some abnormal,
RAPA-sensitive signaling activity.

Muscle damage is often followed by an inflammatory response involving
macrophage infiltration that helps to mediate tissue repair. However, dystrophic muscle

experiences repeated cycles of damage and repair with persistence of the inflammatory
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Figure 3.6 Distributions either non-regenerating or regenerating muscle fibers. (A)
Distribution of muscle fiber minimum diameter from non-regenerated muscle fibers in
iliopsoas of VEH- and RAPA-treated LC and KO mice. Fibers are grouped into bins of
2.5um. Two-way ANOVA performed for each bin. *, Drug*Genotype p<0.05; T,
Genotype p<0.05. n=5 VEH LC (tissue artifact), n=5 RAPA LC (tissue artifact), n=7
VEH KO, n=7 RAPA KO. (B) Distribution of muscle fiber minimum cross-sectional
diameter from regenerated muscle fibers in iliopsoas of VEH- and RAPA-treated KO
mice. Fibers are grouped into bins of 2.5um. Regenerated fiber numbers range from 64-
360 in VEH KO mice and 5-217 in RAPA KO mice. n=7 VEH KO, n=6 RAPA KO
(mouse sample with only 5 regenerating fibers was excluded from fiber size bin analysis).
Two-tailed Student’s t-test; *, p<0.05.
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phenotype (191,192). As RAPA treatment appears to offer protection against muscle
damage, we hypothesized that localized tissue inflammation might be reduced in RAPA-
treated Myf5/Fktn KO mice. We incubated iliopsoas muscle sections from study mice
with an antibody detecting CD11b, a common marker for mature macrophages that may
also be expressed by granulocytes, dendritic cells and NK cells (290). Tissues from both
LC and KO mice were positive for isolated, “resident” immune cells; however, KO
iliopsoas also displayed regions of intense staining likely marking major inflammatory
invasion (Figure 3.7A). Importantly, RAPA KO mice had significantly less CD11b-
positive fluorescence than VEH KO mice, indicating reduced inflammation with RAPA-
treatment (Figure 3.7B). To determine if changes in tissue immune cell content
corresponded to altered levels of cytokines in RAPA KO mice, we tested solubilized
protein from the quadriceps muscle of study mice for the presence of pro-inflammatory
(interleukin-1f, monocyte chemotactic protein-1, tumor necrosis factor o) cytokines in
multiplex via MILLIPLEX Map assay. We observed a significant effect of genotype on
IL-1PB levels when normalized to assay background; however, we noted no differences in
other pro-inflammatory cytokines tested (Figure 3.8A). Thus, IL-1B appears to be a
RAPA-insensitive modulator of inflammation in dystroglycanopathy muscle.

Although muscle possesses considerable potential for regeneration, dystrophic
muscle eventually loses regenerative capacity, due at least in part to chronic
inflammatory conditions (192). Failed muscle regeneration frequently results in the
replacement of functional muscle with fibrotic scar tissue, comprised largely of excess
extracellular matrix proteins. Consistent with a fibrotic phenotype in Fktn-deficient

muscle, transforming growth factor-p (TGF-f3), a major fibrogenic cytokine, was
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Figure 3.7 Four week daily RAPA treatment decreases immune cell infiltration in
iliopsoas. (A) Images from transverse sections stained for macrophage marker CD11b
(green), with dystrophin (red) and nuclear DAPI (blue) counterstains. Scale bar =
100um. (B) Quantification of CD11b-positive areas in iliopsoas of daily study mice.
Data are presented as the proportion green pixels per tissue/total pixels per tissue. Two-
way ANOVA with Bonferroni’s post-test; *, p<0.05; **, p<0.01. n=10 VEH LC, n=11
RAPA LC, n=12 VEH KO, n=12 RAPA KO.
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Figure 3.8 Inflammatory or fibrotic analytes from solubilized quadriceps muscle. (A)
Fold-change over background values for pro-inflammatory cytokines (IL-1p, MCP-1, and
TNF-a) tested via MILLIPLEX Map assay in quadriceps of daily RAPA study mice. (B)
Fold-change over background values for TGF-f tested via MILLIPLEX Map assay in
quadriceps muscle of daily RAPA study mice.
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significantly increased in muscle of KO relative to LC study mice as determined by
MILLIPLEX Map analysis; however, we did not detect any RAPA-mediated reduction in
TGF-B (Figure 3.8B). However, extracellular matrix protein ColVI, which accumulates
abnormally in dystrophic muscle (291,292), was increased in histological sections of
iliopsoas muscle of VEH KO mice, demonstrating substantial fibrosis in 12 week old
dystrophic muscle, but was significantly reduced in RAPA KO mice (Figure 3.9A, B). In
fact, ColVI staining was not significantly different between RAPA LC and RAPA KO in
the iliopsoas. Fibrosis is a key factor underlying mortality in muscular dystrophies
because fibrotic accumulation in the diaphragm reduces its contractile ability and
ultimately leads to respiratory failure. Importantly, we also observed a significant
decrease in the fibrotic area of RAPA KO compared to VEH KO diaphragms (Figure
39A, B), demonstrating the therapeutic potential of RAPA treatment for
dystroglycanopathies.

mTORCI signaling correlates with levels of pathological markers in dystroglycanopathy
muscle.

As mentioned previously, mTOR signaling has been linked to a number of muscle
maintenance and disease processes, including regeneration and fibrosis. While 4-week
RAPA treatment improved histopathological features in treated Myf5/Fktn KO mice, its
specific site of action is unclear. In particular, mMTORCI could be hyper-activated in only
a subset of cells within the muscle compartment. Furthermore, because of ongoing
regeneration and muscle remodeling in dystrophic tissue, the normal equilibrium of
various resident cell types within the muscle niche likely changes as the disease state

progresses. In order to evaluate whether a subset of cells and/or cell types demonstrate
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Figure 3.9 Fibrosis is reduced in iliopsoas and diaphragm of RAPA-treated Myf5/Fktn
KO mice. (A) Representative images from iliopsoas (top) or diaphragm (bottom) of daily
study mice stained with dystrophin/ColVI; nuclear DAPI counterstain shown in blue.
Scale bar = 100um (B) Quantification of muscle fibrosis, ColVI positive area, in
iliopsoas (left) or diaphragm (right) muscles, detected by immunofluorescence and
counted as positive (green) pixels per tissue/total pixels per tissue. Two-way ANOVA; *,
p<0.05; *** p<0.001. Ilio: n=9 VEH LC, n=8 RAPA LC, n=12 VEH KO, n=12 RAPA
KO. Dia: n=5 VEH LC, n=6 RAPA LC, n=7 VEH KO, n=7 RAPA KO.
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increased mTORCI1 activity, we stained iliopsoas muscles from daily RAPA study mice
with an antibody detecting phosphorylation of S6 ribosomal protein, which is dependent
on the mTOR substrate S6-kinase for activation. While levels of pS6 were below
detection level in LC mice, sections from KO mice revealed regions of robust staining
(Figure 3.10A). pS6 was observed in both the muscle fibers and endomysial spaces of
KO iliopsoas, demonstrating that mTORCI activation is not limited to a single cell type.
Activated S6 was also observed in RAPA KO iliopsoas, as expected, because muscles
analyzed were approximately 18 hours to 2.5 days since the last VEH or RAPA dose for
the muscle torque and treadmill RAPA studies, respectively. To delineate the potential
locations of mTOR-mediated pathological processes, we correlated pS6 areas to markers
of fibrosis (ColVI) or acute regeneration (¢eMHC). In VEH KO muscle, pS6 correlated
weakly with eMHC levels (Pearson r=0.6169), but tracked closely with levels of ColVI
(Pearson r=0.8236). In contrast, pS6 correlated more closely to eMHC (Spearman
=0.7676) than to ColVI (Pearson r=0.7066) in RAPA treated KO muscle (Figure 3.10B).
Altogether, these results indicate a role for mTORCI in both the regenerative and fibrotic
processes of dystrophic muscle and suggest that RAPA may act to inhibit these signaling
events in fibroblasts.
Daily RAPA treatment partially reduces elevated autophagic flux in Fktn-deficient
muscle.

Recent work in mouse models has identified defective macroautophagy as a
therapeutic target in dystrophic muscle (221,233); furthermore, pharmacologic or genetic
reversal of this phenomenon, including by RAPA, appears to improve disease phenotype

(220,232,293). To probe levels of autophagy in Fktn-deficient muscle, we analyzed
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Figure 3.10 pS6 localizes to myofiber- and non-myofiber-specific niches in iliopsoas of
Myft5/Fktn KO mice. (A) Images stained against phosphorylated S6 (S235/236)
ribosomal protein (red) with basement membrane perlecan (green) and nuclear DAPI
(blue) counterstains shown. Scale bar = 100pum. (B) Plots comparing pS6-positive areas
to percentages of regenerating fibers (eMHC, top) or to fibrotic areas (Col VI, bottom) in
iliopsoas of VEH (left) and RAPA (right) KO mice. Pearson r value shown for all groups
except RAPA KO eMHC (Spearman r shown, D’ Agostino & Pearson omnibus normality

test failed).
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expression of the autophagosome-associated proteins Beclin-1 and LC3B by western
blot. We found a significant effect of genotype on relative quantities of the lipidated,
autophagosome-partitioned form of LC3B (LC3B-II, lower band) (Figure 3.11A, B). In
addition, there was an interaction of drug and genotype on Beclin-1 levels with RAPA
promoting an increase in littermate, but a decrease in KO mice; Beclin-1 was
significantly elevated in VEH KO compared to VEH LC mice, in post-test analysis
(Figure 3.11A, B). Western blot analysis of the autophagy regulator Vps15 also
demonstrated a genotype effect, but the increased level of this protein in KO muscle was
unaffected by RAPA treatment (data not shown). These data provide evidence of
increased autophagy in dystroglycanopathy muscle, in contrast to reports in other models
of muscular dystrophy. However, because autophagy functions to target defective
proteins and organelles for cellular removal (214,215), increased levels of Beclin-1 and
LC3B-II in Fktn-deficient muscle likely point to clearance of tissue components
following damage. For example, genes involved in mitochondrial biogenesis are
upregulated following muscle injury as damaged organelles are replaced in the tissue
(294). Furthermore, in mdx muscle, pharmacologic modulation of 5’ adenosine
monophosphate-activated protein kinase (AMPK) enhanced autophagy with an associated
improvement of mitochondrial function and a coincident reduction of disease burden
(220).

These data suggest a link between autophagy and mitochondrial remodeling in
muscle. To determine whether RAPA treatment affects mitochondrial function, we
assayed the activity of succinate dehydrogenase (SDH), a mitochondrial enzyme involved

in oxidative phosphorylation at steps in both the citric acid cycle and the electron
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Figure 3.11 Autophagy proteins are upregulated in dystroglycanopathy muscle. (A)
Western blot analysis showing levels of autophagy proteins Beclin-1 and LC3B.

GAPDH was used as a loading control. (B) Densitometric analysis of Beclin-1 (top) and
LC3B-II (lower band, bottom) protein levels, normalized to GAPDH loading control.
Two-way ANOVA; *** p<0.001.
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transport chain. We observed lower SDH activity in KO compared to LC muscle when
normalized to total tissue mass, but found no difference between RAPA and VEH KO
mice. RAPA LC muscle tended to have more SDH activity than VEH LC muscle, but
these differences were not statistically significant in the cohort tested (n=4 RAPA
LC, n=3 VEH LC) (Figure 3.12). Thus, RAPA-mediated improvements to Myf5/Fktn
KO muscle appear to occur independently of mitochondrial function and further highlight
the divergence of fukutin- and dystrophin-deficient muscle with respect to autophagic
phenotype. Altogether, our results point to a myoprotective effect of RAPA treatment that
may delay the progression of disease in dystroglycanopathy tissue.
Discussion

Several muscular dystrophies arise from loss of the structural linkage between the
extracellular matrix and the intracellular cytoskeleton (reviewed in (36,295)). While
increased susceptibility of the sarcolemma to damage is a well-studied component of
disease etiology, some signaling functions have also been ascribed to the DGC. Growth-
receptor bound protein 2 (Grb2) has been shown to bind intracellularly to DG, providing
a possible link between the DGC and mTOR signaling through the extracellular signal-
regulated kinase/ribosomal S6 kinase (ERK/RSK) pathway (205,207). Indeed, disruption
of DG-laminin binding reduces ERK (206) and Akt activation and increases apoptosis in
cultured myotubes (209). However, consistent with the data presented here, a direct
connection between aDG glycosylation and mTOR activation has not been demonstrated.
Still, accumulating evidence suggests a critical role for mTOR signaling in the

development and maintenance of skeletal muscle (165,223,225,226,296).
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Figure 3.12 Mitochondrial function in TAs of Myf5/Fktn KO and LC mice. Tissue mass-
normalized values of cytochrome C reduced in vitro by succinate dehydrogenase from
homogenized TAs of VEH- or RAPA-treated LC and KO mice. Two-way ANOVA.
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Abnormal age- and muscle-dependent mTOR activation has been observed
previously in skeletal muscle of the mdx mouse, a mild model of dystrophin-deficient
muscular dystrophy (221,231,297). Furthermore, simultaneous increases in mTOR
phosphorylation and protein content have also been described in mdx diaphragm at 10
weeks (220). Here, we provide evidence of increased mTORCI activation in aged Fkin-
deficient muscle, a model of moderate to severe muscular dystrophy; however, changes
in mTOR signaling were not intrinsic to the dystroglycan glycosylation defect as they did
not arise until after the development of muscle pathology. Thus, activation of mTOR
likely reflects the fibrotic progression that occurs during the dystrophic process. mTOR
is indeed a known regulator of extracellular matrix protein synthesis in cultured
fibroblasts, a process with apparent sensitivity to RAPA (298,299), and is activated in
primary muscle fibroblasts in response to growth stimuli (286). It is therefore possible
that the therapeutic benefit of RAPA treatment in dystroglycanopathy mice proceeds by
impeding the development of endomysial fibrosis.

In agreement with our findings, mMTORC1 inhibition has also shown therapeutic
benefit in mdx mouse, although a consistent mechanism of action has not yet been
established [e.g. (231,232)]. The outcomes reported in Figure 3.4 seem to support a
RAPA-mediated delay of disease progression in dystroglycanopathy muscle. Functional
phenotypes of LC and KO mice are expected to diverge with the advancement of muscle
disease, as was the case for in vivo torque measurements: VEH LC, but not VEH KO
mice demonstrated age-associated increases in torque following the 4-week dosing study;
however, both RAPA LC and KO animals demonstrated an increase in torque at the

conclusion of dosing. Analysis of downhill treadmill run distances between KO
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treatment groups shows a similar finding as 4 of 7 RAPA-treated ran KO mice ran at least
half the distance of their respective age- and treatment-matched controls, compared to a
single instance in the VEH KO group. It is unclear why little to no improvement was
observed in the remaining 3 RAPA KO mice, although dystrophic phenotypes of
Myf5/Fktn KO mice have been reported to be variable (50). If RAPA treatment is
capable of delaying disease progression, but incapable of reversing dystrophy, then mice
with more severe muscle involvement at the commencement of the dosing schedule
might have a correspondingly weaker response to the drug.

Recent mechanistic studies have focused on the role of autophagy in both normal
and dystrophic muscle, with the finding that consistent Akt or mTORCI1 activation
inhibits autophagic processes in a way that is damaging to muscle tissue (300). Indeed,
increasing evidence demonstrates that restoration or augmentation of autophagy can
improve pathological features of muscle disease (220,222,232,233). Autophagy serves a
key function in the clearance of damaged organelles from the cytosolic space, and
accumulation of these dysfunctional cellular structures likely underpins the association
between impaired autophagy and the dystrophic phenotype (216,233). Conversely,
unchecked activation of the autophagy pathway is also detrimental to muscle and leads to
atrophy or myopathy (301,302). Here, we report that proteins involved in
autophagosome formation are upregulated in dystroglycanopathy muscle, suggesting that
autophagy is not deficient in dystroglycanopathy muscle (Figure 3.11). However, we
cannot distinguish between pathogenic deregulation of protein/organelle degradation

pathways or an increase in cellular component recycling following repeated bouts of
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myonecrosis. In either case, RAPA appears to partially relieve the altered autophagic
phenotype of Myf5/Fktn KO mice.

Rapamycin (sirolimus) and related rapalogs (everolimus, temsirolimus) are FDA
approved drugs for the treatment of tuberous sclerosis complex (TSC),
lymphangioleiomyomatosis (sirolimus), renal transplant (sirolimus, everolimus), breast
cancer, pancreatic cancer, subependymal giant astrocytoma (SEGA, everolimus), and
renal cell carcinoma (everolimus, temsirolimus) (287). Importantly, sirolimus and
everolimus are in use as single and combination drug therapy in pediatric populations for
TSC, TSC-related SEGA, and for children 13 years and up with renal transplant (303-
307). The 2 mg/kg RAPA dose used here, relatively low for mouse experiments, by
allometric scaling is approximately equivalent to 5.7 mg/m” (308). In comparison, TSC
and SEGA trials used doses as low as 1.5 or 3 mg/m’ (sirolimus and everolimus,
respectively) and as high as ~4 or 4.5 mg/m” (sirolimus, everolimus, respectively). In
clinical trials evaluating sirolimus for renal transplant, a loading dose of 15 mg with a 5
mg maintenance dose (corresponding to 7.89 and 2.63 mg/m’ respectively based on
1.9m” average male body area) was found to be safe. Thus, while the dose described in
our study is at the higher range of dosage in pediatric patients, there is no evidence to
support that this dose is too high to be considered clinically relevant. Potential adverse
events, such as immunosuppression, metabolic changes, and hypertension, need to be
considered; however, the clinical cohorts with adverse event reporting are predominately
cancer or transplant patients, who consequently have significant comorbidities and
combined therapies that may or may not be relevant to a dystroglycanopathy patient

population (309). Notably, seven children, ranging in age from 4 to 16 years old received
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rapamycin for intractable epilepsy due to tuberous sclerosis complex; daily treatment for
12 months was reported without significant side effects (304). While an absence of liver
and kidney toxicity in the fourth week of daily treatment in this study cannot exclude
potential adverse events with longer RAPA treatment schedules in dystroglycanopathy
mice or patients, previous work found that long-term RAPA treatment (estimated
2.2mg/kg/day) increased lifespan of heterogeneous wild-type mice, with half of study
mice receiving therapy for approximately 75 weeks (310). Therefore, while there is
evidence that chronic RAPA treatment may be tolerable in mouse and human studies,
caution is still warranted. Additional studies will be necessary to confirm the therapeutic
value of long-term mTORCI inhibition in dystroglycanopathy and to determine the
optimal timing of treatment to ensure maximal tissue response.
Conclusions

We found evidence of elevated mTOR activation in later-stage
dystroglycanopathy muscle of Fktn-deficient mice. Younger mice treated for 4 weeks
with RAPA displayed a reduction in fibrosis and muscle damage, and had improved
muscle function. We propose that RAPA may protect dystrophic muscle from damage to
delay progression of disease and inhibit fibrotic remodeling. This suggests that mTORCI1
signaling may be a viable therapeutic target for dystroglycanopathy-type muscular

dystrophies, but further work is needed to define ideal treatment conditions.
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CHAPTER 4
DISCUSSION AND CONCLUSIONS

Although it has been over 25 years since the discovery of the Duchenne muscular
dystrophy gene, dystrophin-glycoprotein complex-related muscular dystrophies have
remained without FDA-approved therapy. As is often the case in biomedical research,
target identification has proven to be a significant challenge. However, the past few
decades have seen an enormous advance in terms of the understanding of the molecular
pathogeneses of these diseases, which have in turn opened new avenues for drug
discovery. Because muscular dystrophies are characterized by a progressive loss of
muscle mass, which corresponds histologically to a profound reduction of myofiber
content within the muscle tissue, it appears that failed regeneration is central to the
pathomechanism of disease. Proper muscle regeneration or repair following damage
requires the coordination of several temporally regulated processes: the inflammatory
response, activation of the muscle progenitor population followed by proliferation and
fusion to form multi-nucleated myotubes, and finally maturation/differentiation of
nascent myofibers. Each regenerative phase consists of specific events that proceed in
sequence to ultimately yield new functional tissue; although much of this timeline has
been described in detail, it is not entirely clear how it is altered in dystrophic muscle.

The role of the dystrophin-glycoprotein complex as a structural complex and the
consequences of its defects in mature myofibers are well-established. However, a

number of studies suggest that the dystrophin-glycoprotein complex likely has a unique
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function in facilitating muscle regeneration. Early evidence in support of this was found
in a mature-muscle specific dystroglycan KO mouse, in which dystroglycan expression
remains intact in satellite cells and is consequently unaffected during regeneration (127).
A comparison of this mouse to dystrophin-deficient mdx or d-sarcoglycan mice, both of
which have limited expression of dystrophin-glycoprotein complex components in
regenerating muscle, revealed that preservation of dystroglycan throughout the steps of
new myofiber formation dramatically improves its efficiency. Furthermore, deletion of
dystroglycan in epiblasts at embryonic day 5 in mice (Mox2-cre/Dagl KO, MORE-
dystroglycan null), which disrupts dystroglycan expression in all embryonic tissues,
results in dramatically reduced muscle regeneration following a toxin challenge.
Interestingly, aspects of this impaired regenerative phenotype are recapitulated in mice
lacking dystroglycan specifically in satellite cells (tamoxifen-inducible Pax7-cre/Dagl
KO, iPax7-dystroglycan), which demonstrated a delay in regeneration and produced
significantly smaller muscle fibers following injury (127,311). This agrees with work
from our laboratory, which showed that following toxin injury mice lacking glycosylation
of a-dystroglycan in whole muscle (satellite cells and myofibers, Myf5-cre/Fktn KO)
regenerated significantly smaller fibers than mice lacking the same only in mature muscle
fibers (MCK-cre/Fktn KO) (50).

It has recently been reported that dystrophin and dystroglycan are transcribed at
high levels in satellite cells, contrary to prevailing sentiment. In fact, it appears that a
dystrophin-dystroglycan complex helps to regulate satellite cell polarity during
asymmetric division, where a parent cell gives rise to one committed myogenic

progenitor and one renewed satellite cell. Following injury, satellite cells lacking
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dystrophin were activated but were not induced to proliferate, suggesting that satellite
cells do not divide to the extent demanded by disease processes in dystrophin-deficient
muscular dystrophies, ultimately tipping tissue balance in favor of non-regenerative
processes (311). Similarly to satellite cells lacking dystrophin, satellite cells on
individual myofibers from Large™" mice have a significantly lower doubling rate than
those on WT fibers. However, when removed from their native muscle fibers and
expanded on laminin-coated plates, Large™" satellite cells proliferate at a normal rate and
show enhanced fusion relative to cells isolated from WT animals. This suggests that the
intrinsic myogenic potential of satellite cells with aberrant a-dystroglycan glycosylation
is uncompromised but is fundamentally dependent on certain aspects of their niche (182).
It should be noted that comparison of results with cultured Large™* satellite cells and
analyses of mdx satellite cells grown on their native myofibers are difficult to interpret
because satellite cells appear to express integrin, which may be able to functionally
compensate for loss of dystrophin or dystroglycan on laminin-coated plates; still, the
responsiveness of satellite cells to laminin likely reflects a role for glycosylated -
dystroglycan.

Although a delay in regeneration is seen with satellite-cell knockout of
dystroglycan, mice lacking functional glycosylation of a-dystroglycan in whole muscle
tissue or whole body (e.g. Large™?) tend to show increased numbers of embryonic
myosin heavy chain-expressing fibers (immature, regenerating) following injury, as do
human Fukuyama congenital muscular dystrophy patients, which implies that generation
of new myofibers is not impaired in these muscles, per se (50,133). However,

accumulation of eMHC-positive fibers can indicate either ongoing muscle damage/high
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frequency of damage events or a delay in the terminal differentiation of newly formed
muscle fibers. While both MORE-dystroglycan and iPax7-dystroglycan KO mice
demonstrate impairment of muscle regeneration, it is unclear to what extent these
phenotypes overlap. Interestingly, evaluation of fukutin-deficient muscle revealed low
abundance of mature muscle proteins along with malformation of NMJs (133,134).
Innervation and stimulation of skeletal muscle signal for its maturation and regulate
differentiation of myofibers and the expression of specific myosin heavy chain isoforms
(reviewed in (165)). Because of this, it might be expected that regeneration profiles of
mice lacking a-dystroglycan glycosylation in muscle ought to differ from those of whole-
body a-dystroglycan glycosylation-deficient animals. Indeed, we found that 14 days after
toxin challenge levels of eMHC-expressing fibers were elevated in the TA of whole-body
inducible Fktn-KO (Tam-Fktn iIKO) mice compared to saline-injected contralateral TAs,
while eMHC fibers were equally abundant in toxin- or saline-treated TAs of Myt5/Fkin
KO mice. It is therefore probable that a-dystroglycan glycosylation is important pre-
synaptically at the NMJ and that in its absence NMJ morphology is abnormal,
corresponding to a delay in maturation of newly formed myofibers. Characterization of
mature fiber-types in TAs of Tam-Fktn iKO mice also revealed a significant increase in
the proportion of type 2A fibers following injury, which is consistent with abnormal
neuronal stimulation. Indeed, sustained low-frequency stimulation in rat TA muscle also
leads to an increase in expression of MHC-2A, marking the transition from an overall
glycolytic to oxidative phenotype (312,313). Our study found that NMJs were occupied
(i.e. presynaptic and post-synaptic components of the NMJ colocalized), but did not

evaluate the morphology of NMIJs or firing patterns of MNs in Tam-Fktn 1IKO mice
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following injury; therefore, while our findings and those of others implicate neuronal o-
dystroglycan glycosylation in the process of muscle differentiation and fiber-type
specification, its exact function remains unclear.

Regulation of the contractile and metabolic properties of muscle fibers is
considered a potential therapeutic strategy for muscular dystrophy because slow,
oxidative fibers appear to be preferentially spared from degeneration in dystrophic
muscle. Much of this work has focused on PGC-1a or its upstream regulator sirtuin 1
(silent mating type information regulation 2 homolog, SIRT1), which control genes
involved in mitochondrial biogenesis/oxidative phosphorylation, the neuromuscular
junction program, and regulation of slow muscle fiber types. Induction of SIRT1 or
PGC-1a in dystrophin-deficient skeletal muscles reduces disease pathology and improves
fatigue resistance; these changes are accompanied by a switch from fast to slow fiber
types in treated muscles (169-171,314). Because utrophin may be transcriptionally
upregulated in slow fiber types and because PGC-1a positively influences expression of
NMIJ genes, including utrophin, modulation of this pathway offers a novel avenue for
therapeutic compensation of dystrophin-deficiency by utrophin (170,315). Recent work
has shown that genetic deletion of folliculin-interacting protein 1 (Fnipl) significantly
increases the oxidative qualities in mouse muscle through induction of PGC-1a; when
mice lacking Fnipl were crossed into the mdx line, it greatly improved stability of the
sarcolemma (316). However, while pharmacological SIRT1 inducers have been reported,
none have been used in models of muscular dystrophy; furthermore, overexpression of
PGC-1la has been accomplished to date, only by adenoviral-mediated or transgenic

methodologies and not through a small molecule approach (317,318). Despite this,
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simvastatin, a drug well-known for use in treating high cholesterol, has recently been
shown to provide benefit in mdx muscle in part by promoting a slow, oxidative
phenotype. Interestingly, these changes are independent of utrophin expression,
indicating that the resilience of slow fiber types in dystrophic muscle is potentially not
utrophin-reliant (222).

The slow myogenic program is also controlled by 5’-adenosine monophosphate
activated protein kinase (AMPK), another regulator of PGC-1a. Initial studies using 30-
day AMPK stimulation via activator 5-aminoimidazole-4-carboxamide-1-f3-D-
ribofuranoside (AICAR) found an increase in PGC-1a levels as well as an increase in
oxidative capacity of treated mdx mice; these findings were further associated with an
increase in sarcolemmal integrity owing to upregulation of utrophin-glycoprotein
complex proteins (254). Interestingly, a later study found that improvements in
physiological parameters of mdx diaphragms, including maximal force generation and a
reduction of histopathological features, occur independently of metabolic plasticity or
utrophin upregulation following administration of AICAR. Instead, it was reported that
AICAR enhanced autophagy in mdx diaphragms, allowing for recycling of defective
organellar structures, and, in particular, mitochondria abnormally susceptible to opening
of the mitochondrial permeability transition pore (220). A number of mitochondrial
disorders originate with oxidative stress, which has been reported in mdx mice and may
be a key factor underlying muscle weakness in the model (297,319). Consistent with
this, use of simvastatin in dystrophin-deficient mice reduced expression of NADPH
oxidase 2 (NOX2), which correlated strongly with improved contractile force in the TA.

Furthermore, it was determined that the reactive species H,O, was reduced and
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autophagy was enhanced in simvastatin treated mice, suggesting a link between oxidative
stress and autophagy in dystrophin-deficient muscle (222).

A number of reports have confirmed that autophagy is defective in dystrophin-
deficient muscle, and corrobating a finding first made in Col6al™ (lacking the al chain
of collagen VI), a mouse model of Ulrich congenital muscular dystrophy. Dietary or
pharmacologic approaches to boost autophagy in these models have been successful and
have uncovered a concomitant amelioration of dystrophic features, suggesting that
impaired autophagy is a major driver of muscular dystrophy (221,233). Genetic ablation
of autophagy in skeletal muscle results in a myopathy with some features common to
those described in mdx or Ullrich congenital muscular dystrophy mice, especially with
respect to the accumulation of defective mitochondria (302,320). Together, these data
highlight the requirement of normal autophagic signaling for skeletal muscle
maintenance.

While autophagy seems clearly to be necessary in muscle, overactivation of this
process is likewise detrimental and tends to result in atrophy (218). Although muscle
hypertrophy (in the calf, for example) is sometimes seen in Duchenne muscular
dystrophy, congenital dystroglycanopathies are more commonly associated with atrophy,
including high proportions of atrophic muscle fibers (note, however, that milder limb-
girdle muscular dystrophy, and in particular MDDGCS typically presents with calf
hypertrophy). Consistent with this atrophic phenotype, we found that muscles of
Myf5/Fktn KO mice, which model more severe/early onset dystroglycanopathy, had
higher levels of autophagy associated proteins Beclin-1 and LC3B-II. It should be noted

that the hypertrophy/atrophy paradigm is insufficient to explain the finding of reduced
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autophagy in Ullrich congenital muscular dystrophy and Duchenne muscular dystrophy
mouse models because these observations were made in both muscles with
predominantly atrophic (e.g. mdx diaphragm) and somewhat hypertrophic muscle fibers
(e.g. mdx TA) muscles; however, standard-diet treated mdx mice had significantly higher
levels of pathologically hypertrophic myofibers than their low-protein diet-fed
counterparts (221). Furthermore, our results indicate only that basal autophagy levels are
higher in dystroglycanopathy- than in wildtype-muscle and cannot definitively determine
whether this signifies pathological activation of autophagy. Indeed, it is possible that the
increase in expression of Beclin-1 and LC3-II in Myf5-Fktn KO mice reports, by proxy,
on the turnover frequency of cellular structures. Necrotic/regenerative diseases are likely
to feature substantial cycling of proteins and organelles as old dying cells are cleared and
replaced, a process that is facilitated primarily through autophagy. The discrepancy
between the phenotypes of Duchenne muscular dystrophy and dystroglycanopathy is
interesting, though a clear explanation for this observation is still required. In the
future, it will be important to determine 1) whether mitochondrial dysfunction is a feature
of dystroglycanopathy muscle and 2) how the molecular mechanisms regulating
autophagy, and therefore clearance of dysfunctional organelles, differ between
dystroglycanopathy muscles and other dystrophic muscles.

A finding regularly reported in tandem with the autophagy defect in mdx muscle
is an activation of the Akt/mTOR pathway, which has been confirmed in biopsies from
Duchenne muscular dystrophy patients as well (e.g. (221)). Akt directly controls
autophagy through modulation of the FOXO family of transcription factors, which induce

expression of atrogenes; additionally, Akt is indirectly responsible for activation of
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mTORCI, a nutrient sensitive protein kinase complex that regulates translation and is
therefore apposed to autophagy in the control of cell growth (147,218,219,230,321,322).
It therefore stands to reason that inhibition of Akt/mTOR signaling is a viable means of
reversing some of the adverse features reported in dystrophic muscle. However, Akt may
be required for a number of essential processes in muscle including myogenesis and
regeneration (223,268,323), and recent studies have also suggested beneficial roles of Akt
signaling in muscular dystrophy. For example, muscle-specific overexpression of a
micro-RNA leading to activation of Akt significantly improved histology and function in
mdx-5cv mice, which have more muscle dysfunction than mdx mice (104,224).
Transgenic expression of Akt in mdx muscle also prevents force drop following eccentric
contractions, indicating improved resistance to fatigue. It has also been suggested that
overexpression of Akt in muscle results in an upregulation of the utrophin-glycoprotein in
dystrophin-deficient muscle (268,324). In cultured myotubes, disruption of the a-
dystroglycan-laminin interaction leads to a decrease in Akt signaling with an associated
increase in apoptosis (209). It is therefore unclear whether Akt inhibition is a viable
therapeutic strategy in dystrophic muscle; however, several lines of evidence indicate that
targeting of its downstream effector mTOR may provide some benefit.

Inactivation of mTOR signaling through either nanoparticle delivery of the
mTORCI1 inhibitor rapamycin or maintenance of a diet low in amino acid content
reportedly improves autophagy in mdx mice, consistent with the idea that activation of
mTORCI1 is central to defective autophagy in dystrophin-deficient muscle (221,232).
Pharmacologic modulation of AMPK, which inhibits mTORCI, also alleviates

pathological features of impaired autophagy (220). mTORCI is capable of controlling
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energy balance through direct modulation of autophagy. This process is mediated by
Unc-51 like kinase (Ulk1), which initiates autophagy and contains phosphorylation sites
for both mTORC1 and AMPK; phosphorylation of Ulkl by mTORCI prevents its
interaction with AMPK, effectively inactivating it (325,326). Intriguingly,
phosphorylation of Ulkl by AMPK results in its translocation to mitochondria where it
initiates mitophagy, the primary mechanism for degradation of defective mitochondria
(327). This directly links the observations of mTOR activation and accumulation of
defective mitochondria and suggests the mechanism by which mTOR inhibition may
benefit dystrophin-deficient muscle, although some evidence suggests that this is a
rapamycin-insensitive function (328).

Results from our laboratory and others suggest that mTOR inhibition may provide
desirable effects in dystrophic muscle aside from restoration of autophagy. A study in
using rapamycin in mdx mice found that 6-week treatment with the drug significantly
reduced inflammation as measured by infiltration of CD4+ or CD8+ T-helper cells,
which have been implicated in progression of dystrophic pathology (231,329). Our work
shows evidence for a reduction in the levels of CD11b+ macrophages, which is consistent
with the known anti-inflammatory properties of rapamycin. However, our results do not
distinguish between immunosuppressant reduction of inflammation and a passive
reduction due to a decrease in muscle damage. We report that levels of the pro-
inflammatory cytokine interleukin-18 were elevated in Myf5/Fktn KO mice regardless of
treatment with rapamycin, which seems to argue against direct immuno-modulation. In
mdx muscle, rapamycin appears to reduce the number of necrotic fibers, which is

comparable to our findings in dystroglycanopathy muscle (231). We noted a decrease in
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serum levels of creatine kinase, a marker of muscle damage, in rapamycin treated mice
following a downhill treadmill run protocol, which contrasts with the increase in CK seen
in VEH Myf5/Fktn KO mice. Therefore, while we cannot definitively say whether
rapamycin treatment directly reduces inflammation in dystrophic muscle, we do have
evidence that it reduces damage to myofibers that is likely required for the initiation of an
inflammatory response.

In addition to protection against muscle damage from lengthening contractions in
dystroglycanopathy muscle, we also noticed that rapamycin treated Myt5/Fktn KO mice
had significantly lower numbers of centrally nucleated (regenerated) fibers than KO mice
receiving vehicle. Some studies have indicated that mTOR may be required for muscle
regeneration and that rapamycin can substantially delay the regenerative time course
following injury (282,330). Furthermore, it has been demonstrated that conditional loss
of mTOR in satellite cells results in a decrease in their proliferation and differentiation
rates (331). Despite these results, we found no difference in transient regeneration (e.g.
eMHC-positive myofibers) between rapamycin- or vehicle-treated Myf5/Fktn KO mice;
we therefore conclude that rapamycin is not impeding regeneration but rather decreasing
the number of degenerative events in treated KO animals. Many of the studies probing
mTOR function in muscle have relied upon genetic models, which seem to have more
profound impacts on muscle than inhibition via rapamycin. While 2 month rapamycin
treatment produced no detectable effects in muscle in one study, loss of mTORCI1
signaling through raptor deletion specifically in mature mouse skeletal muscle causes
muscular dystrophy (225). Complete genetic removal of mTOR in skeletal muscle

results in an even more dramatic phenotype; interestingly, this appears to be partially
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attributable to non-mTORC functions of mTOR. In particular, it has been shown that
mTOR interacts with the transcription factor yin-yang 1 (YY1), which can bind to the
muscle-specific dystrophin promoter in myoblasts and differentiated muscle. In
accordance with this, dystrophin and dystrophin-glycoprotein complex expression was
significantly reduced in muscles lacking mTOR, but not in those lacking raptor or rictor
(226,332,333). Therefore, defects in the myogenic potential of satellite cells lacking
mTOR could be dystrophin-related. Aside from this, we cannot rule out the possibility
that rapamycin inhibits differentiation in Myf5/Fktn KO muscle, although if this were the
case, we might expect accumulation of eMHC+ fibers over the course of 4 weeks of
dosing rather than the roughly equivalent numbers observed in RAPA-treated or VEH-
treated muscles. It is also important to consider that inhibition of myogenesis is more
easily observed in an injury model than under physiological conditions in dystrophic
muscle, where regeneration is unsynchronized and occurs on a smaller scale.

Typically, a failure in myogenesis or regeneration is associated with
accumulation of fibrotic tissue in muscular dystrophy. Muscle progenitors and
fibroblasts, which are responsible for synthesis of connective tissue, interact dynamically
after injury; ablation of fibroblasts during early phases of regeneration results in
premature differentiation and a long-term reduction in the size of myofibers. On the
other hand, loss of satellite cells in muscle results in a complete failure of regeneration
following injury including major fibrotic deposition (334). Synthesis of collagens in
fibroblasts is potently stimulated by TGF-B1, which is released from alternatively
activated macrophages and leads to transient upregulation of extracellular matrix

components that serve as a scaffold for the formation of new muscle (reviewed in
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(192,204)). It has been shown that pharmacologic depletion of macrophage populations
in mice leads to reduced TGF-B expression and smaller muscle fibers following toxin
injection, which supports a role for activated fibroblasts in the mediation of muscle
regeneration.  Furthermore, TGF-f appears to induce the expression of the anti-
inflammatory molecule prostaglandin E; in cultured primary muscle progenitors or
C2C12 myoblasts, suggesting that there may be a feedback mechanism by which these
cells can repress inflammation and fibrosis after injury (335).

We found that TGF-f expression was increased in Myf5/Fktn KO mice but
unaffected by rapamycin; however, rapamycin treatment significantly reduced the levels
of fibrosis in iliopsoas and diaphragm muscles of dystroglycanopathy mice. These
results likely indicate that rapamycin-mediated inhibition of fibrosis lies downstream of
the initial pro-fibrotic signal. Consistent with this, mTOR is activated in primary muscle
fibroblasts induced to proliferate with the TGF-f3 family member myostatin and inhibited
by rapamycin, which simultaneously reduced collagen production and fibroblast
proliferation (286). In cultured fibroblasts, genetic deletion of Aktl or inhibition of
mTORCI1 with rapamycin significantly reduced expression of collagen isoforms, further
supporting a role for mTOR signaling in fibrosis (299). We observed that mTORCI is
activated in late-stage fibrotic dystrophic muscle and not in pre-dystrophic muscle that is
deficient in a-dystroglycan glycosylation. Furthermore, total levels of Akt and S6 protein
correlate with the extent of fibrosis potentially suggesting the existence a subpopulation
of cells with a higher demand for mTOR signaling. In iliopsoas of younger Myf5/Fktn
KO mice, phosphorylated S6, which is downstream of mTORCI, was localized to both

muscle fibers and interstitial areas and its levels correlated strongly with proportions of
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fibrosis. It is therefore possible rapamycin inhibits fibrosis in dystrophic muscle through
inhibition of fibroblast proliferation or synthesis.

While we anticipate that a reduction in fibrosis and an associated preservation of
myofiber content should improve dystrophic muscle function, muscle weakness precedes
extensive fibrosis in some animal models of muscular dystrophy (e.g. (50,336)).
Conversely, the mdx-5cv mouse is weaker than the mdx mouse despite that their muscles
are equally fibrotic (104). Treatment of mdx mice with rapamycin-loaded nanoparticles
resulted in a rapid improvement in grip strength without reducing muscle fibrosis. In that
study, mice were dosed twice weekly for 4 weeks at approximately 0.002mg/mouse,
which is significantly lower than our daily 2mg/kg treatment (approximately
0.05mg/mouse at 20 g, 28 compared to 8 doses) (232). These results seem to suggest that
the functional improvements observed in Myf5/Fktn mice dosed with rapamycin for 4
weeks cannot be attributed solely to a decreased fibrosis. Furthermore, they may indicate
that rapamycin dose-dependently affects dystrophic muscle function and fibrosis; that is,
low-dose rapamycin may improve function while higher doses are required to produce
the histological improvements we report. However, we also performed a 4 week drug
trial with rapamycin administered at 2mg/kg 3 times weekly and observed no functional
improvement although it should be noted that we did not take in situ torque
measurements, which is a substantially more sensitive method for evaluating muscle
function than the forelimb grip strength test. Despite this, we found an apparent
reduction in endomysial fibrosis of iliopsoas of treated mice without a change in numbers
of regenerated fibers nor any protection from exercise-induced damage (not shown).

These results suggest that rapamycin treatment dose-dependently preserves myofibers in
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dystroglycanopathy muscle, but also illustrates that there are likely fibroblast-
independent actions of rapamycin in dystrophic muscle.

In mdx mice, these actions are reported to be linked to autophagy, but in
Myf5/Fktn KO mice autophagy is not overtly impaired. It should be noted that while we
observed a significant genotype-linked increase in LC3B-II, the effect was marginal
relative to the rise in Beclin-1 levels in Myf5/Fktn KO mice. As Beclin-1 is involved in
the earlier nucleation of budding phagophores and LC3B appears later in autophagosome
formation, we cannot rule out the possibility that autophagy is defective at a point
following Beclin-1 activity in dystroglycanopathy muscle (337). Further experiments are
therefore required to definitively establish that autophagy is indeed elevated in
Myf5/Fktn KO animals. Rapamycin treatment appears to produce a modest increase in
autophagy, as measured by Beclin-1 protein levels, in LC mice but decreases it in KO
mice which, consistent with our other data, may indicate decreased myofiber turnover.
However, the mechanism by which rapamycin prevents damage in dystroglycanopathy
muscle remains unknown.

Rapamycin acts through a binding interaction with 12 kDa FK-506 binding
protein (FKBP12); the rapamycin-FKBP12 complex is then able to bind to mTORC1 but
not mMTORC2 and apparently blocks substrate access to the mTOR catalytic domain
(230). Interestingly, mice haplodeficient for FKBP12 have improved resistance to
fatigue and an increase in type I muscle fibers. Very low dose rapamycin (10ug/kg)
given intraperitoneally every other day for 6 weeks also increased diaphragm endurance
in mice, while modest increases in type I fibers were observed following 2 weeks of this

dosing regimen. Diaphragms isolated and incubated with 1nM, but not 10nM, rapamycin
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also demonstrated decreased force deficits following consecutive contractions, indicating
dose dependence of this effect that may likewise extend to the alterations in muscle fiber
type (338). Indeed, while higher doses of rapamycin do inhibit Akt- or functional
overload-induced muscle hypertrophy, they have no apparent effect on fiber types
(212,339). 1t is therefore unlikely that an increase in myofiber stability is mediated
through a change in fiber type following daily oral rapamycin treatment. These results
also highlight that all beneficial effects of rapamycin may not scale with higher doses.
However, given that dystrophic muscle often contains pronounced inflammatory and
fibrotic phenotypes that may be ameliorated by rapamycin treatment, we expect that
stronger inhibition of mTORCI1 activity should correspond to relatively greater
improvements in muscle health. It is also important to consider that dynamic interplay
between the inflammatory, regenerative, and matrix synthesis responses likely
contributes to successful repair events after muscle damage. Rapamycin treatment may
help to restore the proper balance between these processes, ultimately improving muscle
regeneration in a way that is not solely related to the myogenic potential of muscle
precursor cells (Figure 4.1).

Our findings merit a more rigorous preclinical evaluation of mTORCI] inhibition
for dystroglycanopathy. Although it is true that higher dose rapamycin treatment does
not guarantee improved efficacy, we contend that since daily, but not 3 times/week,
rapamycin treatment improves functional parameters in Myf5/Fktn KO mice our study is
likely at the lower end of the effective dosing spectrum. Encouragingly, we did not
observe kidney or liver toxicity following daily rapamycin treatment, which suggests that

it may be safe to proceed to greater doses. However, as noted in the previous chapter, the
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Figure 4.1 Roles for rapamycin in dystrophic muscle. The sarcolemma is damaged
during muscle contraction, allowing Ca®" (red dots) to flow into the cell and resulting in
necrosis. Cellular debris is cleared via macrophages (gray) in an acute inflammatory
response to injury. (Left) Satellite cells proliferate and mature during muscle
regeneration. Later, they fuse and differentiate into mature myofibers, while fibroblasts
(red stars) are activated to synthesize new extracellular matrix components. Myonuclei
reside in the center of new muscle fibers following regeneration, and later migrate to the
cell periphery. (Right) In dystrophic muscle, inflammation persists through repeated
cycles of myofiber degeneration, resulting in misregulation of signals required for proper
regeneration. This can lead to overactivation of fibroblasts, which causes excessive
deposition of matrix proteins. Rapamycin may increase muscle fiber stability and reduce
contraction induced damage, act as an anti-inflammatory, or inhibit mMTOR-mediated
matrix synthesis, ultimately delaying disease progression.
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dose used here is near the limit used clinically (after applying allometric scaling).
Therefore, it may be desirable to utilize mTORCI inhibitors with enhanced
pharmacological properties, especially in light of the poor aqueous solubility and
bioavailability of rapamycin. A number of rapamycin derivative compounds, termed
“rapalogs,” have been developed in an effort to improve mTORCI targeting in vivo.
Among these, two (everolimus and temsirolimus) are now approved for clinical use.
Temsirolimus is administered intravenously and is essentially a water-soluble rapamycin
prodrug that is metabolized to sirolimus, while everolimus can be taken orally and does
not require metabolism for activation. Both offer a distinct improvement in terms of
bioavailability when compared to rapamycin, which is primarily eliminated in fecal
matter (340,341). Notably, development of mTOR inhibitors has taken a turn in recent
years, due to the identification of the rapamycin-insensitive mTORC?2 upstream of Akt as
well as the discovery that mTORCI inhibition can lead to feedback activation of Akt.
The vast majority of clinical trials utilizing mTOR inhibitors are aimed at treating cancers
in which activation of Akt is a central determinant of malignancy. Thus, substantial
efforts have been made to synthesize mTOR kinase inhibitors that target both mTORCI1
and mTORC?2, or, alternatively, ATP-competitive kinase inhibitors with dual specificity
for TORCs and phosphoinositide3-kinases, and therefore block both upstream inputs to
Akt (342,343) (Table 4.1). Importantly for our work, the effects of Akt inhibition are less
clear in muscular dystrophy than are those of mTORCI inhibition. Consequently, we
expect that newer rapalogs rather than second-generation kinase inhibitors may provide
the best opportunity for therapeutic benefit in muscular dystrophy patients; furthermore,

because it is available orally and has been used successfully in pediatric populations,
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Table 4.1 Selected mTOR Inhibitors

(NVP-BEZ235)

Iymphoblastic leukemia; Breast cancer;
Malignant solid tumor (Phase I/II)

Drug Clinical Use Target
Rapamycin Organ rejection
. TORC1
(Sirolimus, Rapamune) (Approved) m
Beroimus | st otona | miTORC!
. u
(RADO001, Afinitor) pencymalg e
(Approved)
T iroli A 1 i A
emsmohmgs dvanced renal cell carcinoma (Approved) mTORCI
(CCI-779, Torisel)
Rldaforohmus Metastatic soft tissue sarcoma; mTORC1
(Taltorvic) Bone Sarcoma (Phase I1I)
Multiple myeloma; Diffuse large B-cell
CC-223 lympl.loma; Glioblastoma; Hepatocellular mTORC1/2
carcinoma; Non-small cell lung cancer;
hormone+ breast cancer (Phase I/1T)
Non-small cell lung carcinoma; Non-
Sapanisertib hematologlc rrllahgnancy; Hepatocellular. mTORC1/2
(INK-128) carcinoma; Glioblastoma; Advanced solid
malignancies; thyroid cancer (Phase I/II)
Renal cell carcinoma; breast cancer;
Apitolisi T s Tvmoh et .
pitolisib Non odgkm S yI'np oma; Solid cancers; PI3K/mTOR
(GDC-0980) Endometrial carcinoma; Prostate cancer
(Phase I/II)
li ; Non-small cell ;
XL765 Glioblastoma; Non-small cell lung cancer; PI3K/mTOR
breast cancer (Phase I/IT)
Transitional cell carcinoma*; Castration-
. resistant prostate cancer®; Pancreatic
Dactolisib .
actomst neuroendocrine tumors*; Acute PI3K/mTOR
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everolimus is likely to be the most successful compound for further preclinical
evaluation.

The need for new therapeutics to treat muscular dystrophy is as urgent now as it
has ever been. Unsuccessful clinical trials for promising drug candidates have
underscored the challenge of actually bringing drugs to market for these diseases. The
work presented here offers evidence in favor of the use of the mTORCI inhibitor
rapamycin for the treatment of dystroglycanopathy. This strategy offers the apparent
advantage of inhibiting certain disease processes that may be common to several
dystrophin-glycoprotein complex-related muscular dystrophies, although it should be
cautioned that some essential physiological functions are ascribed to mTOR signaling in
muscle and that proper determination of optimum dose and treatment schedules will
require care. Furthermore, our dosing study was initiated in 8 week old Myf5/Fktn KO
mice, which are typically situated midway in the dystrophic process (i.e. active
degeneration and regeneration). It is not unknown whether rapamycin or a related drug is
capable of reversing later-stage disease features, nor is it clear whether treatment
beginning at an even earlier stage would be more effective. These considerations are
important because severe dystroglycanopathies are congenital, meaning that muscle
weakness presents at or just after birth. Ultimately, translation of the findings presented
here into therapeutics for muscular dystrophy would require analysis of the effective
timeline of mTORCI1 inhibition, especially with regards to the period during which it is
capable of enhancing the function of dystrophic muscle, and an evaluation of its ability to
extend lifespan in a lethal muscular dystrophy model (e.g. Myf5/Fktn KO mice). Our

analysis has also been limited with respect to determination of the effects of rapamycin
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on different muscle types although the iliopsoas, the primary muscle assessed here, is one
of the most severely affected in the model used and therefore lends the promise of an
effect in others; it will also be of use to verify the effect found here in another
dystroglycanopathy model (to ensure that it is not fukutin-specific) and to more
systematically evaluate rapamycin in models of other dystrophin-glycoprotein complex-
related muscular dystrophies. In summation, the results of this work set the stage for
additional analysis of rapamycin or rapalogs in models of muscular dystrophy, and,

potentially, human muscular dystrophy patients.
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