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University of Washington
Abstract

Analyses of alpha-dystrobrevin-null mice implicate Niemann-Pick C1 in muscular
dystrophy

Michelle Sabrina Steen

Chair of the Supervisory Committee:
Professor and Chair Stanley C. Froehner
Department of Physiology and Biophysics

In skeletal muscle, the dystrophin-associated protein complex (DPC) links
the intracellular actin cytoskeleton to the extracellular matrix. Duchenne
muscular dystrophy (DMD) and various other muscular dystrophies are caused
by the loss or alteration of certain proteins of the DPC. Abnormalities of the
neuromuscular junction (NMJ) are also caused by the loss of various DPC
proteins. We performed gene expression analyses on skeletal muscles from
mice lacking the DPC members a-dystrobrevin (Dtna) or a-syntrophin (Snta) in
order to identify molecular alterations that result in muscular dystrophy and/or
NMJ abnormalities. We identified a highly significant reduction in Niemann-Pick
C1 (Npc1) transcript levels in Dtna”™ compared to wild-type mice. Mutations in
Npc1, a cholesterol- and sphingolipid-trafficking protein, cause a progressive,
neurodegenerative lysosomal storage disorder (NPC disease). We generated

transgenic mice expressing NPC1 exclusively in skeletal muscles of Dtna” and



mdx (dystrophin-null) mice and found a significant attenuation of the dystrophic
phenotype in both the Dtna” and mdx mice. We also observed a significant
improvement of the NPC phenotype in a line of NPC1-null mice possessing the
Npc1 transgene. The expression of transgenic NPC1 in skeletal muscle does not
appear to explain the phenotypic improvement of the NPC1-null mice, but the
insertion of the transgene into the chromosome may have physically affected a
gene encoding a protein capable of modulating the phenotype of the disease. In
conclusion, this research suggests a connection between altered NPC1 levels
and muscular dystrophy, a connection that could lead to novel therapies for this

grievous illness with few treatment options.



TABLE OF CONTENTS

Page
List Of ADDreviatioNS........cooo i e e e ae e e i
LISt OFf FIQUIES .ottt e et s e e e e e e e e e e s seseasannsanans iii
] e B I o] =SOSR iv
Chapter 1: INtrodUCHION.......c.o e e e e 1
Duchenne Muscular Dystrophy (DMD) ... 1
D)V ] (o] o] 1o U 2
Dystrophin-Associated Protein Complex (DPC) in skeletal muscle. ........... 4
Pathophysiology of DMD ... 11
Mouse models of muscular dyStrophY.....cccccciiiiiiinieic e 15
Therapeutic approaches 1o DMD ... 16
The DPC and the NMJ........ooiiiiii et 19
07o Yoo (B lo [1aTo I¢=Y 0 aF=T o 1€ TP 24
Chapter 2: Gene expression analyses of a-dystrobrevin-null and
o-syntrophin-null skeletal MUSCIES .......cooo i 28
(Ta] (oo 8 o3 (o o P 28
Materials and MethodS. ... e 30
RESUIS .ttt e e s e e e rr e e e e e e arareeeesanna 33
DISCUSSION ..t e s e s e e e e e e e e e re e e e et e b bt e e re e s 37
Chapter 3: NPC1 overexpression attenuates muscular dystrophy in
a-dystrobrevin-null and MAX MICE .........oovvvviiiiiiiiiri s 85
INEFOAUCTION ... et 85
Materials and MethOdS........oucviiiiiiiii e 87
RESUILS ...t e e e e e e e e e 94
DISCUSSION .ot r e e e e e e e e e e e e e e e e e ee s br bbb ans 100
Chapter 4: Insertion of transgene rescues phenotype of NPC-null mice .......... 112
INTrOAUCHION ... e 112
Materials and MethOdS........eueviiiiiiieiii e 114
RESUNS .. e 118
DISCUSSION ..o e e e e e e e e e e e ee s sessnnnnees 120
Chapter 5: Conclusions and future directions ..........ccococovvieeviiiiii e, 129
REIEIENCES ..o 137



LIST OF ABBREVIATIONS

AAV et e e adeno-associated virus
A e e e e e actin-binding
ABCAT e e e ATP-binding cassette A1
ACHR .o acetylcholine receptor
A e antisense oligonucleotide
BMD ... e Becker muscular dystrophy
0] o RO base pairs
0 USSR creatine kinase
CN S e central nervous system
O S SRR cysteine-rich
O L OSSP carboxy-terminal
DGO .. dystrophin-glycoprotein complex
DMD ..t Duchenne muscular dystrophy
DPC ... dystrophin-associated protein complex
L1 1T S a-dystrobrevin
DINA™ oottt re et aneneees o-dystrobrevin-null mice
] 3 R ettt Evans blue dye
B R e e endoplasmic reticulum
GEO gene expression omnibus database
H O A e human skeletal o-actin
LD ittt e e e e n e low-density lipoprotein
LGMD ..., ettt et e e eeeeeeeeeeeeree e ————————————— limb-girdle muscular dystrophy
0 ) G PR dystrophin-null mice
NIMU e e e nans neuromuscular junction
NNOS e neuronal nitric oxide synthase
[ PR nitric oxide
] O TSRS Niemann-Pick C1
INDCY e, Niemann-Pick C1-heterozygous mice
INDC ettt Niemann-Pick C1-null mice
Sl e e aas standard deviation
£ SRR o-syntrophin
SNEA™ oottt e a-syntrophin-null mice
1 2 PP tibialis anterior
TAINDCT) et mice expressing transgenic Npc1
WV G A e et e e e renn wheat germ agglutinin
L O RTINSO wild-type

i



LIST OF FIGURES

Figure Number Page
1.1 Diagram of the dystrophin-associated protein complex (DPC). ................ 26

1.2 Diagram of the dystrophin protein, isoforms, and related
TaMIlY MEMDEIS. oo s 27

3.1 Reduction of Npc1 mRNA and NPC1 protein in Dtna™ quadriceps. . .... 108

3.2  Expression of transgenic Npc1 under human skeletal a-actin
(o]0 1110 (=T PRSPPI 109

3.3  Amelioration of dystrophic phenotype by transgenic expression
OF NPCT IN DENA” MICE. oot e e eer e tee et ee et 110

3.4  Transgenic expression of Npc? improves dystrophic phenotype
OF MAX MUCE. oo e e e e e e ee e e annes 111

41  Npc”-Tg(Npc1)19 mice maintain weight gain similar to

WIlA-tYPE MICE. .oiiiiiiiieii it 124
4.2  Increased lifespans of male and female Npc”-Tg(Npc1)19 mice. ........ 125
4.3  Comparison of wild-type, Npc”-Tg(Npc1)19, and Npc” mouse

hindlimb responses to being lifted by the tail. ...........ccooiiiiii 126
4.4  Transcript levels in quadriceps muscles and brains from

wild-type, Npc”-Tg(Npc7)19, and NPC” MICE. w...oveiveeeeereeeeeeeeeereens 127
4.5 Expression of transgenic NPC1 is limited to skeletal muscle. ............... 128

il



LIST OF TABLES

Table Number Page
2.1 Quantitative RT-PCR primers and probesS...........cccooericcivrinieeeeiireieae e 45
2.2  Up-regulated transcripts in Snta” versus wild-type

QUAAIICEPS MUSCIE. ...cceoe i r e e e e s raanens 46
2.3  Down-regulated transcripts in Snta™ versus wild-type

QUAANICEPS MUSCIE. ..o e e e e e e e e e e e e e e e e e e e e s e 50
2.4  Up-regulated transcripts in Dtna™ versus wild-type

(o [BE=To g ot=T o134 p U LT = SO UR 53
2.5 Down-regulated transcripts in Dtna™ versus wild-type

QUAAICEPS MUSCIE. ...ceeeeveii e e a e s e e es 57
2.6 Comparison of Snta™ guadriceps gene expression changes,

using Affymetrix arrays versus RT-PCR........ccccccoiiiiieii e ccinen e 60
2.7  Comparison of Dtna” quadriceps gene expression changes,

using Affymetrix arrays versus RT-PCR.........ccocciiiiiiiiiiiee e 61
2.8  Gene expression changes in common between Dtna” and

Snta” QUAAIICEPS MUSCIES ..vcviiiieiiiiirie e ecirreer e s e e e e s reee e e snnees 62
2.9  Up-regulated transcripts in Dtna™ versus wild-type diaphragm

MUSCIE ..o, e h et reereeeeeeteeeeeaina b erererereteeaeeaeeaaaanrarrns 63
2.10 Down-regulated transcripts in Dtna™ versus wild-type

diaphragm MUSCIE .....cooooi e 72
2.11 Gene expression changes in common between Dtna™

diaphragm and quadriCeps MUSCIES.........cccoveeiiiiiie e e 84

v



ACKNOWLEDGEMENTS

I would first like to thank members of the Froehner lab, past and present, for
your friendship and advice over the years. A special thanks to my advisor, Stan
Froehner, for your advice and guidance and for giving me the freedom of
scientific exploration; to Marv Adams for teaching me biochemistry and
molecular biology; and to Yan Tesch and Kendra Anderson for excellently and
tirelessly maintaining all my mouse strains.

Thanks to my committee members: Mark Bothwell, Neil Nathanson, Jashvant
Unadkat, and Linda Wordeman for your feedback, suggestions, and guidance.

Thanks to Greg Martin at the Keck Imaging Center for your assistance with
microscopy.

Thanks to Josh Sanes (Harvard University) and Mark Grady (Washington
University) for providing the alpha-dystrobrevin-null mice and to Jeff
Chamberlain (University of Washington) for the HSA promoter construct.

Thanks to the entire staff of the Physiology and Biophysics department. Your
help and kindness are unmatched and very much appreciated.

Thanks to all the friends I've made since moving to Seattle. A special thanks to
Kathleen Rankin for your support through the good times and the bad.

Finally, thanks to my family. | cannot describe how important your love and
support have been to me during this journey. Thanks to my parents for
encouraging me always to strive for the best. You have taught me strength,
courage, and perseverance. Thank you for always being there for me. Thanks
to my sister, Renée, for inspiring me with your own hard work and tenacity.
Lastly, thanks to my partner, Sue Cottrell, for being my pillar and for showing
never-ending patience and understanding. Thank you not only for believing in
me but for teaching me to believe in myself. Now, onto our next little adventure.



DEDICATION

To my parents, Ronald and Regula Steen.

vi



CHAPTER 1:

Introduction

Duchenne Muscular Dystrophy (DMD)

DMD is an X-linked recessive, muscle wasting disorder affecting nearly
1:3,500 males. The disorder is caused by mutations in the dystrophin gene,
which result in the complete loss of the dystrophin protein (Hoffman et al.,
1987). Although symptoms may appear as early as infancy, patients generally
become symptomatic between the ages of two and five, exhibiting difficulty with
motor skills such as walking and stair climbing, as a result of weakness of the
leg and pelvic muscles. In addition to skeletal muscle weakness, patients also
exhibit pseudohypertrophy of the calf muscles (enlarged calf due to
replacement of muscle by fat and connective tissue) and may have
cardiomyopathy and mental retardation. Muscle wasting of the leg and pelvic
muscles worsens, followed by weakening of the upper body muscles, including
respiratory muscles. By the age of twelve, children become confined to a
wheelchair, followed by death in the early twenties, typically due to respiratory
failure as a result of excessive weakening of the respiratory muscles, or more
rarely, due to cardiac failure.

Diagnosis of DMD may involve a serum creatine kinase (CK) test,
genetic testing, and/or a muscle biopsy. In healthy, non-exercised, intact

muscle, creatine kinase is contained within the muscle fibers. However, when



muscle fibers are damaged or deteriorating, creatine kinase escapes from the
fibers and enters the bloodstream. Elevated serum CK levels therefore may
indicate damaged or diseased muscle, and are in fact, grossly elevated in DMD
patients. Genetic testing may be performed to identify whether or not the
dystrophin gene contains large deletions or duplications of the dystrophin gene.
Unfortunately, only about two-thirds of DMD patients carry these large, common
deletions/duplications that can be identified by the current, commonly-used
PCR-based screening assays (Beggs et al., 1990; Chamberlain et al., 1988).
Lastly, muscle biopsies are performed to determine if muscle fibers contain the
dystrophin protein and to examine the fibers for signs of degeneration and
regeneration. Normal, healthy muscle has uniformly sized fibers and nuclei
located peripherally on the fibers. In contrast, DMD muscles characteristically
have variably-sized fibers, fibers with central nuclei, which are regenerat‘ing
fibers derived from satellite cells, and regions‘of necrotic or degenerating fibers
surrounded by macrophages and CD4+ lymphocytes (McDouall et al., 1990).
As the disease progresses, muscles lose their regenerative capacity and the
fibers are replaced with connective and adipose tissues. Currently DMD cannot

be cured. Treatments instead are aimed at improving the quality of life.

Dystrophin
Dystrophin is localized to Xp21 and consists of 2.5 million base pairs

(Coffey et al., 1992; Hoffman et al., 1987; Monaco et al., 1992; Roberts et al.,



1993). The largest known gene at this time, dystrophin contains 79 exons and
encodes a 427 kDa protein (Hoffman et al., 1987; Koenig et al., 1988; Roberts
et al., 1993). In addition to causing DMD, mutations in the dystrophin gene also
cause Becker muscular dystrophy (BMD), a less severe disease than DMD
(Kingston et al., 1983). Whereas DMD patients essentially fail to produce the
dystrophin protein, BMD patients can make a shortened, albeit functional
dystrophin, at reduced levels.

Expression of full-length dystrophin (Dp427) is driven by three different
tissue-specific promoters: brain, muscle, and Purkinje promoters (Blake et al.,
2002). The protein products of the different promoters differ only in the first
exon. In addition, alternate promoters located within the dystrophin gene drive
expression of four short versions of dystrophin with unique amino-terminals:
Dp260 (260 kDa), Dp140 (140 kDa), Dp116 (116 kDa), and Dp71 (71 kDa).
Dp260 is expressed in the retina (D'Souza et al., 1995); Dp140 is expressed in
the brain and kidney (Durbeej et al.,, 1997; Lidov et al., 1995); Dp116 is
expressed in Schwann cells (Byers et al.,, 1993); and Dp71 is ubiquitously
expressed in non-muscle tissue (Bar et al., 1990; Lederfein et al., 1992).

Full-length dystrophin (Dp427), which is found in skeletal muscle,
consists of an amino-terminal actin—binding domain adjacent to a rod domain,
which contains 24 spectrin-like repeats interspersed with 4 proline-rich hinges
(reviewed in (Ervasti, 2007)). The spectrin-like repeats and hinges are thought

to give the protein a flexible, rod-like structure. Within this rod domain is a



second actin-binding domain. Following the 24" repeat of the rod domain is the
fourth hinge, which together with the neighboring cysteine-rich (CR) domain
binds B-dystroglycan. Lastly, the carboxy-terminal (CT) domain is the binding
site of the dystrobrevins and syntrophins. B-dystroglycan, the syntrophins, and
the dystrobrevins are members of the dystrophin-associated protein complex
(Figure 1.1), which will be discussed in greater detail later. A schematic

illustrating dystrophin and dystrophin-related proteins is shown in Figure 1.2.

Dystrophin-Associated Protein Complex (DPC) in skeletal muscle

Within a couple of years after the identification of the dystrophin gene
and protein, digitonin-solubilized dystrophin from skeletal muscle membranes
was found to bind to wheat gerrh agglutinin (WGA)-Sepharose (Campbell and
Kahl, 1989). This technique, combined with additional purification steps,
allowed for the identification of several proteins, including an integral membrane
glycoprotein, later called B-dystroglycan, that form a complex with dystrop'hin.
This complex was termed the dystrophin-glycoprotein complex (DGC), also
known as the dystrophin-associated protein complex (DPC) (Figure 1.1). This
finding provided the first evidence that dystrophin, by way of an interaction with
an integral membrane associated glycoprotein, could link the cytoskeleton to
the sarcolemma and possibly the extracellular matrix. Aside from dystrophin,
the DPC in skeletal muscle is comprised of o and [B-dystroglycan, the

sarcoglycans (o, B, v, 8), sarcospan, the syntrophins, and o-dystrobrevin. The



proteins co-localize with dystrophin at the sarcolemma and are absent or
greatly reduced in dystrophin-deficient (mdx and DMD) muscle, suggesting that
a function of the DPC may be to provide structural integrity to the sarcolemma
during muscle contraction (Butler et al., 1992; Crosbie et al., 1997; Ervasti et
al., 1990; Mizuno et al., 1995; Mizuno et al., 1994a).

A. Dystroglycan

Dystroglycan was the first member of the DPC to be cloned. Derived
from a single transcript that is proteolytically processed, o-dystroglycan (156
kDa) and B-dystroglycan (43 kDa) complete the link between dystrophin and the
extracellular matrix (Ibraghimov-Beskrovnaya et al., 1992). p-dystroglycan
spans the sarcolemma and binds to the CR region of dystrophin. o-

dystroglycan, on the other hand, lies extracellularly and binds both [3-
dystroglycan and laminin in the extracellular matrix (Suzuki et al., 1994). The
dystroglycans are essential members of the DPC as the lack of dystroglycan in
mice results in embryonic lethality (Williamson et al., 1997).

B. Sarcospan and the Sarcoglycans

Sarcospan (25 kDa) resides in the sarcolemma and consists of four
transmembrane spanning domains (Crosbie et al., 1997). The exact function of
sarcospan is unknown. Tightly bound to sarcospan is the sarcoglycan sub-
complex.  The sarcoglycans (o, B,7v, 0) are single-pass ftransmembrane
glycoproteins that form a tetrameric complex within the sarcolemma (Ozawa et

al., 2005). Neither the sarcoglycans nor sarcospan interact directly with



dystrophin.  However, the sarcoglycan complex binds o-dystrobrevin, and
through an interaction with biglycan, is linked to a-dystroglycan (Bowe et al.,
2000; Rafii et al., 2006). These interactions suggest that the sarcoglycan
complex may help to stabilize the DPC.

C. The Dystrobrevins

The dystrobrevins were originally identified from postsynaptic
membranes of the Torpedo electric organ (Carr et al., 1989). In mammals, they
are encoded by two different genes to generate a- and B-dystrobrevin, both of
which share sequence homology with the C-terminal end of dystrophin and both
of which bind directly to the carboxy-terminal of dystrophin (Figures 1.1 and 1.2)
(Ambrose et al., 1997; Blake et al., 1996; Carr et al., 1989; Peters et al., 1997b;
Sadoulet-Puccio et al.,, 1996). B-dystrobrevin is expressed in several tissues,
but not in cardiac or skeletal muscle (Peters et al., 1997b). Alternative splicing
of o-dystrobrevin gives rise to six isoforms (o-dystrobrevin-1, -2a/b, -3, -4, -5)
with complex expression patterns (Blake et al., 1996; Enigk and Maimone,
1999; Sadoulet-Puccio et al., 1996). Together the a-dystrobrevins are
ubiquitously expressed. However, only a-dystrobrevin-1, -2, and -3 are found in
skeletal muscle, and only a-dystrobrevin-4 and -5 are found in brain (Blake et
al., 1996). In skeletal muscle, a-dystrobrevin-1 preferentially localizes to the
neuromuscular junction (NMJ), whereas a-dystrobrevin-2 localizes to the NMJ

as well as the extra-synaptic regions of the sarcolemma (Peters et al., 1998).



Because a-dystrobrevin-3 does not have a protein sequence unique from the
other a-dystrobrevins, its expression pattern in skeletal muscle is not known.

The multiple splice variants and complex tissue distribution of the
variants suggest different roles for the different isoforms depending on the
tissue. The precise function of the dystrobrevins is unknown. However, mice
lacking o-dystrobrevin have a mild muscular dystrophy and abnormalities of the
NMJ (discussed below), suggesting a structural role for dystrobrevin and a role
in the maintenance of the NMJ. How the loss of dystrobrevin leads to these
muscle abnormalities is unknown. However, that syntrophins bind o-
dystrobrevin as well as numerous signaling molecules (discussed below) and
that syntrophins are decreased in o~dystrobrevin-null muscle (Grady et al.,
1999; Grady et al., 2000) suggest that abnorrhal signaling may contribute to the
abnormalities of the a-dystrobrevin-null mouse.

D. The Syntrophins

The syntrophins (58 kDa) are a family of five modular adapter proteins
encoded by five separate genes (o, 1, B2, v1, v2). y1- and y2-syntrophin are
the least characterized syntrophins. +y1-syntrophin is not found in skeletal
muscle, but is highly expressed in brain and to a lesser extent in testes;
whereas y2-syntrophin is expressed in a number of tissues, including skeletal
muscle where it is confined to the subsynaptic space beneath the
neuromuscular junction (NMJ) in mice (Alessi et al.,, 2006). The most

characterized syntrophins, a1-, p1-, and P2-, are expressed in a variety of



tissues, including skeletal muscle, although B1-syntrophin is only expressed in
high levels in type lIb fast-twitch muscle fibers (Peters et al., 1997a). In skeletal
muscle, all three are present at the NMJ, but only o-, and B1- syntrophin
localize to the extra-synaptic regions of the sarcolemma where o-syntrophin
predominates (Adams et al., 1993; Kramarcy and Sealock, 2000; Peters et al.,
1997a; Peters et al.,, 1994). Protein interaction studies and studies using
syntrophin-null mice suggest that syntrophins mediate cell signaling and are
also important for proper maintenance of the NMJ (Adams et al., 2000).

E. Function of the DPC

The best-recognized and studied role of the DPC is in maintaining the
structural integrity to the sarcolemma via its connection to intracellular actin.
The most well-known example of this role comes from the loss of dystrophin,
which forms a direct, physical link between the sarcolemma and actin. The
fragility of muscle fibers is evident from elevated creatine kinase levels,
reflecting damage to the sarcolemma, the uptake by muscle fibers of
systemically-injected Evans blue dye following exercise, also reflecting damage
to the sarcolemma, and reduced ability to maintain force production during
sustained periods of muscle contraction (Head et al., 1994; Moens et al., 1993;
Petrof et al., 1993). Although Duchenne muscular dystrophy may arguably be
the most well-known, several forms of fnuscular dystrophy are also caused by
mutations in other DPC members. For example, deletions of individual

sarcoglycans cause limb-girdle muscular dystrophies (LGMD) in humans and



progressiVe muscular dystrophies in mice. These are characterized by
myofiber degeneration, cell infiltration, and fibrosis and the influx of Evans blue
dye and efflux of creatine kinase, suggesting damage to the sarcolemma
(Ozawa et al., 2005). The connection between the dystroglycans and
between dystrophin and p-dystroglycan are weakened by the loss of
sarcoglycans, suggesting the damage to the sarcolemma may be due to
disruption of the physical connection between the inside and outside of the
fibers.

A second function of the DPC is to maintain the stability of the NMJ,
which was determined based, in part, on mice generated to lack either o-
dystrobrevin or o-syntrophin. Both knockout mice have abnormal appearing
NMJs, characterized by reduced numbers of post-junctional folds, a reduction of
acetylcholine receptors (AChR), and/or an abnormal distribution of AChR
(Adams et al., 2000; Grady et al., 2000). The role of the DPC in the formation
and maintenance of the NMJ will be discussed in a following section.

A third role for the DPC also appears to be in cell signaling. Syntrophin
is likely one of the DPC’s mediators of signaling. Syntrophins bind dystrophin
and o-dystrobrevin directly (Ahn et al., 1996; Ahn and Kunkel, 1995; Dwyer and
Froehner, 1995; Kramarcy et al., 1994; Yang et al., 1995). Both a-dystrobrevin
and dystrophin contain two binding sites for syntrophin, allowing for four
syntrophins to be bound to the DPC in muscle at any given time (Ahn and

Kunkel, 1995; Newey et al., 2000). To date, several signaling molecules have
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been shown to interact with syntrophin and therefore the DPC. Via its PDZ
domain, the various syntrophins associate with signaling proteins such as
voltage-activated sodium channels (Nav1.4 and Nav1.5) (Gee et al., 1998;
Schultz et al., 1998), potassium channels (Connors et al., 2004; Leonoudakis et
al., 2004), stress-activated protein kinase-3 (SAPK3) (Hasegawa et al., 1999), a
microtubule-associated serine/threonine kinase (MAST) (Lumeng et al., 1999),
a syntrophin-associated serine/threonine kinase (SAST) (Lumeng et al., 1999),
ICA512 (Ort et al., 2000), Grb2 (Oak et al., 2001), a1D-adrenergic receptor
(Chen et al., 2006), ATP-binding cassette A1 (ABCA1) (Buechler et al., 2002;
Munehira et al., 2004), and perhaps the most well-studied DPC-interacting
protein, neuronal nitric oxide synthase (nNOS), which regulates vasodilation
during exercise (Brenman et al., 1996). In addition to the above interactions, f3-
dystroglycan binds caveolin-3, which is known to recruit signaling molecules
(Sotgia et al., 2000). Caveolin-3, which is specifically expressed in skeletal
muscle, has been shown to bind signaling molecules such as nNOS (Venema
etal, 1997). Another example for the possible role of the DPC in signaling
comes from studies using the o~dystrobrevin-null mouse, which is mildly
dystrophic and has NMJ abnormalities. In this work, a-dystrobrevin-1, which
can be tyrosine phosphorylated and is preferentially expressed at the NMJ, and
o-dystrobrevin-2, which is not tyrosine phosphorylated and is normally present
along the sarcolemma and NMJ, were independently transgenically expressed

in a-dystrobrevin-null mice (Grady et al., 2003). While muscle fiber
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degeneration was corrected by transgenic expression of either of these
isoforms, only the transgenic expression of a-dystrobrevin-1 could correct the
NMJ defects. This observation coupled with site-directed mutagenesis studies
of the phosphorylation sites suggested the necessity of o-dystrobrevin
phosphorylation for proper NMJ formation and the different signaling
possibilities of the a~dystrobrevins.

Based upon the above-mentioned interactions and the number of
syntrophins that can possibly bind the DPC at one time, it seems plausible that
a role of the DPC is to bring signaling proteins into close contact with each
other and/or tether signaling proteins to the sarcolemma for fast and efficient
cell signaling. However, whether or not abnormalities in this putative signaling
function of the DPC contribute to the pathophysiology of DMD patients or NMJ
abnormalities of a-dystrobrevin-null or a-syntrophin-null mice is still unclear. In
order to address these questions, gene expression analyses, described in
Chapter 2, of o-dystrobrevin-null and o-syntrophin skeletal muscles were
performed to identify alterations in expression of signaling molecules that might
contribute to DMD and/or NMJ abnormalities, resulting from the loss of o-

dystrobrevin or a-syntrophin.

Pathophysiology of DMD
Neither an effective treatment, much less a cure, for DMD exists. While

much attention has focused on restoration of the DPC by bringing back
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dystrophin or dystrophin-like proteins (discussed below in Therapeutic
approaches to DMD), greater understanding of the mechanisms leading from
dystrophin-deficiency to muscle degeneration could provide alternate areas of
therapeutic focus. Several hypotheses have emerged as to the causes leading
to degeneration, resulting from dystrophin loss (reviewed in (Deconinck et al.,
2006). One long-standing hypothesis is that membrane damage causes the
loss of calcium homeostasis, leading to calpain activation, cell and membrane
proteolysis, and ultimately cell death. However, examination of intracellular
calcium levels in mdx and DMD tissue has yielded inconsistent data (Collet et
al., 1999; Gailly et al., 1993; Turner et al., 1991). Based upon knowledge of the
DPC members and function, two other hypotheses seem plausible, although
still under debate: a structural and a signaling hypothesis.

As noted above, one of the functions of the dystrophin complex is to link
the intracellular cytoskeleton to the extracellular matrix. Early studies have
shown that mice lacking dystrophin (mdx) exhibit increased tearing of the
myofibers in response to muscle contractions (Petrof et al., 1993). Located on
the cytoplasmic side of the sarcolemma, dystrophin sits in a rib-like lattice
protein network, called costameres. Costameres contain large membrane-
cytoskeletal complexes, which include the DPC, spectrin, ankyrin, and vinculin,
and lie at the sarcolemma and over M-lines of nearby myofibrils (reviewed in
(Bloch and Gonzalez-Serratos, 2003)). One theory of costameric function is

that they transmit forces laterally from myofibril to myofibril out to the
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sarcolemma, thereby reinforcing the sarcolemma by enabling it to move in
unison with the myofibrils during contraction (Bloch and Gonzalez-Serratos,
2003). Studies in mdx mice have found that the distribution of the costameric
protein, B-spectrin, is altered as is the organization of the costameric strands
(Williams and Bloch, 1999). By losing dystrophin, the costameric link between
the myofibers and sarcolemma is thus lost, which is believed to make the
sarcolemma susceptible to tearing during contractions.

Whether or not the loss of costameric function is responsible for damage
to the sarcolemma is still under debate. However, clearly, the integrity of the
sarcolemmae-is compromised in dystrophin-deficient muscle as it becomes
permeable to macromolecules. Creatine kinase, for example, an enzyme
normally found inside muscle, is elevated in serum of DMD patients. Evans
Blue Dye (EBD) is also used to determine membrane permeability. In this case,
EBD injected into the tail vein of mice became apparent in degenerating mdx
myofibers, but noi in intact or regenerating mdx fibers or wild-type mouse fibers
(Matsuda et al., 1995). Similar results have been found using procion orange
dye. Moreover, even greater uptake of orange dye was observed after forced
muscle contractions than during rest in mdx muscles (Petrof et al., 1993).

Another area that could contribute to the disease course of DMD is
altered signal transduction. The DPC members, syntrophins, bind numerous
signaling molecules, as reviewed above. Given this and the fact that

syntrophins have two binding sites on both dystrophin and dystrobrevin (Ahn
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and Kunkel, 1995; Newey et al., 2000) and that syntrophin is absent from the
sarcolemma in the absence of dystrophin (Butler et al., 1992), one could
imagine that perturbations in signal transduction would arise from the absence
of syntrophin at the membrane, contributing to the pathphysiology of DMD. A
promising example of what might occur from the loss of syntrophin came from
one of syntrophin’s binding partners, nNOS, which produces nitric oxide (NO),
an important regulator of vasodilation during exercise (Brenman et al., 1996).
As nNOS is absent from the sarcolemma of dystrophin-deficient tissue and the
vasodilation response during exercise is impaired in DMD muscle, one
hypothesis of DMD pathophysiology was that the lack of NO production could
cause muscle ischemia during exercise (Brenman et al., 1996; Crosbie, 2001;
Sander et al., 2000). However, neither nNOS-null mice nor syntrophin-null mice
show any signs of muscle disease (Adams et al., 2004; Adams et al., 2000;
Huang et al., 1993). Intriguingly, though, transgenic overexpression of NNOS in
madx muscle alleviates the dystrophic phenotype (Wehling et al., 2001). A “two-
hit” hypothesis has been proposed to explain this apparent paradox (Rando,
2001). According to the hypothesis, the pathogenic defects found in DMD
muscle are likely caused by at least two biochemical consequences, such as

enhanced ischemia, resulting from the loss of nNOS (first hit), in combination

with an increased vulnerability of the muscle to ischemia, resulting from the
disruption of the DPC in DMD (second hit). The hypothesis thus suggests that,

while the loss of one protein alone might not be detrimental to muscle, it may, in
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connection with the loss of dystrophin and the DPC, contribute to the DMD

phenotype.

Mouse models of muscular dystrophy.

The understanding of DMD and the function of the DPC, as well as the
research into therapies and treatments for DMD, have been greatly aided by the
use of various animal models of muscular dystrophy. The most commonly used
animal model is the mdx mouse, which arose from a spontaneous, nonsense
mutation in exon 23 of the dystrophin gene (Bulfield et al., 1984; Sicinski et al.,
1989). Like human DMD patients, the mutation is X-linked recessive and the
mdx mice do not make the dystrophin protein (Hoffman et al., 1987). Muscles
exhibit abnormal morphology beginning at approximately 3 weeks of age, at
which time muscle weakness develops and muscle degeneration and
regeneration events become evident (e.g. muscle fiber necrosis, fiber size
variation, elevated serum creatine kinase and pyruvate kinase levels,
accumulation of macrophages, proliferation of satellite cells and fibroblasts, and
small, centrally-nucleated fibers) (Bulfield et al., 1984). However, for unknown
reasons, the myopathology in mdx mice is much less severe than that of DMD
patients with only the diaphragm displaying the severe myopathy seen in DMD
patients (Sicinski et al., 1989), and the mice essentially live a normal lifespan,

an obvious difference from human DMD patients. Despite the slight phenotypic
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differences between humans and mice, the mdx mouse is an invaluable tool in
the study of DMD.

in addition to mdx mice, mice lacking a-dystrobrevin (Dtna™) also display
a muscular dystrophy, albeit a milder form than that of mdx mice. Dtna” mice
were created by deleting a 2.5kb segment, containing exon 3, of the -
dystrobrevin gene (Grady et al., 1999). The deletion results in the loss of o-
dystrobrevin-1 and o-dystrobrevin-2, which are the only known Dtna splice
variants in skeletal muscle (Peters et al., 1998). Dtna” muscles resemble mdx
muscles but to a milder degree, e.g. less necrosis, fibrosis, and fiber size
variability, and fewer centrally-nucleated fibers and macrophages. Dtna™
muscles become dystrophic by one month of age, with the number of necrotic
fibers reaching a plateau at six months of age and centrally-nucleated fibers at

three months of age. Like mdx mice, Dtna™ mice live a normal lifespan.

Therapeutic approaches to DMD

Despite the identification nearly 20 years ago of dystrophin as the gene
affected in DMD, a therapy for DMD still has yet to be found. However, in 1996,
Cox et al. showed that transgenically overexpressing full-length dystrophin in
mdx mouse muscle effectively restored expression of dystrophin and the other
DPC members at the sarcolemma and eliminated the dystrophic phenotype, as
illustrated by restoration of the morphological, immunohistochemical, and

functional aspects of the muscles (Cox et al.,, 1993). This work effectively
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marked the beginning of the current, on-going effort to use gene therapy to treat
DMD. Current efforts to restore functional dystrophin into humans include the
use of antisense oligonucleotides (AO) to create short forms of dystrophin by
modifying the in vivo processing of dystrophin, and the use of viral vectors for
introducing short forms of dystrophin.

One approach to introducing dystrophin into muscle cells is to modify
dystrophin pre-mRNA processing. Both Duchenne and Becker muscular
dystrophies occur from mutations in the dystrophin gene. However, while DMD
patients are diagnosed young, suffer from severe, progressive skeletal loss,
and die by their early 20s, BMD patients are typically diagnosed later, have less
severe muscle loss, and can live into mid- to late-adulthood. The phenotypic
differences result from the types of genetic mutations giving rise to the two
diseases, i.e. DMD is caused by out-of-frame mutations, resulting in the loss of
the dystrophin protein, whereas BMD is caused by in-frame mutations, resulting
in shortened, yet functional, dystrophin protein (Monaco et al., 1988). Current
efforts aim to alter dystrophin pre-mRNA processing in order to restore the
reading frame and create functional dystrophin protein (Mann et al., 2001). The
goal of this method is to convert the DMD phenotype to that of BMD, as a
shorter, but functional dystrophin protein would be generated. In vitro studies
using DMD and mdx muscle cells have shown that AOs can block normal splice
sites of dystrophin pre-mRNA, resulting in a skipping of the exon(s), restoration

of the reading frame, and synthesis of dystrophin protein (Aartsma-Rus et al.,
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2002; Mann et al., 2001; van Deutekom et al., 2001). Work in mdx mice, using
intramuscular injection of AOs, has also shown effective dystrophin synthesis,
as well as less dystrophic muscles (Williams et al., 2006; Yin et al., 2007).

As DMD is caused by various types of out-of-frame mutations, e.g.
duplications, insertions, or single-point mutations, no one AO will be sufficient to
treat all DMD cases. Each patient’'s mutations will need to be known and a
tailor-made plan will need to be devised for each case. Additionally, some
restorations of reading frames by exon-skipping will be easier than others. For
example, single-exon duplication events appear easier to target than multiple-
exon events. However, depending on the duplicated exon, sometimes
attempting to skip the duplicated exon results in the inadvertent skipping of the
original exon as well, generating out-of-frame mutations (Aartsma-Rus et al.,
2007). In other cases, again depending on which exon the mutation is in, some
single exons can be simply skipped while still staying in frame, whereas in other
cases, adjacent exons must also be skipped in order to restore the open
reading frame. Although many questions, like the safety and long-term
effectiveness of this technology still need to be addressed, exon-skipping
provides a promising treatment for DMD.

Adeno-associated virus (AAV)-based vectors are being explored as a
means of delivering dystrophin to muscle cells. Because of the small genome
size of the AAV vector and large size of the dystrophin gene, full-length

dystrophin cannot be packaged efficiently into AAV vector (Hermonat et al.,
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1997). Like in exon-skipping, efforts have therefore focused on the creation of
shorter, yet still functional, dystrophins that can be inserted into the AAV
genome and effectively packaged into the virion for delivery to muscle. These
“micro-dystrophins” and “mini-dystrophins” lack various amounts of the central
rod domain and/or carboxy-terminus and have shown to be an effective method
of restoring dystrophin in and attenuating the phenotype of mdx muscle
(Gregorevic et al., 2006; Liu et al., 2005; Ragot et al., 1993; Wang et al., 2000).
Ultimately, the effective delivery of dystrophin to DMD muscle and the
amelioration of DMD will require not only a functional dystrophin packaged into
AAV, but also the lack of an immune response to the virus and an efficient
mechanism and effective viral dose for long-term, widespread delivery of the
virus to within and among muscles (Ragot et al., 1993). Efforts are currently
underway to address these issues in the mdx mouse and canine models of

DMD (Foster et al., 2006; Wang et al., 2007; Yuasa et al., 2007).

The DPC and the NMJ

To this point, the focus on the dystrophin complex has largely been on its
components and their functions at the extra-synaptic regions of the
sarcolemma, but the complex also has important roles at the NMJ, too. The
complex members at the NMJ are the same or similar to those on the
sarcolemma, but whereas the DPC members are significantly reduced or lost

from the sarcolemma in the absence of dystrophin, they are retained at the
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post-synaptic membrane of the NMJ (Crosbie et al., 1997; Grady et al., 1997b;
Peters et al., 1997b; Peters et al., 1998). The most notable differences at the
post-synaptic membrane from the rest of the sarcolemma are the presence of a
dystrophin homolog, utrophin, the organization of the complex members, and
the role of the complex in NMJ maturation and maintenance.

Utrophin was identified from human fetal muscle two years after the
discovery of dystrophin (Love et al., 1989). Derived from an autosomal gene,
utrophin shares approximately 80% amino acid identity with dystrophin (Figure
1.2). Utrophin is expressed in a number of tissues, including lung, which has
high levels of expression, brain, nervous system, vascular endothelial and
smooth muscle cells, and skeletal muscle (Karpati et al., 1993; Love et al.,
1991; Matsumura et al, 1993). Immunohistochemical examination found
utrophin expressed along the sarcolemma of fetal muscle fibers, as well as
along the sarcolemma of adult muscle fibers after denervation (Takemitsu et al.,
1991). In normal adult fibers, utrophin is only expressed at the NMJ,
colocalizing with acetylcholine receptors (AChR). However, in dystrophin-
deficient fibers, utrophin is found not only at the NMJ, but all along the
sarcolemma in a manner similar to dystrophin in normal muscle (Karpati et al.,
1993; Nguyen et al., 1991). Because utrophin binds to the same DPC proteins
as dystrophin (Ahn et al., 1996; Chung and Campanelli, 1999; Matsumura et al.,
1992; Peters et al., 1998), this suggests that utrophin is upregulated in order to

compensate for the lack of dystrophin at the sarcolemma. Two lines of
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evidence largely support this idea. First, mice lacking both dystrophin and
utrophin exhibit a more severe dystrophy than mice lacking only dystrophin
(Grady et al., 1997b). Second, transgenic overexpression of utrophin rescues
the phenotype of dystrophin-null mouse (mdx) muscle (Tinsley et al., 1998).
The post-junctional membrane of skeletal muscle is arranged into a
series of folds, and some DPC members localize to specific regions of those
folds. Utrophin localizes to the crests of the folds with AChR, whereas
dystrophin is found in the troughs of the folds with voltage-gated sodium
channels (Bewick et al., 1992; Byers et al., 1991; Flucher and Daniels, 1989;
Sealock et al., 1991). Along the extra-synaptic regions of the sarcolemma, B-
dystroglycan binds to dystrophin, but at the NMJ, B-dystroglycan is also able to
bind to utrophin (Chung and Campanelli, 1999). Yeast-two hybrid studies found
that a-dystrobrevin-1, which is found exclusively at the NMJ, interacts with both
utrophin and dystrophin, and o-dystrobrevin-2, which is found all along the
sarcolemma, binds only to dystrophin (Peters et al., 1998). Accordingly, o-
dystrobrevin-1 localizes to the crests and troughs of the folds with utrophin and
dystrophin, and oa-dystrobrevin-2 is found predominantly in the troughs with
dystrophin (Peters et al., 1998). Like the dystrobrevins, the syntrophins also
have distict localization patterns at the NMJs of adult muscle. Colocalization
studies found a1-syntrophin staining at the crests and troughs, consistent with
biochemical studies showing a1-syntrophin associating equally well with

utrophin and dystrophin (Ahn et al., 1996; Kramarcy and Sealock, 2000). B2-
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syntrophin stained strongly in the troughs, but weakly at the crests, a surprising
result given that B2-syntrophin associates with utrophin and dystrophin in
immunopurification assays (Ahn et al., 1996; Kramarcy and Sealock, 2000;
Peters et al., 1997a). B1-syntrophin is detectable in only a subset of type llb
fast fibers in mice over six weeks of age, where it localizes exclusively to the
troughs of the folds, again somewhat surprising given its interactions with both
utrophin and dystrophin (Ahn et al., 1996; Kramarcy and Sealock, 2000).
Lastly, y2-syntrophin also preferentially localizes to the NMJ, but is actually in a
subsynaptic space under the NMJ, thus not found in the folds at all (Alessi et
al., 2006). These data show that DPC member localization at the NMJ is quite
distinct, likely reflecting specialized functions for the different DPC combinations
at the different regions of the NMJ.

The formation of the synapse requires the agrin-stimulated clustering of
acetylcholine receptors (AChR) on the postsynaptic membrane (Gautum et al.,
1996); however, the stabilization and maintenance of the NMJ depend upon the
presence of the dystrophin complex, as suggested by mice lacking elements of
the DPC. o-syntrophin null (Adams et al., 2000), B2-syntrophin-/a-syntrophin-
null (Adams et al., 2004), o~dystrobrevin null (Grédy et al., 2000), and utrophin-
null mice (Deconinck et al., 1997; Grady et al., 1997a) each have structural
defects at the neuromuscular junction (NMJ).

Despite utrophin’s strict localization to the NMJ in adult skeletal muscle,

suggesting its importance to NMJ structure, mice lacking utrophin display no
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signs of dystrophy and have only mild neuromuscular defects (Deconinck et al.,
1997; Grady et al., 1997a). These defects include a reduction in the number of
acetylcholine receptors by 30-50%. The effect of this alteration on
neuromuscular transmission is minimal, with only minor reductions in miniature
end-plate current amplitudes observed.

The o-dystrobrevin-null and syntrophin-null mice have provided more
convincing evidence of the importance of the DPC at the NMJ (Adams et al.,
2000; Grady et al., 2000). In contrast to wild-type mice, the o-dystrobrevin-null
and o-syntrophin-null mice have shallower gutters, abnormal and reduced
numbers of folds (>50%), and abnormal distribution of AChRs. AChRs appear
in patchy clusters both along the folds and extending beyond the gutters, and
the numbers of AChRs are dramatically reduced. Mice doubly-deficient in o-
and pB2-syntrophin have more structurally abnormal NMJs and an even greater
reduction in AChR levels than those in mice lacking just o-syntrophin (Adams et
al., 2004). Moreover, unlike the a-syntrophin-null and a-dystrobrevin-null mice,
the double knock-outs are unable to run as far as wild-type mice. The
mechanisms leading to all these NMJ abnormalities are unclear. A plausible
explanation, though, is that as a result of a loss of syntrophins, or a reduction of
syntrophins, as occurs in the a-dystrobrevin-null mouse, signaling pathways are
altered, affecting proper NMJ structure. Together with the observation that a-
dystrobrevin is necessary for maintaining AChR clusters in myotubes following

agrin withdrawal (Grady et al., 2000), these studies strongly suggest that the



24

DPC members, o—, f2-syntrophin and o-dystrobrevin, are required for

stabilizing AChR at the NMJ.

Concluding Remarks

In an effort to gain a better understanding of the pathophysiology of
muscular dystrophy, | have performed gene expression analyses of o-
dystrobrevin-null skeletal muscle (Chapter 2). Gene expression studies were
also performed on both o-dystrobrevin-null and o-syntrophin null skeletal
muscles in order to elucidate the molecular mechanisms responsible for the
NMJ abnormalities found in those mice (Chapter 2). The data revealed a highly
significant decrease in the amount of Niemann-Pick C1 (Npc1) transcript in the
o-dystrobrevin-null quadriceps muscle. Chapter 3 examines whether or not
NPC1 downregulation may be contributing to the dystrophy and/or NMJ
abnormalities associated with a-dystrobrevin-null mouse, by transgenically
expressing Npc1 in o-dystrobrevin-null skeletal muscles. Furthermore, Chapter
3 examines whether or not transgenically expressing Npc17 alleviates the more
severe dystrophy of mdx muscle, which could yield a potentially new
therapeutic approach for treating DMD. Lastly, NPC1 is the gene mutated in
NPC disease, a progressive and ultimately fatal neurodegenerative, lysosomal
storage disorder. The results presented in this thesis are the first indication of a
potential commonality between neuronal degeneration in NPC disease and

muscle degeneration in muscular dystrophy. In Chapter 5, | examine if



25

transgenically expressing Npc? in NPC1-null mouse skeletal muscle can correct

the wasting and shortened lifespan of these animals.
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Figure 1.1: Diagram of the dystrophin-associated protein complex (DPC). The DPC links the
intracellular actin cytoskeleton to laminin in the extraceliular matrix. In addition to dystrophin,
the DPC consists of the dystroglycans (o and B), the sarcoglycan subcomplex, consisting of the
sarcoglycans (o,B,7,8) and sarcospan (Sp), and the syntrophin (Syn)-dystrobrevin subcomplex.
In adult muscle, utrophin replaces dystrophin at the neuromuscular junction (NMJ) at the crests
of the post-synaptic membrane folds, whereas dystrophin is found in the depths of the folds and
extra-synaptically- along the rest of the plasma membrane. Adapted from (Albrecht and
Froehner, 2002)
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Figure 1.2: Diagram of the dystrophin protein, isoforms, and related family members.
Dystrophin (Dys) contains an actin-binding (AB) amino-terminal, a rod domain comprised of
spectrin-like repeats (shaded ellipses) and hinge domains (H), a cysteine-rich (CR) domain
necessary for binding B-dystroglycan, and a carboxy-terminal (CT) necessary for binding
dystrobrevins and syntrophins. Alternate promoters within the dystrophin gene create shorter
isoforms of dystrophin found in various tissues: Dp260 (retina), Dp140 (brain), Dp116 (Schwann
cells), and Dp71 (ubiquitously expressed). The dystrophin family members, utrophin and the
dystrobrevins are encoded by distinct genes. Utrophin shares significant sequence similarity
and identity to dystrophin. The dystrobrevins share sequence similarity only with the CR/CT
domains of dystrophin.

2,
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CHAPTER 2:

Gene expression analyses of a-dystrobrevin-null and o-
syntrophin-null skeletal muscles

Introduction

The dystrophin-associated protein complex (DPC), located throughout
the sarcolemma of skeletal muscle, links the intracellular actin cytoskeleton to
the extracellular matrix (Figure 1.1). Genetic defects in some of the proteins
comprising the dystrophin complex result in several fatal skeletal muscle
wasting diseases (Brown, 1997). The most well known of these diseases,
Duchenne muscular dystrophy, results from mutations in the dystrophin gene
(Hoffman et al., 1987). Although not as severe as DMD patients’ muscles, mdx
mouse muscles, which lack functional dystrophin, also exhibit dystrophy.
Additionally, defects in any of the four sarcoglycans result in limb girdle
muscular dystrophies (Bushby, 1999), and mice lacking a-dystrobrevin (Dtna™)
become moderately dystrophic by one month of age (Grady et al., 1999).

Members of the DPC are also necessary for the stabilization and
maintenance of the neuromuscular synapse (Adams et al., 2004; Adams et al.,
2000; Deconinck et al., 1997; Grady et al., 1997a; Grady et al., 2000).
Emerging evidence supports the hypothesis that the proteins in this complex
are parts of signaling pathways of which some, when abnormal, lead to
muscular dystrophy, and others, when abnormal, result in defects of the

neuromuscular junction (NMJ). Whereas the formation of the synapse requires
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the agrin-stimulated clustering of acetylcholine receptors (AChR) on the
postsynaptic membrane (Gautum et al., 1996), the stabilization of the synapse
depends upon the presence of the dystrophin complex (Adams e‘t al., 2000;
Grady et al., 2000). a-syntrophin null (Snta”) (Adams et al., 2000; Grady et al.,
2000), o-dystrobrevin null (Grady et al., 2000), utrophin-null (Deconinck et al.,
1997; Grady et al., 1997), o~ and B2-syntrophin double mutants (Adams et al.,
2004), and mdx mice (Lyons and Slater, 1991), for example, show structural
defects at the NMJ. The underlying mechanism for this process is unclear.
However, as the syntrophins bind signaling proteins such as nNOS (Brenman et
al., 1996; Gee et al., 1998; Lumeng et al., 1999; Schultz et al., 1998), and
syntrophins are greatly reduced at a-dystrobrevin-null NMJs (Grady et al.,
2000) and absent at a-syntrophin-null NMJs, a plausible explanation for the
NMJ defects in these mice is impaired signaling pathways.

As described previously in Chapter 1, the a-syntrophin-null (Adams et
al., 2000) and o-dystrobrevin-null (Grady et al., 1999; Grady et al., 2000) mice
exhibit NMJ abnormalities. Compared to wild-type mice, the Snta” and Dina™
have shallower synaptic gutters on the post-synaptic membrane, reduced
numbers of folds (>50%), and abnormal distribution of AChRs. AChRs appear
in patches at the synapse and in clusters extending beyond the synapse. In
addition, Snta” mice had reduced numbers of AChRs. AChR levels in Dtna™
muscle were not quantitated. Whereas the Dtna” muscle is mildly dystrophic

(Grady et al., 1999), however, Snta™ appears healthy. Thus, these mice exhibit
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some phenotypic features in common, but differ in other features. Examination
of gene expression levels in these mice may provide explanations for the
observed similarities and differences. Genes involved in the formation of
muscular dystrophy, for example, may be up- or down-regulated in the o-
dystrobrevin-null mouse, but unchanged in the a-syntrophin-null mice, which is
not dystrophic (Adams et al., 2000). Therefore, in order to elucidate genes
whose misregulation may be responsible for the development of muscular
dystrophy and/or abnormalities of the NMJ, | compared gene expression
changes in skeletal muscles of the d—dystrobrevin-null and a-syntrophin-null

mice.

Materials and Methods

Affymetrix GeneChip Arrays

RNA was isolated from the quadriceps muscles of individual six-week-
old, male Dtna” mice (Grady et al., 1999), a gift of Joshua Sanes at Harvard
University, and from the quadriceps muscles of Snta”™ mice (Adams et al.,
2000) and compared to that of age- and sex-matched, homozygous wild-type
littermates. We used the Affymetrix GeneChip microarray system (Center for
Expression Arrays, University of Washington) to screen the genome for
expression changes in Dtna” and Snta™ mice. Total RNA from each muscle
was isolated with Trizol reagent (Invitrogen), followed by a cleanup of the RNA

with the RNeasy Mini Kit (Qiagen). 20ug RNA was subsequently processed for
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gene expreésion analysis, using Affymetrix GeneChip U74Av2, U74Bv2, and
U74Cv2 arrays, following suggested Affymetrix protocols (www.affymetrix.com).
RNAs from eight experimental and eight control mice were analyzed on each of
the U74 arrays. Samples were not pooled. Briefly, following isolation, the total
RNA was converted to double-stranded cRNA (SuperScript Choice system,
Invitrogen). Single-stranded, biotin-labeled cRNA (BioArray™ HighYield™
RNA Transcript Labeling Kit (T7), Enzo Life Sciences) was then synthesized by
in vitro transcription, and fragmented. 15ug of fragmented, single-stranded,
biotin-labeled cRNA was subsequently hybridized to the Affymetrix arrays,
which were stained with the GeneChip® Fluidics Station 400 (Affymetrix) and
scanned with the GeneChip® Scanner 3000 (Affymetrix) at the Center for Array
Technologies at the University of Washington. Initial data analysis was
performed with Affymetrix ® Microarray Suite 5.0. Student’s paired t tests were
performed on the signal intensities of all probe sets to identify significant
differences between the control and experimental groups. P<0.005 was
considered significant.

In addition to quadriceps muscles, we analyzed gene expression levels
in the diaphragm muscles of six-week-old, male Dtna™ mice and their age- and
sex-matched littermates.  Purification and processing of the RNA was
performed as described above, with the following exceptions. Firstly, all
processing of the RNA following RNA extraction was performed at the Center

for Expression Arrays (University of Washington), following recommended
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Affymetrix protocols. Secondly, RNA from ten experimental and ten control
muscles were processed using Affymetrix GeneChip® 430 v.2 arrays. Lastly,
initial data analysis was performed with Affymetrix GeneChip® Operating

Software (GCOS).

Real-Time Quantitative RT-PCR

Changes in gene expression (p<0.005, using paired Student's ¢ test)
were confirmed by Real-Time quantitative RT-PCR, using TagMan® chemistry
and the ABI 7000 sequence detection system (Applied Biosystems). Muscles
were dissected and total RNA was prepared, as described above, from six-
week-old male Dtna™ or Snta™ mice and their age- and sex-matched wild-type
littermates. Each sample was treated individually. Real-Time quantitative RT-
PCR was performed on each sample with an ABI Prism 7000 Sequence
Detection System (Applied ‘Biosystems), using 50ng of total RNA, One-Step
RT-PCR Master Mix reagents (Applied Biosystems), 78S primers and probe
(Applied Biosystems, P/N 4310893E), and primers (Integrated DNA
Technologies; Applied Biosystems) and probes (Biosearch Technologies;
Sigma; Applied Biosystems) for the respective experimental genes (Table 2.1).
The relative expression of NPC7 mRNA was normalized to the amount of 78S
RNA in the same sample. Each sample was run in duplicate. A Student’s
paired t test was performed to determine the significance of the difference in

Npc1 expression between the control and experimental groups.
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Results

Expression levels in Dtna” and Snta™ quadriceps muscles

Using Affymetrix GeneChip® technology, we have examined expression
levels of RNA isolated from fhe guadriceps muscles of individual six-week-old,
male homozygous null (Dtna™ or Snta™) and homozygous wild-type mice. Each
knockout mouse, Dtna™ or Snta”, was compared to an age- and sex-matched
wild-type littermate. Isolated cRNA was hydridized to, stained, and scanned on
the Murine Genome U74A, B, and C arrays, which contain probe sets
representing approximately 36,000 fully characterized genes and expressed
sequence tags (EST). We have identified 93 upregulated probe sets (Table
2.2) and 87 downregulated (Table 2.3) probe sets in the Snta” muscle, and 116
upregulated probe sets (Table 2.4) and 87 downregulated probe sets (Table
2.5) in Dtna™ muscle (p<0.005).

In the Snta” quadriceps, we have examined several of the expression
changes (p<0.005) identified by the Affymetrix arrays, using real-time
quantitative RT-PCR (Applied Biosystems 7000 Sequence Detection System)
(Table 2.6). Using TagMan® chemistry, we have confirmed (p<0.05) the
decreased expression of o-syntrophin (Snfa) and the increased expression of
Kcne1l (Kecneb), the epsilon subunit of the acetylcholine receptor (Chrne), and
aquaporin 4 (Agp4), in the Snta™ quadriceps. However, contrary to the data

from the Affymetrix arrays, RT-PCR analysis indicates that Abcc3 levels are



34

elevated, rather than reduced, and that syndecan 4 (Sdc4) levels are
unchanged, rather than decreased in Snta” muscle.

Additionally, we have confirmed (p<0.05) the decreased expression of -
dystrobrevin (Dtna), Niemann Pick Type C1 (Npc1), and Ankrd1 in the Dtna™
quadriceps muscle (Table 2.7). However, although the data from the Affymetrix
arrays indicates decreased Traf5 expression, (p<0.005), analysis of gene
expression by quantitative RT-PCR instead suggests a significant increase
(p<0.05) of Traf5 expression in Dtna” quadriceps muscles by RT-PCR.
Contrary to the Affymetrix array data as well, expression levels of B1-adrenergic
receptor (Adrb1), Sema4g, Efna5, and the epsilon subunit of the acetylcholine
receptor (Chrne), were not significantly different between the Dtna” and wild-
type quadriceps muscles when examined by RT-PCR.

" and Snta” muscle have abnormalities of the NMJ,

Because Dina
including reduced numbers of post-junctional folds and abnormal distributions of
ACh receptors, gene expression alterations that the Dtna™ and Snta™ muscles
have in common may indicate genes whose misregulation contributes to or
causes the NMJ irregularities. Therefore, using the Affymetrix array data, we
compared the genes, which were significantly changed (p<0.005) in the
quadriceps muscle of the Dtna™ mice to the genes, which were significantly
changed (p<0.005) in the quadriceps muscle of the Snta™ mice (Table 2.8).

Expression levels of four transcripts were significantly elevated in both of the

Dtna™ and Snta™ muscles: Acot11 (acyl-CoA thioesterase 11), Myl4 (myosin,
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light polypeptide 4), Prkar1a (protein kinase, camp dependent regulatory, type |,
alpha), and Chrne (cholinergic receptor, nicotinic, epsilon polypeptide). No
down-regulated transcripts were held in common between the Dtna™ and Snta™

muscles.

Gene expression changes in the diaphragm of o~dystrobrevin-null mice.

Whereas normal muscle has similarly sized fibers with peripherally
located nuclei, dystrophic muscle displays fibers of variable size with centrally
located nuclei, indicating degenerating and regenerating fibers. Grady et al.
(1999) have reported that the quadriceps femoris, tibialis anterior, soleus, and
sternomastoid muscles of the a-dystrobrevin-null mouse become dystrophic by
one month of age, and by three months of age, ~50% of all fibers within the
muscles have centrally located nuclei. A more severe dystrophy was reported
in the diaphragm muscle. In contrast, our lab has found that the severity of
muscular dystrophy observed in the o-dystrobrevin-null mouse varies among
the different muscles with a much smaller percentage of centrally-nucleated
fibers found in the quadriceps muscle (10% and 35%) than in the diaphragm
(~25% and ~70.5%) at eight and 16 weeks of age, respectively (Y. Tesch and
D.E. Albrecht, personal communication). These data suggest that o-
dystrobrevin-null diaphragm muscle may be a better muscular dystrophy model
for gene expression analysis than the quadriceps muscle and that a comparison

of gene expression changes found in these two muscles may provide an
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explanation for why one muscle is more severely affected by dystrophy than the
other.

We examined expression levels of RNA isolated from the diaphragms of
individual six-week-old, male a-dystrobrevin-null mice and their age- and sex-
matched wild-type littermates. The expression analyses were performed using
Affymetrix GeneChip® 430 2.0 arrays, which consist of more than 45,000 probe
sets interrogating over 34,000 well-characterized genes. We have identified
233 upregulated probe sets (Table 2.9) and 372 downregulated probe sets in
the o-dystrobrevin-null diaphragms, compared to controls (p<0.005) (Table
2.10).

A comparison of the significant (p<0.005) changes in transcript
expression levels in the diaphragm muscle to the quadriceps muscles identified
13 transcripts that are differentially expressed in both the diaphragm and
quadriceps muscle (Table 2.11). Eight transcripts are down-regulated in both
muscles, such as Dtna (o-dystrobrevin) and Abcb4 (ATP-binding cassette, sub-
family B, member 4), and three transcripts are up-regulated in both muscles,
such as Igf2 (Insulin-like growth factor 2) and Myl4 (myosin, light polypeptide 4).
Three transcripts are differéntially affected in the two muscles. For example,

/

Mapk9 (mitogen activated protein kinase 9) is elevated in Dtna™ quadriceps

muscle but reduced in the diaphragm.
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Discussion

Arguably the most well-known dystrophy, Duchenne Muscular
Dystrophy, resuits from mutations in the dystrophin gene, causing the loss of
the dystrophin protein. Although some of the effects of the loss of dystrophin
are known, such as the loss of dystrobrevin, a-syntrophin, the sarcoglycans,
and nNOS, the precise molecular consequences occurring downstream of
these losses, culminating in the dystrophic phenotype, are largely unknown
(Brenman et al., 1995; Butler et al., 1992; Ervasti et al., 1990; Mizuno et al.,
1995; Mizuno et al., 1994b). Several gene expression analyses have
previously been performed on muscles from DMD patients and mdx mice in
order to elucidate the molecular pathways affected by the absence of
dystrophin. The preponderance of transcriptional changes are related to
inflammation, extracellular matrix biology, muscle regeneration, and cell
signaling (Bakay et al., 2002; Haslett et al., 2002; Haslett et al., 2003; Porter et
al., 2002; Porter et al., 2004; Tkatchenko et al., 2000; Tkatchenko et al., 2001).

The a-dystrobrevin-null mouse displays a much milder dystrophy than
the mdx mouse. Because of this, we hypothesized that comparing gene
expression levels in Dtna” muscle to wild-type muscle would identify genes
whose misregulation contributes to the development of muscular dystrophy, but

might otherwise be obscured by the significant inflammatory or regeneration
genes that accompany severely dystrophic mdx and DMD muscles. In addition,

by comparing the transcriptional changes in the a-dystrobrevin-null quadriceps
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muscle to those in o-syntrophin-null quadriceps muscle, we hypothesized that
we could further narrow the list of misregulated genes contributing to dystrophic
muscle as well as identify misregulated genes and/or pathways contributing to
NMJ abnormalities. Transcripts that are similarly differentially expressed
between the Snta” and Dtna”™ mice may cause or contribute to the NMJ
abnormalities that these mice share; whereas, transcriptional changes occurring
only in Dtna” muscle may represent molecular alterations responsible for
muscular dystrophy, as only Dtna” muscle is dystrophic.

Using Affymetrix expression arrays and a pre-determined significance
level of p<0.005, we identified 180 differentially expressed probe sets in Snta™
quadriceps muscle and 203 differentially expressed probe sets in Dtna™
quadriceps muscle.  Given the p<0.005 significance level and the fact that
36,701 probe sets were examined in the Dtna” and Snta” studies,
conservatively, one would expect that the expression of 184 probe sets would
be significantly altered just by chance alone. This suggests that all of the Snta’
* muscle changes and all but 19 of the Dtna” muscle changes identified, could
theoretically be false positives, which may explain why several of the changes
that were identified by the arrays could not be confirmed by RT-PCR. Of the
180 transcriptional changes identified in the Snta” muscle, we followed-up with
quantitative RT-PCR analyses of the expression of six of those transcripts, but
could confirm that only four of the six examined were indeed differentially

expressed in the Snfa” muscle. Similarly, of the changes identified by
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Affymetrix arrays in the Dtna” muscle, we confirmed only three of the eight
transcriptional changes that were examined further with RT-PCR analyses. A
possible explanation for the relatively few significant transcriptional changes
found in the Snta” mouse could be that, phenotypically, the lack of a-syntrophin
appears only to affect the NMJ, a relatively small region of skeletal muscle
(Adams et al., 2000; Kameya et al., 1999). A similar explanation could also be
given for the Dtna™ quadriceps muscle, which also has NMJ abnormalities.
Although one might expect significantly more changes in Dtna” muscle, similar
to the numbers that have been reported in other dystrophic muscle, e.g. mdx
muscle (Haslett et al., 2005; Porter et al., 2002; Porter et al., 2004), our lab has
found that the degree of dystrophy in the Dtna™ quadriceps may not be as
severe as previous studies have suggested (Grady et al., 1999).

As previously explained, we compared transcriptional changes, as
identified by Affymetrix arrays (p<0.005), fro’m Dtna” quadriceps muscle to
Snta™ quadriceps muscle in an effort to identify genes whose misregulation
may result in NMJ abnormalities or muscular‘ dystrophy. Four transcripts were
differentially expressed in both Dtna” and Snta” muscle: Prkarfa, Acot11,
Myl4, and Chrne. Acot11, also called BFIT (brown-fat-inducible thioesterase),

was significantly elevated in both mutant mice. Elevated BFIT transcript has

been found in brown adipose tissue (BAT) and skeletal muscle following
exposure to cold, in BAT in food-restricted mice 4-6 hours post-feeding, and in

obesity-resistant mouse strains (Adams et ‘al., 2001). BFIT is a member of the
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acyl-CoA thioesterase functional family and, as such, is postulated to be
involved in fatty acid metabolism, regulation of cell signaling, and trafficking of
proteins (Adams et al., 2001), Although a role for BFIT at the NMJ has not
been studied, the study by Adams et al. (2001) suggests a potentially
interesting role for syntrophin and/or dystrobrevin in lipid metabolism. The
significant upregulation of Chrne (nicotinic cholinergic receptor, epsilon subunit)
levels provided potentially the most interesting change with respect to the NMJ
defects of the Dtna” and Snta” mice. Chrne is the epsilon subunit of the
acetycholine receptor that replaces the gamma subunit in adult muscle to give
the nAChR subunit stoichiometry, (ocl)zﬁlef‘). However examination of Chrne
transcript levels in the Dtna” muscle by RT-PCR did not confirm the change
identified by the arrays. Of particular interest, a small, yet significant increase
was found in Prkaria, the R1a regulatory subunit of cAMP-dependent protein
kinase. Recently, both a-dystrobrevin-1 and -2 were found to directly interact
with Prkaria (Ceccarini et al.,, 2007). Moreover, o-syntrophin was found in a
complex with o-dystrobrevin and Prkar1a. In addition, the authors found that o-
dystrobrevin is a substrate for PKA phosphorylation. As a-dystrobrevin is
reduced at the NMJs of a-syntrophin mice (Adams et al., 2000), an increase in
Prkaria expression in Dtna” and  Snta” muscle may suggest that the
phosphorylation of dystrobrevin by PKA or the tethering of PKA by dystrobrevin
to the DPC for phosphorylation of DPC or DPC-interacting proteins is necessary

for maintaining NMJ structure.
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We also compared transcriptional changes in the Dtna™ quadriceps and
diaphragm muscles. Our lab has found that Dtna” quadriceps exhibit a less
severe dystrophy than diaphragm muscles (Y. Tesch and DE Albrecht, personal
communication), consistent with reports from mdx muscle (Haslett et al., 2005).
Therefore, not only could changes in common between the two muscles provide
strong support for a role for these genes in the pathogenesis or progression of
the disease, but changes exclusive to the diaphragm might provide valuable
information toward understanding why some muscles are more severely
affected than others. This knowledge could, in turn, aid in the creation of
therapies that prevent a muscle from becoming severely dystrophic. The
diaphragm and other respiratory muscles of DMD patients would most
obviously benefit from this strategy, as DMD patients generally succumb to
respiratory failure due to the severe damage to the respiratory muscles as a
result of the disease.

Of the more than 200 differentially expressed transcripts in the
quadriceps muscle and the more than 600 differentially expressed transcripts in
the diaphragm muscle, 13 transcripts were differentially expressed in both
muscles, but not necessarily in the same direction. In other words, expression
of some transcripts was either upregulated or downregulated in both muscles;
however, in the case of Mapk3, upregulation occurs in the quadriceps muscle
while downregulation occurs in the diaphragm, which could contribute to the

phenotypic differences of the two muscles. Insulin-like growth factor (Igf)-2 was
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one transcript we found upregulated in the diaphragm and quadriceps muscles.
Increased expression of Igf-2 has also been shown in biopsy samples from
DMD patients (Bakay et al., 2002) and the quadriceps and diaphragm muscles
of mdx mice (Haslett et al., 2005; Porter et al., 2004). IGF-Il stimulates
myoblast proliferation and differentiation (Florini et al., 1996), and
overexpression of IGF-ll in mdx mice has been shown to ameliorate the
dystrophic phenotype (Smith et al., 2000). Together these data suggest that
the upregulation of /gf-2 in dystrophic muscle is part of the regenerative process
of the muscle. Interestingly, Myl4 (a.k.a. Mic1a), whose expression was
upregulated in the quadriceps muscles of both the Dtna” and Snta” mice, was
upregulated in the Dtna™ diaphragm as well. During the fetal skeletal muscle
development in the mouse, My/4 is the most abundantly expressed myosin light
chain, but after birth Myl4 transcripts are detectable only in slow muscle
(Washabaugh et al., 1998), suggesting that this transcript is upregulated as a
result of the regenerative process in the Dtna” muscles. As Snta”™ muscle is
not dystrophic and histologically does not appear to have a higher than normal
number of regenerated fibers, the reason for the elevation of Myl4 is unclear,
although a shift in fiber type composition as a result of a-syntrophin loss is an
intriguing possibility. On the other hand, Snta” muscles treated with cardiotoxin
to damage sarcolemmae show hypertrophy of, decreased exercise capacity
and contractile force of, and NMJ abnormalities in regenerating fibers, similar to

what has been found in mdx muscle (Hosaka et al., 2002). Taking the “two-hit”
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hypothesis described in chapter 1 into consideration (Rando, 2001), the loss of
a-syntrophin by itself, as in Snta” muscles, may not impair the ability of muscle
to regenerate, but the reduction of a-syntrophin in combination with the
sarcolemmal damage found in Dtna” and mdx may adversely affect the
regenerative capacity of dystrophic muscle.

At first glance, the few similarities in transcriptional changes between the
Dtna” quadriceps and diaphragms muscles may lead one to conclude that
gene expression studies do not provide useful information toward furthering the
understanding of the molecular events leading to muscular dystrophy. For
example, Npc1, which was altered in the quadriceps muscle was statistically
unchanged in the more affected diaphragm and Snta™ quadriceps, leading one
to surmise that Npc1 expression changes may be uninvolved in either the
dystrophic process or the disruption of the NMJ. However, we have found
evidence suggesting that the reduction of Npc1 may contribute to muscular
dystrophy (See Chapter 3). An explanation for the lack of similar expression
patterns between the two muscles may simply be that muscles are different
from each other. Not only do various wild-type skeletal muscles have
significantly different expression patterns from each other (Haslett et al., 2005),
but gene expression studies of dystrophin-deficient mouse and human skeletal
muscle also show different molecular responses of individual muscles to the
dystrophin deficiency (Haslett et al., 2005; Porter et al., 2004). The loss of o~

dystrobrevin likely then has different downstream consequences in the
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diaphragm than the quadriceps. As Dina” diaphragm is more dystrophic than
quadriceps, transcriptional decreases in skeletal muscle genes, such as Npc1,
may be missed in the diaphragm analyses due to the presence of those same
transcripts in the infiltrating inflammatory cells, for example.

Here we provide gene expression analyses of Snta™ quadriceps, Dtna™
guadriceps, and Dtna™ diaphragm muscle and their littermate controls. We
hypothesized that transcriptional differences between the aforementioned
muscles and their respective controls would help to identify molecular changes
that occur downstream of the loss of a-dystrobrevin or a-syntrophin and result
in the dystrophy and/or NMJ defects seen in these muscles. An obvious
limitation of this approach is that the list of changes identified include not only
those that may contribute to the phenotype(s), but also those that are
secondary to, i.e. arise from the abnormalities themselves. These data
therefore serve to provide lists of candidate genes for further study. In the
following chapter, | take a closer look at one such gene, Npc1, found here to be
downregulated in Dtna”™ muscle, and examine the effect that transgenically
expressing Npc? in skeletal muscle has on the phenotype, i.e. NMJ

abnormalities and dystrophy, typical to the Dtna” muscle.
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Table 2.6: Comparison of Snta™ quadriceps gene
expression changes, using Affymetrix arrays
(p<0.005) versus RT-PCR (p<0.05)

Gene Symbol Change vs. WT Change vs. WT
(Affymetrix) (RT-PCR)
Snta -54% to -76% -82%
Kcnetl +125% +96%
Sdc4 -37% not significant
Abcc3 +140% -18.0%
Chrne +53% +35%
Agp4 +48% +23%




Table 2.7: Comparison of Dtna™ quadriceps gene
expression changes, using Affymetrix arrays
(p<0.005) versus RT-PCR (p<0.05)

Gene Symbol Change vs. WT Change vs.

(Affymetrix) WT (RT-PCR)

Chrne +87% not significant
Npc1 -45% -50%
Dtna -57% to -78% -78%

Adrb1 -45% not significant
Ankrd +110% -26%

Semadg -35% not significant
Traf5 -57% +26%

Efnab +154% not significant
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CHAPTER 3:

NPC1 overexpression attenuates muscular dystrophy in
a-dystrobrevin-null and mdx mice

Introduction

Duchenne muscular dystrophy (DMD) is a fatal, muscle wasting disease,
affecting approximately 1 in 3500 live male births. Patients with DMD display
muscle weakness early in life, eventually progressing to loss of mobility due to
severe muscle degeneration and ultimately death by the early twenties, usually
from respiratory or cardiac failure. DMD results from the loss of functional
dystrophin, a large intracellular membrane protein that is required for the
formation of a large complex of transmembrane glycoprotein;, adaptor proteins,
and signaling proteins (Hoffman et al., 1987). Despite significant advances in
gene therapy aimed at replacing the defective dystrophin gene (Cox et al.,,
1993; Gregorevic et al., 2006; Mann et al., 2001; Ragot et al., 1993; van
Deutekom et al.,, 2001; Wang et al.,, 2000), DMD still remains without an
effective treatment.

Dystrophin is a member the dystrophin-associated protein complex
(DPC), which forms a physical link between the intracellular actin cytoskeleton
and the extracellular matrix. Members of the DGC include the dystroglycans,
which provide transmembrane linkage between dystrophin and laminin, y-actin,
the sarcoglycans, and the syntrophin-dystrobrevin scaffold for signaling proteins

(reviewed in (Ervasti, 2007)). Disruptions in several of the DPC proteins cause
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other forms of muscular dystrophies, particularly the limb-girdle muscular
dystrophies (reviewed in (Ozawa et al., 2005)). Although the DPC complex has
been extensively studied, the downstream molecular and cellular alterations
that lead to muscle degeneration in DMD are largely unknown. A more
complete understanding of these pathways may reveal new therapeutic targets
that slow the progression of muscle degeneration.

In this study, we performed gene expression analyses on skeletal muscle
from mice lacking a-dystrobrevin (Dtna'/'), which display neuromuscular junction
(NMJ) abnormalities and a mild dystrophic phenotype compared to mdx mice
(Grady et al., 1999; Grady et al., 2000), in order to iderﬁify genes whose
misregulation may contribute to the phenotype of this mouse. We identified a
highly significant reduction in Niemann-Pick C1 (Npc1) transcript, which we
confirmed at the protein level. Mutations in Npc1 are responsible for NPC
disease, a progressive and ultimately fatal, autosommal recessive,
neurodegenerative disease, affecting ~1 in 150,000 live births. The function of
NPC1 is not well understood but appears to be involved in regulating
intracellular cholesterol transport (Liscum et al., 1989). Cells lacking NPC1
exhibit an accumulation of LDL-derived unesterified cholesterol in the
endosomal/lysosomal pathway, which may impair trafficking or other cellular
functions (Sokol et al., 1988). NPC1 has been studied extensively in brain and
liver, the tissues more severely affected by the disease. In contrast, skeletal

muscle has not been studied, to our knowledge.
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To determine if the restoration of NPC1 could reverse the NMJ defects of
the Dtna” muscle or muscular dystrophy, we transgenically expressed Npc1
specifically in skeletal muscle of both a-dystrobrevin-null and mdx mice. Here,
we show that NPC1 overexpression significantly ameliorates the dystrophic
phenotype in both of these mouse models of muscular dystrophy. These
findings provide the first evidence for a mechanistic link between diseases of
neuronal and skeletal muscles, i.e. the involvement of NPC1, a cholesterol
and/or sphingolipid trafficking protein. Furthermore, these results reveal a

potential new therapeutic target for muscle degeneration diseases.

Materials and Methods
Animals

We obtained breeding pairs of BALB/c mice heterozygous for the
Niemann Pick type C1 mutant allele (The Jackson Laboratory). The mutant
allele contains the insertion of a retroposon, resulting in a premature truncation,
deleting 11 out of the 13 transmembrane domains. Breeding pairs were
maintained and bred to produce Npc7-nuli (Npc'/'), Npc1-heterozygous (Npc*"
), and wild-type offspring. Genotyping was performed according to suggested
Jackson Laboratory protocols (jaxmice.jax.org). Dtna” mice (a-dystrobrevin-
null) (Grady et al., 1999) were a generous gift of Joshua Sanes (Harvard

University). Mice lacking dystrophin (mdx) were obtained from The Jackson



88

Laboratory. All animal experiments were performed with the approval of the

Institutional Animal Care and Use Committee at the University of Washington.

Affymetrix GeneChip Assays

Quadriceps muscles were dissected from individual six-week-old male o-
dystrobrevin-null mice (Dtna™) (Grady et al., 1999) and their wild-type, sex-
matched littermates. Total RNA was isolated from each quadriceps muscle with
Trizol Reagent (Invitrogen) and purified with the RNeasy Mini Kit (Qiagen). For
each sample, 20ug of total RNA was processed for gene expression analysis,
using Affymetrix Murine Genome U74Av2, U74Bv2, and U74Cv2 arrays,
following suggested Affymetrix protocols (www.affymetrix.com). RNAs from
eight experimental and eight control mice were analyzed on each of the U74v2
arrays. Samples were not pooled. Briefly, double-stranded cDNA was
synthesized from total RNA (SuperScript Choice system, Invitrogen). Single-
stranded, biotin-labeled cRNA (BioArray™ HighYield™ RNA Transcript
Labeling Kit (T7), Enzo Life Sciences) was then synthesized by in vitro
transcription, and fragmented. The resulting fragmented, biotin-labeled cRNA
(15ug) was hybridized to the Affymetrix arrays, which were stained with the
GeneChip® Fluidics Station 400 (Affymetrix) and scanned with the GeneChip®
Scanner 3000 (Affymetrix) at the Center for Array Technologies at the
University of Washington. Initial data analysis was performed with Affymetrix®

Microarray Suite 5.0. Student’s paired ¢t tests were performed on the signal
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intensities of all probe sets to identify significant differences between the control

and experimental groups. p<0.005 was considered significant.

Real-Time quantitative RT-PCR

We confirmed the change in Npc1 expression by Real-Time quantitative
RT-PCR, using TagMan® chemistry and the ABI 7000 sequence detection
system (Applied Biosystems). Quadriceps muscles were dissected from nine
individual six-week-old male Dtna” mice (Grady et al., 1999) and their wild-
type, sex-matched littermates. Each sample was treated individually. Total
RNA was isolated as described above. Real-Time quantitative RT-PCR was
perfbrmed on each sample with an ABI Prism 7000 Sequence Detection
System (Applied Biosystems), using 50ng of RNA, One-Step RT-PCR Master
Mix reagents (Applied Biosystems), and Npc7 primers (5'-AAT GCG GTC TCC
TTG GTC AA-3 and 5-GCT CTC GTT ATA TGG CTG CAG AA-3, Integrated
DNA Technologies) and probe (5 6-FAM d(CAC AGA AAT GCC ACA GCT
CAT CAC CAA) BHQ-1 3, Biosearch Technologies, Inc.), or 18S primers and
probe (Applied Biosystems, P/N 4310893E). The relative expression of Npc7
mRNA was normalized to the amount of 18S RNA in the same sample. Each

sample was run in duplicate. A Student's paired t test was performed to

determine the significance of the difference in Npc7 expression between the

control and experimental groups.
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Generation of NPC1 antibody

A 16-amino acid peptide, corresponding to the cytosolic carboxy-terminal
domain of murine NPC1 ((GenBank Acc. No. BC052437, residues 1256-1271);
KAKRHTTYERYRGTER) was synthesized (Macromolecular Resources,
Colorado State University), conjugated to maleimide-activated mcKLH (Pierce),
and injected into three New Zealand White rabbits (Covance Research
Products). Antibodies were affinity purified using UltraLink lodoacetyl Gel

columns (Pierce) bound with the peptide.

Membrane enrichment and immunoblots

Tissues were dissected and quick frozen in liquid nitrogen. Membrane
preparations and immunoblotting were performed as previously described
(Garver et al., 2000) with the following modifications. Following homogenization
in 25 mM MES, pH 6.5, 150 mM NaCl, and protease inhibitors, the tissues were
centrifuged for 30 min at 100,000 g, generating a cytosolic fraction
(supernatant) and membrane-enhanced fraction (pellet). Pellets were
subsequently homogenized in 25 mM MES, pH 6.5, 150 mM NaCl, 1.0% Triton
X-100, and protease inhibitors and centrifuged at 2,000 g for 10 min. Sample
protein content was determined using the bicinchoninic acid (BCA) protein
assay (Pierce). Gels (4-15% Tris-HCI gradient, BioRad) were loaded with 5-20
ug of protein. The separated proteins were transferred to nitrocellulose

. membrane (Schleicher and Schuell) at 100V for 1-hour. Immunoblots were
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blocked for 1-hour at room temperature in 10 mM sodium phosphate, pH 7.4,
150 mM NaCl, 0.05% Tween-20, and 4% non-fat dry milk. Immunoblots were
incubated at 4°C overnight in 10 mM sodium phosphate, pH 7.4, 150 mM NaCl,
0.05% Tween-20, and 1% non-fat dry milk, containing primary antibodies,
followed by three 10-min washes. Primary antibody was detected using HRP-
conjugated secondary antibody (Jackson ImmunoResearch Laboratories) in 10
mM sodium phosphate, pH 7.4, 150 mM NaCl, 0.05% Tween-20, and 1% non-
fat dry milk. Protein bands were detected using SuperSignal® West Femto

Maximum Sensitivity Substrate (Pierce) and a CCD camera (Alphalnnotech).

Immunofluorescence

Muscle fiber preparations were adapted from Percival et al. (2007)
(Percival et al., 2007). Briefly, dissected muscles were rinsed in 1 mM EDTA,
pH 7.4 for 3 min. Muscles were then pinned to Sylgaard-coated Petri dishes,
fixed for 30 min in 1% paraformaldehyde, and teased apart into individual and
small groups of fibers. Fibers were subsequently incubated for 20 min in 50
mM NH,4CI followed by 30 min in blocking buffer (0.05% saponin, 10% goat
serum in PBS) and 2 hr in anti-NPC1 primary antibody diluted (1:100) in

blocking buffer. Following three 15-min washes in 0.05% saponin in PBS, the

fibers were incubated for 45 min in Alexa-Fluor-488-conjugated donkey anti-
rabbit secondary antibody (Molecular Probes) diluted in blocking buffer and

washed. Labeled fibers were separated on glass slides in ProLong® Gold
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antifade mounting media, containing DAPI (Invitrogen) for visualization of
nuclei. Confocal microscopy images were obtained using a Zeiss LSM 510
META at the W.M. Keck Center for Advanced Studies in Neural Signaling at the
University of Washington. Stacks of 40 serial optical sections measuring 0.44
um in thickness were obtained at 0.44 um intervals through the muscle fibers,
using a Plan-Neofluar 40x/1.3 Oil objective at 2x zoom. The sections were

merged into a single image using the “maximum” projection method.

Generation of transgenic mice

The cDNA encoding full-length Npc1 was obtained from ATCC (cat. no.
9890203). Upon sequence comparison of this clone (GenBank BC052437) with
that of another published mouse Npc?1 sequence (GenBank AF003348),
multipte ESTs, and the mouse genome, we observed several sequence
discrepancies. We considered the consensus sequence generated from all of
the sequences to be correct. Therefore, by PCR, we made a single base
mutation, a3963g, and consequently an amino acid alteration, K1273E, to
match the ATCC sequence to that of the consensus. The Npc7 cDNA was then
cloned into the Notl site of the previously described pBSX-HSAvVpA expression
vector (Crawford et al., 2000), a generous gift from Dr. Jeffrey Chamberlain,
University of Washington, and confirmed by sequencing. The linearized
construct was injected into the pronuclei of C57BL/6 x C3H embryos (University

of Washington, Department of Comparative Medicine, Transgenic Resources
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Program), and the resulting progeny were genotyped by PCR (5'-GAT GAA
GCA GAC AGT ATT CAG C-3' and 5-CAG TTC GGC TCG CGG AGC AC-3)).
Four founder lines carrying the Npc1 transgene were identified (Tg(Npc1)) and

bred onto Dtna™ (Dtna”-Tg(Npc1)) and mdx (mdx-Tg(Npc1)) backgrounds.

Central nuclei counts and fiber diameter measurements

Tibialis anterior (fast-twitch), soleus (slow-twitch), and diaphragm
muscles were dissected, embedded in O.C.T. (TissueTek) in cryomolds, and
quick-frozen in liquid nitrogen-cooled isopentane. Eight-um cross-sections
taken from the mid-belly of the muscles were fixed in 95% ethanol and stained
with Gill's No. 3 hematoxylin and eosin Y. We used a Zeiss Axioscope 2
microscope to take cross-sectional images of the whole muscle. Each fiber in
each muscle was assessed for the presence of centrally or periphefally-located
nuclei. The percentage of muscle fibers with central nuclei was determined for
each muscle by dividing the number of fibers with central nuclei by the total
number of fibers. A minimum of five mice per genotype was analyzed. Dtna™-
Tg(Npc1) were examined at three months of age, and madx-Tg(Npc1) at eight
weeks of age. Additionally, wé used Imaged software to measure the Feret's
diameter (Briguet et al., 2004) of muscle fibers. Measurements were taken
from an entire cross-section of soleus muscle from each of three mice per
genotype examined. Coefficients of variation (%) of the fiber diameters were

calculated as standard deviation of the muscle fiber size/ mean fiber size x 100.
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We performed one-way ANOVA tests with Tukey’s post test for determination of
statistical significance, using GraphPad Prism version 4.00 (GraphPad

Software, San Diego, California).

Creatine kinase assay

Blood (50-100ul) was collected from the saphenous vein and allowed to
clot for 20 minutes. Serum was obtained following centrifugation of the blood at
5,000g for 8 minutes at room temperature. We used the CK Liqui-UV Test
(StanBio) and followed the manufacturer's protocol for the determination of
serum creatine kinase activity. A minimum of five mice per genotype was
analyzed, independently. A one-way ANOVA with Tukey's post test was
performed for determination of statistical significance, using GraphPad Prism

version 4.00 (GraphPad Software, San Diego, California).

Results
Reduction of NPC1 in Dtna™ muscle

In order to identify genes whose misregulation results from the loss of
Dina, we compared gene expression levels from quadriceps muscle of six-week
old, male Dtna™ mice to sex-matched, wild-type littermate controls. The goal of
these studies was to identify gene expression that is altered prior to the onset of
muscle degeneration. To improve the chances of identifying early gene

expression changes, we selected a muscle (quadriceps) that is only mildly
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affected (based on histological analysis) and then analyzed large numbers of
muscle samples independently so that even small, but statistically significant
changes would be revealed. We analyzed expression levels using the
Affymetrix Murine GeneChip U74v2 expression arrays, which probe
approximately 36,000 full-length genes and ESTs. Using Student’s t tests and
a predetermined cutoff for statistical significance of p<0.005, we identified more
than 200 transcripts that were differentially regulated in Dtna” muscle (See
Chapter 2, Figures 2.4 and 2.5). Because of its high level of statistical
significance (p = 3.0e”) and its involvement in a known neurodegenerative
disease, our attention was directed toward Npc7. The expression level of Npc1
was reduced by approximately 50% in the Dtna” muscle. Real-time
quantitative RT-PCR confirmed the 50% reduction (p<0.05) of Npc1 in Dtna™
guadriceps muscle (Figure 3.1a).

We generated a rabbit polyclonal anti-peptide antibody to mouse NPC1
to determine if NPC1 protein levels are also reduced in Dtna” muscle. NPC1 is
a 1278 amino acid, multi-pass transmembrane protein with a luminal amino-
terminus and a cytosolic carboxy-terminus. The NPC1 antibody, generated
against a 16 amino acids located in the carboxy-terminal region, was tested on
quadriceps muscle from wild-type, Npc71-heterozygous (Npc*"), and NPC1-
homozygous-null (NPC”) mice (Figure 3.1b).  Immunoblot analysis of
membrane-enriched fractions of quadriceps muscle identified an ~180-kD band

in wild-type tissue. This band was absent in NPC” tissue and at intermediate



96

levels in NPC™ tissue (Figure 3.1b). These results confirm a previous study
using a similarly designed antibody on Npc”, Npc™, and wild-type cultured
mouse fibroblasts and mouse liver homogenates (Garver et al., 2000). Further
evidence to support the specificity of our antibody comes from
immunofluorescence staining of wild-type quadriceps muscle that is absent in
Npc™” tissue (Figure 3.1c). |

Using this antibody, we compared NPC1 protein levels in Dtna” and
wild-type quadriceps muscle. Like the Npc17 transcript levels, NPC1 protein
levels are also markedly decreased in Dtna” muscle, compared to wild-type

samples (Figure 3.1d).

Generation of transgenic mice

To test the idea that restoration of NPC1 levels in dystrophic muscle
would ameliorate the phenotype, we produced transgenic mice expressing
Npc1 driven by the human skeletal o-actin promoter to achieve expression
specifically in skeletal muscle. We identified four transgenic founder lines
(Tg(Npc1)19, Tg(Npc1)55, Tg(Npc1)56, and Tg(Npc1)58) (Figure 3.2a).
Skeletal muscle from two (Tg(Npc1)19 and Tg(Npc1)568) of the four transgenic
lines showed high expression of NPC1 (Figure 3.3b). The transgenic lines
showed no adverse effects of high levels on NPC1 in muscle. Each of the
Tg(Npc1) lines was crossed subsequently onto the Dtna™ (Grady et al., 1999)

and mdx backgrounds.
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Examination of the effects of NPC1 overexpression on the NMJ abnormalities of
the o~dystrobrevin-null mouse

In addition to a mild muscular dystrophy, e~dystrobrevin-null mice exhibit
abnormalities of the NMJ, including abnormal distribution of acetylcholine
receptors, giving the NMJ a “fuzzy” appearance as AChRs extend beyond the
gutters where they are normally confined (Grady et al.,, 2000). Using o-
bungarotoxin-stained, single-teased fiber preparations from sternomastbid
muscles, we examined the distribution of ACh receptors at the NMJs of wild-
type, Dtna”, and Dtna”-Tg(NPC1) mice. Although the abnormal AChR
distribution did not appear as severe in the Dtna”-Tg(NPC1)19 mice as in the
Dtna” mice, overexpression of NPC1 in Dtna” skeletal muscle does not

restore the distribution of ACh receptors to normal (data not shown).

Amelioration of muscular dystrophy in Dtna”-Tg(Npc1) mice

Three-month-old Dtna”-Tg(Npc1) mice, as well as age-matched Dtna™
and wild-type controls of similar genetic backgrounds were analyzed. Muscular
dystrophy is characterized, in part, by increased numbers of regenerating
muscle fibers, which are identified by central nucleation, as well as damaged
muscle membranes. The latter leads to elevated levels of serum creatine
kinase, which provides a body-wide assessment of myofiber sarcolemmal

integrity.
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We determined the percentage of centrally-nucleated muscle fibers from
H&E-stained cross-sections of soleus, TA, and diaphragm muscles of each
genotype (Figure 3.3b). In both the soleus and diaphragm muscles, transgenic
expression of NPC1 restored central nuclei counts to wild-type. Compared to
Dtna”, we observed large, statistically significant (p<0.001) reductions (83%
and 76%) in the percentage of centrally-nucleated myofibers in the soleus
muscle of the two transgenic lines expressing high levels of NPC1 (Dtna™-
Tg(NPC1)19 and Dtna”-Tg(NPC1)58, respectively). We also observed smaller,
but still statistically significant (p<0.01), reductions (42% and 34%) in the two
lines expressing NPC1 at lower levels (Dtna”-Tg(NPC1)55 and Dtna™-
Tg(NPC1)56, respectively). In the diaphragm muscle, the two transgenic lines
expressing NPC1 at low levels did not show significant decreases in centrally-
nucleated myofibers. However, both high NPC1-expressing transgenic lines
(Dtna”"-Tg(NPC1)19 and Dtna”-Tg(NPC1)58) had highly significant reductions
(89% and 93%, respectively). In the TA muscle, the percentage of myofibers
with central nuclei was unchanged in all four transgenic lines compared to Dina’
* mice. Dtna™” transgenic mice expressing high levels of NPC1 also exhibited
marked reductions in serum creatine kinase activity. As shown in Figure 3.3c,
transgenic expression of NPC1 in Dtna™ mice restored creatine kinase levels to
wild-type levels in both the  Dtna”-Tg(NPC1)19 and Dtna”-Tg(NPC1)58 lines.

These results show that the dystrophic phenotype is markedly reduced by
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transgenic expression of NPC1, the response is dose dependent, and the

phenotype amelioration is dependent on the muscle type.

Amelioration of muscular dystrophy in mdx-Tg(Npc1) mice

The dystrophic phenotype of the Dtna”™ mouse has been attributed to
defects in the signaling function of the dystrophin complex (Grady et al., 1999).
However, the dystrophic phenotype is comparatively a mild one, which is one of
the reasons we chose to study this mouse model, as described above, and no
human muscular dystrophy due to mutations in Dtna have been identified. To
determine if upregulation of NPC1 alters the phenotype in a more severe model
of muscular dystrophy, we performed studies of the mdx mouse. This mouse
model has been studied extensively and is considered a good model of DMD in
humans (Bulfield et al., 1984). Each transgenic NPC1 founder line was crossed
onto the mdx background (Figure 3.4). Muscular dystrophy was assessed in
eight-week-old wild-type, mdx, and mdx-Tg(Npc1) by quantifying the
percentage of centrally-nucleated myofibers in soleus, TA, and diaphragm
muscles (Figure 3.4b) and by examining serum creatine kinase activity (Figure
3.4c) and myofiber size variability (Figure 4d).

In the soleus, TA, and diaphragm muscles, high expression of NPC1
(transgenic lines mdx-Tg(Npc1)19 and mdx-Tg(Npc1)58), significantly reduced
the percentage of centrally-nucleated fibers, as compared to muscles from mdx

mice (Figure 3.4b). As observed in the Dtna”-Tg(Npc1) mice, transgenic
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expression of NPC1 in mdx mice also significantly reduced serum creatine
kinase levels (Figure 3.4c). Both of the transgenic lines expressing NPC1 at
high levels (mdx-Tg(Npc1)19 and mdx-Tg(Npc1)58) showed sharply decreased
creatine kinase levels (by 52% and 75%), respectively compared to mdx. In
fact, creatine kinase Ievels in mdx-Tg(Npc7)58 mice were reduced to wild-type
levels.

As dystrophic muscles also show variability in muscle fiber diameter due
to regeneration and degeneration, we also examined the variability in the soleus
muscle of the mdx-Tg(Npc1)58 mouse as it appeared to be the most improved
transgenic line, based on the degree of improvement in central nucleation and
creatine kinase levels. Indeed, we found that while fiber sizes varied
significantly in the mdx soleus compared to wild-type, transgenic expression of
NPC1 significantly reduced the variability (Figure 3.4d and 3.4e). These data
suggest that transgenic expression of NPC1 in mdx skeletal muscle can
significantly attenuate the degree of muscular dystrophy in this mouse model of

Duchenne muscular dystrophy.

Discussion

Our results suggest a new role for NPC1 in the mechanisms that lead to
muscle degeneration in muscular dystrophies. Absence of NPC1 causes
severe neuronal degeneration, but this report is the first to implicate NPC1 in

diseases of muscle degeneration, specifically the muscular dystrophies. We
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used gene expression profiling of a-dystrobrevin-nuli (Dtna'/') mouse muscle to
identify downstream cellular and/or molecular alterations that result from the
loss of a-dystrobrevin, and that contribute to the onset of the muscular
dystrophy observed in Dtna” mice. = Whereas neither dystrophin-deficient
(mdx) nor Dtna” muscles exhibit the severe dystrophy observed in patients with
Duchenne muscular dystrophy, Dtna” muscle displays an even milder
myopathy than mdx muscle (Grady et al., 1999). Previous expression
profiling studies of mdx muscle have yielded large numbers of changes
associated with immune response and regeneration in the dystrophic muscle
(Porter et al., 2002; Porter et al., 2004). In an effort to identify alterations in
proteins and/or signaling pathways that lead to degeneration, we sought to
minimize the influence of transcriptional responses associated with
inflammation and muscle repair, by examining the more mildly affected Dtna™
quadriceps muscle at six weeks of age. In addition, we analyzed sufficiently
large numbers of samples independently so that the statistical significance of
relatively small changes could be assessed. Thus, our selection of important
changes was based on statistical significance, rather than an arbitrarily set cut
off of the magnitude of the change.

We identified more than 200 differentially expressed transcripts in the
Dtna™ quadriceps muscle. As expected based on the dystrophic phenotype of
the Dtna”™ mouse, a number of the genes with increased expression, such as

IGF-Il, are likely to be involved in muscle regeneration, as similar trends have
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been observed in publicly available datasets (Gene Expression Omnibus (GEO)

database, http://www.ncbi.nim.nih.gov/geo/) from expression analyses of other

dystrophy models (Bakay et al., 2002; Haslett et al., 2002; Porter et al., 2002;
Tseng et al., 2002). In this study however, we focused on Niemann Pick type
C1 (Npc1), which showed a highly significant (p=3.02¢"") ~50% decrease in
transcript levels in Dtna” muscle. Npc? had previously not been studied in the
muscular dystrophy field. A search using GEO, however, revealed that Npc1?
levels are decreased in muscles from mdx and dysferlin-null mice (Garver et al.,
2000; Tseng et al., 2002; Wenzel et al., 2005). However, Npc1 was not
selected one of the most significantly altered genes based on the analysis
method used.

NPC1 is a multispan membrane protein, residing primarily in late
endosomes/lysosomes (Garver et al., 2000; Higgins et al., 1999; Neufeld et al.,
1999) as well as the TGN (Higgins et al., 1999) and caveolin-1 containing
vesicles (Garver et al., 2000; Higgins et al., 1999). Mutations in NPC1 cause
NPC disease, an autosommal recessive, lysosomal storage disease, which
results in progressive neurodegeneration and premature death (reviewed in
(Patterson et al., 2001). Histologically, the absence of NPC1 resuits in

intracellular accumulations of large amounts of unesterified cholesterol and

glycosphingolipids in late endosomes/lysosomes. Non-neuronal NPC*" cells
show substantial amounts of accumulation of unesterified cholesterol, too,

although at levels intermediate to normal and NPC” cells (Choi et al., 2003;



103

Garver et al., 2002; Kruth et al., 1986). In normal cells, cholesterol esters from
endocytosed low density lipoprotein (LDL) cholesterol are hydrolyzed in the
endocytic pathway. The unesterified, or free, cholesterol is then transported
from the endosomes to other cellular membranes. In NPC1-deficient cells,
however, the free cholesterol does not exit the endosomal pathway,
accumulating instead in late endosomes/lysosomes. The precise function of
NPC1 is unknown; however, it appears that NPC1, which can bind cholesterol
directly (Ohgami et al.,, 2004), facilitates the transport of LDL-derived,
unesterified cholesterol from late endosomes/lysosomes to other cellular sites,
including the plasma membrane (Wojtanik and Liscum, 2003). The transporter-
like transmembrane structure of NPC1 is consistent with function. Although
cholesterol has been shown to accumulate in every tissue of Npc?” mice,
including skeletal muscle (Xie et al., 1999), to our knowledge, neither the
function of NPC1 in skeletal muscle, nor the effects of NPC1 deficiency in
skeletal muscle have been examined.

In order to determine if the reduction of NPC1 contributes to the
muscular dystrophy of the Dtna” mouse, we generated Dtna”™ mice
transgenically expressing Npc? under the control of the human skeletal a-actin
(HSA) promoter to achieve skeletal muscle-specific expression (Brennan and
Hardeman, 1993). The dystrophic characteristics normally seen in Dtna” mice
are greatly ameliorated in Dtna”-Tg(Npc1) mice. Serum creatine kinase levels

and the percentage of centrally-nucleated fibers in Dtna™ soleus and diaphragm
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muscles were restored to near normal levels by transgenic expression of NPC1.
Perhaps more importantly, expression of NPC1 in mdx muscle also dramatically
improved the dystrophic phenotype. Thus, our results suggest a new avenue
for treatment of Duchenne muscular dystrophy in humans.

The loss or reduction of NPC1 by itself does not cause muscular
dystrophy. We have examined several muscle types (TA, soleus, quadriceps,
sternomastoid, and diaphragm) from 6-week-old Npc'/', as well as 6- and 16-
week-old Npc™ mice, and have found no evidence of dystrophy in any of these
mice (data not shown). However, we report here that, although the transgenic
expression of Npc1 in mdx skeletal muscle is insufficient to completely restore
mdx muscle to normal, it does appear to ameliorate the dystrophic phenotype in
both Dtna” and mdx mice. Such a paradox has also been observed in the case
of nNOS. Neither nNOS-null mice (Chao et al., 1998), nor a-syntrophin-null
mice (Adams et al., 2000; Kameya et al., 1999), which have reduced nNOS
levels, are dystrophic. Yet, mdx mice, which also have reduced levels of nNOS
(Brenman et al., 1995), are dystrophic, and transgenically expressing nNOS
alleviates the dystrophy in mdx mice (Wehling et al., 2001). A “two-hit’
hypothesis has been suggested as a possible explanation for the discrepancy
between the effect of nNOS reduction in the nNOS-null mouse and mdx mouse
(Rando, 2001). According to this hypothesis, defects of the DPC are likely to
have more than one biochemical consequence. Individually, either

consequence may result in cell damage but is not enough to cause cell death;
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however, together they result in the severe necrosis observed in dystrophic
muscle. In the case of nNOS, the reduction of nNOS causes ischemia in
muscle as a result of the loss of protection from nitric oxide to contraction-
induced vasoconstriction (“first hit”), but the DPC defects increase the
vulnerability (“second hit”) of the muscle to ischemia, causing injury to the
muscle. Perhaps then while the loss of NPC1 alone may not be sufficient to
cause muscle fiber degeneration, it may in the presence of DPC defects
contribute to the pathophysiology of dystrophic muscle.

Unfortunately, the mechanism by which NPC1 dysfunction causes
neuronal degeneration in Niemann-Pick disease is not understood. However,
molecular abnormalities in NPC1-null cells suggest possible links to known
causes of muscle degeneration. One particularly intriguing connection involves
caveolae and a key protein of this membrane structure, the caveolins.
Caveolae are vesicular invaginations in the plasma membrane enriched in
cholesterol binding proteins called caveolins (Murata et al., 1995) and require
free cholesterol for proper formation (Hailstones et al., 1998). The trafficking of
LDL-derived free cholesterol to the plasma membrane is dependent upon NPC1
(Wojtanik and Liscum, 2003). Caveolins transport cholesterol to plasma
membrane caveolae (Murata et al., 1995; Smart et al.,, 1996) where they
~concentrate and organize cholesterol and sphingolipids, function in vesicle
trafficking, and participate in signaling as suggested from their interactions with

signaling proteins such as NNOS (Garcia-Cardena et al., 1997; Venema et al.,
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1997). Caveolin-3, the muscle-specific caveolin, binds directly to the dystrophin
complex members, B-dystroglycan (Sotgia et al., 2000) and nNOS (Garcia-
Cardena et al.,, 1997; Venema et al., 1997), at the sarcolemma (Song et al.,
1996), and is required for the correct targeting of the dystrophin complex to
cholesterol-sphingolipid rafts/caveolae (Galbiati et al., 2001).

A link between muscular dystrophy and caveolin-3 regulation has been
established as has a link between caveolin levels and NPC1 expression.
Muscles from Duchenne muscular dystrophy patients have elevated caveolin-3
levels, increased numbers of membrane caveolae, and greater variability of
caveolae size and shape, compared to normal muscle (Repetto et al., 1999).
Similarly, mdx mouse muscles have elevated caveolin-3 levels in both
membrane and soluble fractions (Vaghy et al., 1998) and a Duchenne-like
muscular dystrophy results from transgenic overexpression of caveolin-3 in
mouse muscle (Galbiati et al., 2000). Finally, mutations in caveolin-3 are the
genetic basis for limb-girdle muscular dystrophy 1C (LGMD 1C) (Minetti et al.,
1998).

Interestingly, elevated caveolin levels are also associated with NPC1
deficiency (Garver et al., 1999; Garver et al., 2002). In Npc1-heterozygous
fibroblasts, caveolin levels are increased in plasma membrane caveolae
(Garver et al., 2002). Associated with this increase is a decrease in the content
of free cholesterol in caveolae. This relationship between NPC1 levels,

caveolin levels, and cholesterol content suggests that mdx muscles and Dtna™
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muscles, which have NPC1 levels approximating those of the NPC-
heterozygous cells, may also have decreased cholesterol levels in caveolae.
We have identified a significant reduction of NPC1, a cholesterol and
sphingolipid trafficking protein, in o~dystrobrevin-null skeletal muscle.
Furthermore, we show that transgenically expressing Npc? in skeletal muscle
alleviates the dystrophic phenotype of both Dtna™ and mdx mice, two models of
muscular dystrophy. Because cholesterol is known to affect plasma membrane
rigidity and lipid-protein interactions, and because caveolae are involved in
intracellular signalling, alterations in the cholesterol content of sarcolemmae or
caveolae could adversely affect the structural integrity of the sarcolemmae, the
ability of the membranes to repair themselves, and/or the binding of signaling
proteins, thus contributing to the phenotype of dystrophic muscle.
Transgenically expressing Npc1 in muscle, therefore, may correct abnormalities
of the plasma membrane and/or caveolae in Dtna” and mdx muscle. These
findings offer new therapeutic targets for muscular dystrophies resulting from

abnormalities of the dystrophin complex.
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Figure 3.1: Reduction of Npc7 mRNA and NPC1 protein in Dtna” quadriceps. (A) Npc1
transcript levels from Dtna” and wild-type quadriceps muscles. Data is shown as mean %
standard deviation. *p<0.05, vs. wild-type, using Student’s paired t test. (B,C) Characterization
of a rabbit polyclonal NPC1 anti-peptide antibody by (B) immunoblot and (C)
immunofiuorescence analyses. (B) Immunoblot analysis of membrane-enriched (m) and
cytosolic (c) fractions prepared from wild-type, Npc-heterozygous (+/-), and Npc-null (-/-) mouse
quadriceps muscles. (C) Immunofluorescence of individually teased fibers from wild-type and
Npc™ quadriceps muscles. (D) Immunoblot analysis of membrane-enriched fractions prepared
from wild-type and Dtna” mouse quadriceps muscles.
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Figure 3.2. Expression of transgenic Npc? under human skeletal a-actin promoter. (A) PCR
genotyping, identifying four founder lines (19,55,56,58) carrying the Npc1 transgene. (B)
Western analysis of NPC1 expression in diaphragm muscle homogenates from wild-type and
four lines (19,55,56,58) of Dtna'/'-Tg(Npc1) mice. Twenty ug of wild-type whole muscle
homogenate was loaded versus 5ug for the Dtna”-Tg(Npc1) mice. As a loading control,
GAPDH was examined on the same blot. WT, wild-type.
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Figure 3.3. Amelioration of dystrophic phenotype by transgenic expressmn of Npc1 in Dtna™
mice. (A) H&E staining of solei cross-sections from wild-type, Dtna™, and Dtna”-Tg(Npc1)
mice (19,58,55,56). Scale bar, 40um (B) The percentage of soleus diaphragm, and TA
myofibers with central nuclei. n = 5 mice per genotype analyzed. # p<0.05 vs wild-type. *
p<0.05 vs. Dtna™ . (C) Serum creatine kinase levels. n= 5 wild-type; n=7, Dtna™ : n=5, each
transgenic line. # p<0.05 vs. wild-type. * p<0.05 vs. Dtna™. (A,B,C) Mice were examined at3
months of age. Data shown are mean % standard deviation.
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Figure 3.4. Transgenic expression of Npc? improves dystrophic phenotype of mdx mice. (A)
H&E-stained cross-sections of solei from wild-type, mdx, and mdx-Tg(Npc1)58 mice. Scale bar,
40um. (B) The percentage of soleus, diaphragm, and TA myofibers with central nuclei. n2 5
mice per genotype analyzed. (C) Serum creatine kinase levels. n=5, wild-type, mdx-
Tg(Npc1)19 and mdx-Tg(Npc1)56; n=6, mdx and mdx-Tg(Npc1)55; n=11, mdx-Tg(Npc1)58.
(D,E) Quantitative analyses of fiber diameter in soleus muscles of wild-type, mdx, and madx-
Tg(Npc1)58 mice, determined using ‘Feret's diameter method. n=3 mice per genotype. (D)
Fiber diameters, in which boxes represent the 25" to 75™ percentiles and lines represent high
and low values. Data was pooled from approximately 500 fibers from each of 3 mice per
genotype. (E) Coefficients of variation of soleus fiber diameters. Each data point represents
the variance coefficient calculated from each mouse. Lines represent means (dark bar) %
standard deviations (error bars). (A-E) Data obtained from 8-week-old mice. Data shown are
mean * standard deviation. (B-D) #p<0.05 vs. wild-type. *p<0.05 vs. mdx. (E) #p<0.05 vs. wild-
type. *p<0.05 vs. mdXx.
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CHAPTER 4:

Insertion of transgene rescues phenotype of NPC-null mice

Introduction

Niemann-Pick disease type C (NPC) is an autosomal recessive,
neurodegenerative disorder, affecting approximately 1 in 150,000 live births
(Patterson et al., 2001). Typically, patients develop symptoms in early
childhood and die by late adolescence/ early adulthood. The “classic”
phenotype is characterized by ataxia, dystonia, dementia, vertical supranuclear
gaze palsy, and hepato- and/or spleno-megaly. The brains of NPC patients
show significant neuronal cell loss, particularly of cerebellar Purkinje cells, and
neurofibrillary tangles. Biochemically, the disease is characterized by the
intracellular accumulation of unesterified cholesterol and gangliosides in the
endosomal/lysosomal pathway (Patterson et al., 2001). Interestingly, like other
tissues, cells of the CNS also sequester cholesterol; however, the severe
demyelination accompanying the disease results in a net loss of cholesterol in
the brain (Patterson et al., 2001; Xie et al., 2000). Mutations in the Npc7 gene
cause 95% of NPC disease cases, with the remaining 5% resulting from
mutations in the Npc2 gene. Currently, no treatment for NPC disease exists.

NPC1 is a 1278 amino acid, heavily glycosylated, cholesterol-binding
protein (144-184 kDa) with 13 transmembrane domains, a lumenal N-terminus,

a cytosolic C-terminus, and a sterol-sensing domain (SSD) (Davies and
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loannou, 2000; Infante et al., 2007; Ohgami et al., 2004). NPC1 resides in late
endosomes and is also found to a smaller extent in the trans-Golgi network,
lysosomes, and in caveolin-containing compartments (Garver et al., 2000;
Higgins et al., 1999; Neufeld et al., 2004). The precise function of NPC1 is
unknown. However, based on studies of cells deficient in functional NPC1, it
appears to be involved in the movement of LDL cholesterol from late
endosomes to the plasma membrane and endoplasmic reticulum (ER) (Sokol et
al., 1988; Wojtanik and Liscum, 2003).

The Balb/c Npc1™™ (Npc™) mouse, a murine model for NPC disease has
been an invaluable tool in the identification of the Npc?1 gene, in the
understanding of NPC1 function, and in the investigation of potential therapies.
The Npc’ mouse arose from a spontaneous mutation in Npc?, replacing 44
base pairs (bp) of exonic sequence with 24 bp of retroviral sequence, thereby
causing a premature truncation of the open reading frame (Loftus et al., 1997).
This deletion results in the loss of approximately two-thirds of the NPC1 protein
and 11 of its 13 transmembrane domains. Similar to NPC patient tissues, Npc”
mouse tissues accumulate excessive amounts of unesterified cholesterol and
sphingomyelin. Additionally, like NPC patients, Npc” mice display loss of
weight, loss of coordination, loss of Purkinje cells, and an early death (80 to 120
days of age) (Morris et al., 1982).

In a previous study, Npc? was expressed using a prion-promoter-driven

Npc1 cDNA transgene in order to limit the expression of Npc? primarily to CNS-
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derived tissues in an effort to determine the extent to which the storage defects
of the viscera, versus CNS, contribute to NPC disease (Loftus et al., 2002).
Mice from three different transgenic lines maintained wild-type weight for the
nine weeks studied and lived beyond 18 months of age. In addition the ataxic
gait of the mice was rescued, which the authors attributed to the lack of
cerebellar Purkinje cell death or ganglioside accumulation in Purkinje cells in
the transgenic mice. In our study, we examined whether or not the loss of
Npc1 in skeletal muscle contributes to the motor abnormailities, wasting, and
shortened lifespan associated with this disease, by examining the effects of
transgenic expression of Npc1 in skeletal muscle of Npc'/’ mice. While we were
unable to show that muscle expression of the Npc? transgene, per se,
ameliorates the disease phenotype, we have identified a line of transgenic mice
whose motor dysfunction and lifespan are significantly improved compared to

Npc™ mice.

Materials and Methods
Tg(Npc1) construct

Generation of the Tg(Npc1) construct was described previously (Chapter
3). Briefly, the Npc1 cDNA was cloned into the pBSX-HSAvpA vector
(Crawford et al., 2000). The linearized construct was injected into the pronuclei
of C57BL/6 x C3H embryos (University of Washington, Department of

Comparative Medicine, Transgenic Resources Program). PCR genotyping (5'-
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GAT GAA GCA GAC AGT ATT CAG C-3 and 5-CAG TTC GGC TCG CGG
AGC AC-3') identified four founder lines carrying the Npc7 transgene
(Tg(Npc1)18, Tg(Npc1)55, Tg(Npc1)56, Tg(Npc1)58. All animal experiments
were performed with the approval of the Institutional Animal Care and Use

Committee at the University of Washington.

Growth and lifespan evaluation

We obtained breeding pairs of BALB/c mice heterozygous for the
Niemann Pick type C1 mutant allele (Npc1™™) (The Jackson Laboratory).
Breeding pairs were maintained and bred to produce wild-type (WT) offspring,
Npc1-null (Npc1™), and Npc1-heterozygous (Npc1™) mice. PCR genotyping
was performed according to suggested Jackson Laboratory protocols
(jaxmice.jax.org). Each of the four transgenic lines was bred with Npc?™ mice.
The resulting Npc1+/‘-Tg(Npc1) progeny were subsequently bred with Npc1™”
mice to produce non-transgenic Npc'/' mice and Npc'/' mice hemizygous for the
Npc1 transgene (Npc1'/'-Tg(Npc1)) and analyzed. Male and female Npc1'/'-
Tg(Npc?) and Npc1” offspring were genotyped and weighed, along with WT
mice, weekly from four to eleven weeks of age. Three male and female Npc1'/'-
Tg(Npc1)55 and a minimum of four mice from each of the other genotypes were
weighed at all time points. Pellets of food and Napa Nectar™ were placed on
the cage bottoms at six weeks of age of all Npc1‘/' mice and at any point that

Npc1”-Tg(Npc1) or WT mice began to display difficulty eating or walking. Al
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Npc1”, Npc1”-Tg(Npc1)55, Npc1”-Tg(Npc1)56, and Npc1”-Tg(Npc1)58 mice
displayed difficulty eating and walking and were sacrificed between eight to
eleven weeks of age. Npc1”-Tg(Npc1)19 mice exhibited no weight loss until
approximately five months of age and were viable up to approximately six

months of age

Quantitative RT-PCR

Quadriceps muscles and brains were dissected from wild-type, Npc1”-
Tg(Npc1)19, and Npc1” mice. Total RNA was isolated as described in Chapter
2. Real-Time quantitative RT-PCR was performed with an ABI Prism 7000
Sequence Detection System (Applied Biosystems), using 5ng of RNA, One-
Step RT-PCR Master Mix reagents (Applied Biosystems), and Npc1 primers (5'-
AAT GCG GTC TCC TTG GTC AA-3 and 5-GCT CTC GTT ATA TGG CTG
CAG AA-3’, Integrated DNA Technologies) and probe (5 6-FAM d(CAC AGA
AAT GCC ACA GCT CAT CAC CAA) BHQ-1 3, Biosearch Technologies, Inc.),
or 18S primers and probe (Applied Biosystems, P/N 4310893E). The relative
expression of Npc1 mRNA was normalized to the amount of 78S RNA in the

same sample. Each sample was run in triplicate. n=1 for each sample.

Membrane enrichment and immunoblots
Tissues were dissected and quick frozen in liquid nitrogen. Membrane

preparations and immunoblotting were performed as described in (Garver et al.,
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2000) with the following modifications. Following homogenization in 25 mM
MES, pH 6.5, 150 mM NaCl, and protease inhibitors, the tissues were
centrifuged for 30 min at 100,000 g, generating a cytosolic fraction
(supernatant) and membrane-enhanced fraction (pellet). Pellets were
subsequently homogenized in 25 mM MES, pH 6.5, 150 mM NaCl, 1.0% Triton
X-100, and protease inhibitors and centrifuged at 2,000 g for 10 min. Sample
protein content was determined using the bicinchoninic acid (BCA) protein
assay (Pierce). Gels (4-15% Tris-HCI gradient, BioRad) were loaded with 5-20
ug of protein. The separated proteins were transferred to nitrocellulose
membrane (Schleicher and Schuell) at 100V for 1-hour. Immunoblots were
blocked for 1-hour at room temperature in 10 mM sodium phosphate, pH 7.4,
150 mM NaCl, 0.05% Tween-20, and 4% non-fat dry milk. Immunoblots were
incubated at 4° overnight in 10 mM sodium phosphate, pH 7.4, 150 mM NacCl,
0.05% Tween-20, and 1% non-fat dry milk, containing primary antibodies,
followed by three 10-min washes. Primary antibody was detected using HRP-
conjugated secondary antibody (Jackson ImmunoResearch Laboratories) in 10
mM sodium phosphate, pH 7.4, 150 mM NaCl, 0.05% Tween-20, and 1% non-
fat dry milk. Protein bands were detected using SuperSignal® West Femto

Maximum Sensitivity Substrate (Pierce) and a CCD camera (Alphalnnotech).
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Results
Generation of the transgenic mice.

To investigate whether transgenically expressing Npc1 in skeletal muscle
of Npc1'/' mice could alleviate the NPC phenotype, we generated transgenic
mouse lines in which Npc1 was expressed under the control of the human
skeletal co~actin promoter. The generation of the TgNpc? construct was
described previously (See chapter 3). We obtained four transgenic founder
lines (TgNpc1(19), TgNpc1(55), TgNpc1(56), and TgNpc1(58)) (See Chapter 3,
figure 3.2a). Expression of NPC1 protein was lowest in the 55 and 56 lines and
high in the 19 and 58 lines. We bred each founder line onto the Npc*”
background. The resulting transgenic Npc*" F1 progeny were then crossed
with non-transgenic Npc”‘ mice to generate non-transgenic Npc;/‘ mice and
Npc™ mice hemizygous for the Npc1 transgene (Npc”'—Tg(Npc1)), which were

compared to BALB/c wild-type (WT) mice.

Phenotype of Npc”-Tg(Npc1) mice

By approximately seven weeks of age, tremors, abnormal gait, and
weight loss became evident in the Npc” mouse and worsened until their early
deaths at approximately 12 weeks of age, consistent with previous reports
(Morris et al., 1982). Of the four transgenic lines we evaluated, three (Npc'-
Ta(Npc1)55, Npc-Tg(Npc1)56, and Npc™-Tg(Npc1)58) exhibited these same

phenotypic abnormalities. Male and female mice from each of these three
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transgenic lines began to show signs of tremor and staggering gait and began
rapidly to lose weight in a time and manner indistinguishable from Npc™” mice
(Figures 4.1). Lifespans of the transgenic mice from the 55, 56, and 58 lines
were similar to those of Npc” mice as well (Figure 4.2). Surprisingly, however,
mice from the Npc”-Tg(Npc1)19 line were phenotypically indistinguishable from
wild-type mice until approximately five months of age.

Unlike non-transgenic Npc'/' mice and transgenic mice from lines 55, 56,
and 58, male and female Npc”-Tg(Npc1)19 mice consistently gained weight
during the seven weeks of measurements, in a manner similar to wild-type mice
(Figures 4.1). We did not observe weight loss in the Npc™-Tg(Npc1)19 mice
until they reached approximately five months of age. This time point coincided
with the onset of slight tremors in these mice. In addition to late-onset tremors
and weight loss, Npc”-Tg(Npc1)19 mice also did not display inward flexing of
the hindlimbs until after 20 weeks of age (Figure 4.3). By ten weeks of age,
Npc'/'mice reflexively contracted their hindlimbs, pulling them in toward their
bodies, when they were lifted by the tail. Wild-type mice, on the other hand,
extended their hindlimbs backward, away from the body, throughout their lives.
We did not observe hindlimb contraction in the Npc”-Tg(Npc1)19 mice until
after 20 weeks of age. Also unlike Npc” mice, Npc”-Tg(Npc1)19 mice
maintained a gait pattern similar to wild-type, throughout their lives (data not
shown). Lastly, whereas Npc” mice lived approximately 12 weeks, Npc™’-

Tg(Npc1)19 mice lived approximately 27 weeks (Figure 4.2).
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Expression of transgene mRNA and protein in Npc” mice

Under the human skeletal a-actin promoter (HSA), the Npc1 transgene
should only be expressed in skeletal muscle (Brennan and Hardeman, 1993).
To verify this and confirm that the improved phenotype of the Npc”-Tg(Npc1)19
mice is not due to transgenic expression of Npc? in other tissues, we did a
preliminary examination (n=1) of Npc7 transcript levels in wild-type, Npc"'-
Tg(Npc1)19, and Npc™ mice. By quantitative RT-PCR, we examined transcript
levels in brain and quadriceps muscle (Figure 4.4), and by Western blot, we
examined NPC1 protein expression in quadriceps, diaphragm, tibialis anterior,
brain, and liver, where NPC1 is highly expressed in wild-type mice (Garver et
al., 2005) (Figure 4.5). Whereas NPC1 expression was extremely elevated in
skeletal muscles of Npc”-Tg(Npc1)19 mice compared to wild-type muscles, we

found no detectable NPC1 in either of the other Npc"'—Tg(Npc1)19 tissues.

Discussion

In the present study, we transgenically expressed Npc? specifically in
skeletal muscles of Npc1” mice in order to determine if NPC1 loss in skeletal
muscle contributes to the NPC disease phenotype. We paid specific attention
to motor function, wasting, and lifespan. Of the four resuiting transgenic lines,
mice from one (Npc™-Tg(Npc1)19) of the lines displayed a noticeably‘improved
phenotype compared to the non-transgenic Npc” mice and the other three lines

of transgenic mice. Typically, Npc” mice display loss of coordination, which is
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evident by a staggering gait, tremors, and weight loss, all of which begin at
approximately six to seven weeks of age, progressing until an early death of 10-
12 weeks of age (Morris et al., 1982). Unlike the Npc'/' mice, though, we have
found that both male and female mice from the Npc”-Tg(Npc1)19 line appeared
healthy until about five months of age, at which point they began to slowly lose
weight and show signs of tremor. Until that time, however, mice from the Npc™
-Tg(Npc1)19 line gained or maintained their weights as the healthy, wild-type
mice did through eleven weeks of measurements and showed no signs of
tremor. Additionally, at no time did the Npc”-Tg(Npc1)19 mice display an
abnormal gait. Although the lifespans of Npc”-Tg(Npc1)19 mice were not
corrected to those of wild-types, Npc”-Tg(Npc1)19 mice lived at least to six
months of age, more than 100% longer than Npc™ mice.

We could not corroborate the improved phenotype we saw in the Npc™-
Tg(Npc1)19 line with any of the other three lines that were made. One possible
explanation for the discrepancy might be that NPC1 protein is expressed at
different levels in the Npc”-Tg(Npc1)19 line than in the other lines. Based on
Western blot analyses, however, the expression levels of NPC1 appear to be
similar between the Npc”-Tg(Npc1)19 and Npc™-Tg(Npc1)58 mouse muscles
(Chapter 3, Figure 3.2b); therefore, we would expect a similar phenotype at
least with the Npc”-Tg(Npc1)58 line, which we did not observe. Another
possibility is that NPC1 expression is not confined to skeletal muscle, contrary

to previous reports from studies using the HSA promoter (Brennan and
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Hardeman, 1993) A reduction of neurodegeneration as a result of NPCA1
expression in the Npc” brain, for example, could explain the improvement of
the disease, as has previously been shown using prion-promoter-driven Npc1
expression (Loftus et al.‘, 2002). However, we have examined Npc1 transcript
expression and NPC1 protein expression in various skeletal muscles, brain, and
liver of Npc-Tg(Npc1)19 mice and fihd NPC1 overexpression only in skeletal
muscle. Because the Npc? transgene randomly integrated into the Npc”
mouse genome, a third possibility is that random integration of the Npc1
transgene affected the expression of a completely unrelated gene. This gene,
which for example could be a longevity gene or even a cholesterol lowering
gene, might therefore be responsible for the change in phenotype of the Npc™-
Tg(Npc1)19 mice.

The random integration of transgenes into genomes has been both
intentionally (gene trapping) and unintentionally used for the identification of
novel genes and gene function. Large-scale gene trapping studies have been
used, for example, in the identification of survival genes (Wempe et al., 2001)
and cancer-causing genes (Yamamura and Araki, 2007). Recently, a study
investigated the molecular cause of a neuromotor disease identified in mice
carrying a transgene encoding the SV40 T antigen (Rodriguez-Santiago et al.,
2007). The authors found that the transgene had inserted into the promoter of
the Trpc3 gene. The insertion caused transcription of Trpe3 to be blocked,

which the authors postulated affected the development of the CNS, causing the
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neurological phenotype of the mice. The defective gene responsible for the
phenotype of the reeler mouse was also discovered by the fortuitous, random
insertion of a transgene (Miao et al.,, 1994). In an attempt to examine the
function of the c-fos gene, the authors produced transgenic mouse lines,
expressing a mutated c-fos gene. Of the three homozygous transgenic lines
generated that expressed c-fos, one displayed a severe locomotor defect
similar to that of the reeler mouse. Genetic analysis determined that the c-fos
transgene had inserted into the reeler locus, thereby causing the reeler
phenotype. The c-fos transgene then could be used to identify and isolate the
reeler gene.

In this study we show that the transgenic expression of Npc7 exclusively
in skeletal muscle of Npc” mice cannot alleviate the phenotype of the Npc”
mouse. However, we did find improvements in one transgenic mouse line,
which appear unrelated to the expression of the transgene. We speculate that
these improvements are due to the insertion of the Npc? transgene into a locus,
e.g. promoter sequence, that alters the expression of the gene(s) that is/are
responsible for the improved health of the Npc”-Tg(Npc1) mouse. We will
therefore be able to use this transgene in future studies as a probe to identify

the responsible gene(s).
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Figure 4.1: Npc” -Tg(Npc1)19 mice maintain weight gain similar to wild-type mice. Neither
male (A) nor female (B) Npc ~-Tg(Npc1)19 mice exhibit the severe weight loss that typ:cal/y
occurs in Npc/ mlce after seven weeks of age. Each of the other 3 transgenic lines (Npc™-
Ta(Npc1)55, Npc”-Tg(Npc1)56, Npc™-Tg(Npc1)58) lost weight in a manner similar to the Npc™
mice. Means *s.d. are shown.



125

A n=
250~ %*
o 200+
> "
© ey
E 150' l:-:-:l
& n=6 | h=3 n=4 n=5
§ 100+ ::: —_—
S 504 E =
0- | 2 T
N ) o © >
$Q0 0’\\'\ o’\\<o o’\\ﬁ 0’\\0’)
IR R
’IQ\ 'IQ\ \'tQ\ \':&Q\
NN
B n=6
%*
200~ e
z =
> I..--
S a"a e
= 1004 n=5 ::::::: n=3 n=4 n=4
© l:l:l:l emovmmm——
Q. e [ ]
(7] -, ]
Ko} 2 B =aa
3 =5
c E l,---l T Y ¥
N S ) © >
& & 6
A SR\
P WOPC PO
O O o S

Figure 4.2: Increased lifespans of male (A) and female (B) Npc"'—Tg(Npc1)19 mice. Npc”-
Tg(Npc1)19 mice live significantly longer that Npc” mice and mice from the other 3 transgenic
lines. Although Npc'/' -Tg(Npc1)19 mice do not live wild-type lifespans, at no point do they
exhibit the severe tremors and ambulatory difficulties of Npc” mice. Means + s.d. are shown.
*p<0.001, vs. Npc™. '
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Figure 4.3: Comparison of wild-type, Npc”-Tg(Npc1)19, and Npc” mouse hindlimb responses
to being lifted by the tail. (A) 10-week old wild-type showing extension of h|nd limbs. (B) 10-
week oid Npc showing contractures of hindlimbs when lifted by the tail. Npc"-Tg(Npc1)19 do
not demonstrate joint contractures, but are instead able to extend hlndllmbs at (C) 10-weeks of
age and still at (D) 20 weeks of age. (E) By 29 weeks of age, Npc” ~Tg(Npc1)19 mice
demonstrate severe contractions of the hindlimbs in response to tail-lifting. (F) Demonstration
of hindlimb extension in 29-week old wild-type mouse.
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Figure 4.4. Transcript levels in quadriceps muscles and brains from wild-type, Npc'/'-
Tg(Npc1)19, and Npc” mice. Expression levels were examined using real-time quantitative
RT-PCR. The relative expression of Npc? mRNA was normalized to the amount of 785 RNA in
the same sample. Each sample was run in triplicate. n=1 for each sample.
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Figure 4.5: Expression of transgenic NPC1 is limited to skeletal muscle. NPC1 was highly
expressed in A) quadriceps, B) diaphragm, and C) tibialis anterior muscles of Npc” -Tg(Npc1)19
mice. Neither the D) brain nor E) liver had detectable levels of NPC1 in Npc™ ~Tg(Npc1)19
mice. WT, wild-type; Tg19, Npc™ ~Tg(Npc1)19 mice. n=1 for each sample. 25ug protein was
loaded for each quadriceps, diaphragm, and tibialis anterior muscle; 50ug protein was loaded
for each liver sample; and 100ug protein was loaded for each brain sample.
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CHAPTER 5:

Conclusions and future directions

Development of a therapy to treat muscular dystrophy is clearly the
ultimate goal of muscular dystrophy research, and in the last several years,
significant advances have been made particularly in the field of gene therapy.
These studies have largely focused on restoring functional dystrophin to the
sarcolemma. However, because of difficulties associated with delivering full-
length dystrophin to muscle, owing to the large size of dystrophin, research has
been aimed largely at introducing a functional short form of dystrophin to
muscle. The use of recombinant adeno-associated viral (AAV) vectors and
antisense oligonucleotides (AO) have proven successful in this vein, but several
issues associated with these methods must still be addressed, including their
long-term efficacy and safety, how to avoid an immune response, and how to
effectively reach all the muscles. While these approaches may soon prove
beneficial in alleviating the severity of Duchenne muscular dystrophy by
converting the patient to a Becker muscular dystrophy patient, ideally one would
ultimately hope to completely restore skeletal muscle to normal. Because
restoring full-length dystrophin does not appear feasible, a more comprehensive
understanding of the pathogenic mechanisms resulting in the degenerative
process of muscular dystrophy may yield alternate therapeutic strategies and

may even aid in treatments of dystrophies associated with losses of other DPC
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or DPC-associated proteins, such as the sarcoglycans or caveolin-3,
respectively.

In Chapter 2, | examined gene expression changes of quadriceps
muscles from a-dystrobrevin-null mice, compared to wild-type, in order to
identify genes whose misregulation results in muscular dystrophy. Gene
expression studies have previously been performed on more severely
dystrophic muscle, such as from DMD patients and mdx mice. Thosé studies
have yielded hundreds of transcripts whose expression levels were altered;
however, a large number of those transcripts encode proteins involved in
regeneration and inflammation. We therefore chose to examine the less
severely affected o-dystrobrevin-null muscle at six weeks of age in order to
minimize the influence of transcriptional responses associated with
inflammation and muscle repair.

In addition to the o-—dystrobrevin-null mouse, we also examined
expression changes in the a—syntrophin-null mouse. This was done for two
reasons. First, like o~—dystrobrevin-null mice, a-syntrophin-null mice have
neuromuscular junction defects. Therefore, a comparison of transcriptional
changes in these two mice may identify molecular changes occurring
downstream of the loss of a—dystrobrevin and a—syntrophin, culminating in the
abnormalities of the NMJ. Second, because o~dystrobrevin-null mice have
NMJ defects in addition to muscular dystrophy, | hypothesized that the

expression changes that the two mice had in common were responsible for the
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NMJ defects. Therefore, | could narrow the list of candidate genes involved in
muscular dystrophy by eliminating those o~dystrobrevin-null expression
changes that are in common with the a—syntrophin-null changes. Unfortunately
a comparison of o-syntrophin-null and oa—dystrobrevin-null transcriptional
alterations yielded only a small list of changes in common. An explanation for
this small list likely resides in the fact that we examined transcriptional changes
from the whole muscle despite our interest only in the changes at the NMJ,
which makes up just a small percentage of muscle. Transcriptional changes at
the NMJ may have been obscured by expression of those same transcripts in
other parts of the muscle. Enriching for synaptic RNA by microdissecting
NMJs, as recently described by Kishi et al. (Kishi et al., 2005), would eliminate
the influence of non-synaptic transcripts and likely yield a greater number of
changes and more focused changes than we identified here.

An obvious complication of large-scale gene expression analyses is
determining which transcriptional change(s) to explore in greater detail.
Although other gene expression analyses often focus on the magnitude of the
fold-change, we instead chose to base our selection on the level of statistical
significance. Our attention was therefore directed to Niemann Pick C1 (NPC1),
which was the most statistically significant change in the o—dystrobrevin-null
quadriceps. We did not observe a significant change of Npc? in the more
severely dystrophic diaphragm, and previous studies on mdx and DMD muscle

also have not reported significant changes in Npc1. However, as Npc1 is
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found in skeletal muscle as well as non-skeletal muscle cells, including
fibroblasts and macrophages, we speculate that decreases in Npc? in more
dystrophic muscle may be eclipsed by the influx of cells involved in
inflammation and regeneration. In fact, as shown in Chapter 3, not only were
the a~dystrobrevin-null quadriceps and diaphragm muscles significantly
improved by transgenic overexpression of NPC1, but so were all three muscle
examined in the transgenic mdx mice, suggesting that NPC1 deficiency may
contribute to the dystrophy in all these muscles.

Our generation of dystrophic mice expressing transgenic NPC1 yielded
four important observations. First, introducing Npc7 into dystrophic mice can
ameliorate the phenotype as observed not only from examination of a few
individual muscles but also from measurements of creatine kinase levels, which
is a body-wide assessment of muscle degeneration. Second, we generated
four transgenic lines and found that the two lines that greatly overexpressed
NPC1 had the most beneficial effect at ameliorating the dystrophy of the
o~—dystrobrevin-null and mdx mice, indicating that the response to transgenic
NPC1 is dose-dependent. Third, the response by muscle appears to be fiber-
type specific, as we observed either mild improvements (mdx mouse) or no
improvements (a-dystrobrevin-null) of the tibialis anterior (TA), a predominantly
fast-twitch muscle. Fourth, we observed significant improvement to the mdx

diaphragm, which most closely mimics DMD muscle. Therapies that attenuate



133

the degeneration of respiratory muscles are critical as respiratory failure is a
leading cause of death in DMD patients.

Our results clearly suggest that transgenic expression of NPC1 has
beneficial effects on dystrophic muscle and are suggestive of a mechanistic role
for NPC1 in causing muscular dystrophy. Future studies will need to address
several unanswered questions, however. First, why does the loss of o-
dystrobrevin cause decreased expression of NPC1? Second, does the
reduction of NPC1 actually contribute to muscle degeneration, and if so, how?
Third, how does the overexpression of NPC1 ameliorate muscular dystrophy?
Answering these questions will necessitate more information regarding NPC1-
interacting proteins, NPC1 function, and regulators of Npc?1 expression.
Current knowledge already provides intriguing connections between NPC1 and
DMD. Elevated caveolin levels are associated with mdx and DMD muscle,
overexpression of caveolin induces a DMD-like dystrophy in mice, and reduced
caveolin levels cause limb-girdle muscular dystrophy 1C (Galbiati et al., 2000;
Minetti et al.,, 1998; Repetto et al., 1999; Vaghy et al., 1998). The tight
regulation of caveolin thus appears necessary to prevent muscle degeneration.
Interestingly, NPC1- heterozygous cells, which have NPC1 levels
approximating those that we found in o-dystrobrevin-null muscle, contain
elevated levels of caveolin in caveolae (Garver et al.,, 2002). An intriguing
explanation for NPC1’s role in muscular dystrophy may then be tied to its

relationship with caveolin. Perhaps the loss of a-dystrobrevin and/or dystrophin
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causes the reduction of NPC1, which would result in the upregulation of
caveolin, thereby contributing to muscle degeneration. By overexpressing
NPC1, we may be reducing caveolin levels toward wild-type levels, thus
decreasing the phenotypic consequence of elevated caveolin levels. Future

experiments should examine caveolin levels in a~dystrobrevin-null muscle and

the transgenic a-dystrobrevin-null and mdx muscles.

Reports have also shown that cholesterol, which is an important
component of éaveolae and plasma membranes is reduced in caveolae of
NPC1- heterozygous cells (Garver et al., 2002), suggesting that it may also be
reduced in dystrophic muscle. Decreased cholesterol in caveolae could have
significant detrimental effects on the signaling function of caveolae or could
compromise the ability of the plasma membrane to repair itself, either of which
could have implications in muscle degeneration. If cholesterol is indeed
reduced at the plasma membrane and/or caveolae of dystrophic muscle, then
overexpressing NPC1, which traffics cholesterol to the plasma membrane, may
effectively restore cholesterol at these sites. In this case, sarcolemmae would
still incur damage due to the disruption of the DPC, however, the cell would
maintain its ability to repair itself. Cholesterol levels should thus be examined in
caveolae of both the a-dystrobrevin-null and mdx mice as well as the transgenic
mice.

In our studies we found that transgenic overexpression of NPC1 appears

to improve central nucleation, serum creatine kinase levels, and fiber size
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variability. We do not yet know, however, if muscle function is improved. Thus,
before examining the mechanism of NPC1 action, future studies should first
determine if physiological aspects of mdx muscle, such as decreased forée
producing capacity and increased susceptibility to contraction-induced injury,
are improved. Additionally, as transgenically expressing NPC1 in humans is
obviously not feasible, future studies will also need to examine alternative
modes of NPC1 delivery to dystrophic muscle, e.g. AAV-mediated delivery. As
opposed to using transgenic mice, using AAV-mediated delivery will also allow
for quicker analyses of the effects of NPC1 overexpression on other forms of
muscular dystrophy, like the limb-girdle muscular dystrophies. Alternatively,
further investigation into the connection between NPC1 and DMD could yield
alternative targets suitable for more conventional pharmaceutical intervention.
Mice lacking NPC1 do not display a dystrophic phenotype; however, they
are a model for Niemann-Pick disease, a severe neurodegenerative disease in
humans, which results in premature death. In Chapter 4, we examined whether
transgenically expressing NPC1 in skeletal muscle could alleviate the NPC
phenotype in the NPC-null mouse. Indeed, we did observe that transgenic
NPC-null mice not only maintained weight better, but also lived significantly
longer than NPC-null mice. However, as these improvements only occurred in
one of the four transgenic lines, we speculate that overexpression of NPC1 in
muscle is not the basis for the improvements. One possible explanation instead

could be that expression of Npc? under control of the human skeletal o-actin
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promoter is occurring in tissues other than just skeletal muscle. Preliminary
data from brain and liver, however, indicate that this is not the case. As we
looked at tissues from only one mouse, a greater sample size will, of course,
need to be examined as will different tissues. An intriguing and more likely
explanation for the improved phenotype is that the integration of the transgene
fortuitously altered the expression of an unrelated gene(s), thereby improving
the phenotype. The identification of the insertion site could therefore provide a
target for treatment of the NPC disease.

| have provided data in this thesis suggesting a mechanistic role for
NPC1 in the pathogenesis of muscular dystrophy. Mutations in NPC1 are
known to cause the neurodegenerative disease, NPC, but to my knowledge, the
function of NPC1 has not previously been studied in skeletal muscle. The
results presented herein are therefore the first to link a neurological disease,
characterized by impaired cholesterol trafficking, to muscular dystrophy and
may identify a new therapeutic target for muscular dystrophy. Future studies
based on our investigations with our transgenic NPC-null mouse may also be

able to isolate a gene that can ameliorate NPC disease.
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