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Abstract

Merosin Deficient Congenital Muscular Dystrophy Type 1A (MDC1A) isthe
most common form of Congenital Muscular Dystrophy (CMD). MDC1A accounts for
approximately 40% of all CMD cases. CMD is estimated to have an incidenceratein
the United States of 1/100,000 live births. MDC1A isalethal disease which results from
mutations in the LAMAZ2 gene |leading to either a complete or partial absence of the
protein laminin a2. The loss of laminin a2 protein in turn leads to afailure to produce
laminin 211 and laminin 221. Laminin 211 is the major laminin component of the basal
lamina of mature skeletal muscle while laminin 221 is primarily located at neuromuscular
and myotendinous junctions. Patients with MDC1A display a spectrum of clinical signs
which correlate with the type of mutation they carry in the LAMA2 gene. Patients who
produce some laminin a.2 or who produce a truncated form of the protein tend to have
less severe clinical signs and longer life expectancies than patients who produce no
laminin o2. Patients with classic MDC1A have mutations which result in either
complete absence of or negligible production of laminin a2. Patients who produce no
laminin a2 have the most severe clinica signs and shortest life expectancies. MDC1A
patients display delayed motor milestones and unsupported sitting is often the maximal
motor activity; they are often confined to awheelchair at ayoung age. Feeding problems
requiring feeding tube placement, and respiratory difficulties requiring positive pressure
ventilation are common. It isnot unusual for these patients to die within the first decade

of life due to respiratory complications.



Secondary to the loss of laminin a2, MDCI1A patients display reduced levels of
o7 integrin. The a7B1 integrin is one of the main laminin 211/221 receptors in skeletal
muscle. Theloss of a7 integrin is considered to be due to communication between the
extracellular matrix and the cell surface receptors. Primary loss of the a7 integrin israre
and leads to a myopathy in affected individuals. The effect of the secondary loss of the
o7 integrinin MDC1A patients has not been evaluated prior to this work.

In order to determine the effect of a7 integrin loss, we enhanced a.7 integrin
expression in the skeletal muscle of the dy"-/- mouse model of MDC1A. The dy"-/-
mouse is one of the most commonly used models of MDC1A and displays atered
expression and localization of the a7 integrin with little integrin appropriately localized
to the sarcolemma. We accomplished forced expression of a7 integrin by breeding the
BX2-10i mouse and dy"-/- mouse over several generations to develop amouse which
lacked laminin o2 and overexpressed a7 integrin in the skeletal muscle. The BX2-10i
mouse is a skeletal muscle specific overexpressor of a7BX2 integrin — one of the primary
o7 integrin isoforms which binds with laminin in skeletal muscle. These animals contain
a transgene which uses the muscle creatine kinase (MCK) promoter to drive a.7BX2
integrin production specifically in skeletal muscle. The resultant mouse, designated as
dy"-/-;itga7+, alowed us to determine the effect of reintroducing o.7 integrin back into
an MDC1A model, and thus, gave usinsight into the role that reduced o7 integrin plays

in the pathology of MDC1A.
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CHAPTER 1

I ntroduction



Mer osin deficient congenital muscular dystrophy 1A (MDC1A)

The congenital muscular dystrophies (CMDs) are some of the most common
genetic neuromuscular disorders. The CMDs are comprised of a diverse group of
diseases which affect children within the first 6 months of life. Symptoms of CMD
include hypotonia, weakness, contractures, and variable disease progression *>. Further
classification of CMD is based upon the specific protein defect. Protein defects have
been isolated to extracellular matrix proteins, membrane receptor proteins, and
endoplasmic reticulum proteins “°. Significant regional variability in incidence rates
exist with published rates being between 4.7/100,000 in northern Italy and 6.3/100,000
live births in western Sweden; afounder effect is also present %*.

Merosin Deficient Congenital Muscular Dystrophy Type 1A (MDC1A) isdueto a
mutation in the LAMAZ2 gene. This affects the extracellular matrix proteins laminin 211
and laminin 221. The LAMAZ2 gene maps to chromosome 6g22-23 and spans
approximately 260 kb with 64 exons®’. The LAMA2 gene codes for the protein laminin
a2. MDCI1A isconsidered the most common CMD, accounting for 30-40% of all
diagnosed cases of CMD #. MDC1A is much less common in Asian populations were it
has a frequency of 6-7% of CMD cases ®. Incidence rates for MDC1A in the U.S. are not
available.

The severity of MDCI1A isvariable and correlates well with laminin o2
production. Patients with a mutation that resultsin no laminin o2 production have more
severe clinical signs than those who are able to produce some laminin a.2 or atruncated
form of laminin a2 %°. Patients who suffer from a complete loss of laminin a2 suffer

from severe weakness, hypotonia, muscle atrophy, dysmyelinating neuropathy and have



an elevated serum creatine kinase (CK) on blood chemistry panels !, Feeding
difficulties requiring feeding tube placement are not uncommon and respiratory
difficulties requiring positive pressure ventilation are common. Maximal motor activity
is often unsupported sitting with few patients achieving independent ambulation *. A
unique characteristic of MDCI1A is an increase in brain white matter intensity on T2
weighted MRI which may be associated with seizure-like activity “*2. Thereisno cure
for MDC1A with only palliative therapy available; patients may die as early as the first
decade of life, there have been deaths reported as early as 4-months of age >**.
Laminins

The laminin family of proteinswas first described with the isolation and
identification of laminin 111 from the Engel breth-Holm-Swarm (EHS) mouse sarcoma ™.
Thiswas the first time that laminin was described as a distinct basement membrane
proteinin that it differs from both collagens and fibronectin (which are also produced by
the EHS tumor). Laminins are heterotrimeric proteins comprised of an o chain, a3
chain, and ay chain. Laminins have been highly conserved throughout evolution with the
earliest laminin believed to be found in Hydra vulgaris **. The o chain is the most
variable of the three and confers the binding specificity of the heterotrimer. To date 5 a,
3 B, and 3y chains have been identified in mammals which form 16 distinct laminin
heterotrimers *°. Laminins are major components of the basal laminain numerous tissues
where they lend structural integrity as well as playing arole in tissue survival, cell
movement, and cell differentiation '°. Other components of skeletal muscle basement

membrane include collage 1V, nidogens, perlecan, and agrin *°.



Laminin 111 (a1, B1, y1) isthe predominant laminin isoform during
development, including in the basement membrane of developing skeletal muscle; it is
replaced by laminins 211 and 221 (laminin 221 is primarily at neuromuscular and
myotendinous junctions) in mature skeletal muscle **%°. At seven weeks of gestation
laminin o2 begins to be made and the switch from laminin 111 to laminins 211 and 221
begins with maximum expression at 21-weeks of gestation *>%. In mice the switch to
laminins 211 and 221 from laminin 111 occurs at embryonic day 11 *°. Dueto the
presence of laminin 111, early muscle development takes place normally in MDC1A
patients and mouse models of MDC1A. In developing skeletal muscle laminin 111
anchors the myofibers to the BM. In mature skeletal muscle thisroleis taken over by
laminin 211. Laminin o2 is secreted by muscle cells after undergoing post-translational
modifications (they are highly glycosylated) and also undergo post-secretion
modifications '°. Laminins a4 and a5 are also present in skeletal muscle and are
upregulated in MDC1A patients; however, although this upregulation cannot compensate
for the absence of laminin a2 in MDC1A 9%,

Laminin a2 deficient myotubes are unable to properly anchor the cells to the
extracellular matrix making them unstable leading to apoptosis **%. In support of this
cultured cells (mouse C2C12 myoblasts and human rhabdomyosarcoma (RD) lines) show
differential expression of laminin al and a2 chains during differentiation. Laminin o2
expression increases as differentiation proceeds and laminin a1 expression decreases
over the sametime course. Laminin a2 deficient clones of these cells lines are unable to

form stable myotubes and restoration of laminin a2 expression returns myotube stability



24 Laminin o2 deficient myotubes are also associated with decreased regenerative
capacity after injury %.

Schwann cells in the Peripheral Nervous System (PNS) also produce laminin o.2.
In the absence of laminin a2 the Schwann cells are unable to properly myelinate the
nerves, particularly near the Nodes of Ranvier. Thisis associated with impaired
conduction velocity and a resulting peripheral neuropathy #. Additionally, laminin 221
is essential for the appropriate formation of the neuromuscular junction. The 32 chain
and the proteoglycan agrin are essential components of the neuromuscular junction °.
Additional laminin a-chains are expressed in developing peripheral nerves and skeletal
muscle including the a4 and o5 chains *°. These two laminin a-chains are up-regul ated
in laminin o2 deficient mice and MDC1A patients; however thisincrease is not
compensatory 232829

In skeletal muscle the two major receptors for laminins 111, 211, and 221 are a.-
dystroglycan and the a7B1 integrin (Figure 1.1). a-dystroglycan is amember of the
dystrophin glycoprotein complex (DGC) and interacts with laminin a2 viathe G-domain
(the COOH-terminus) . The NH,-terminus of laminin is responsible for
polymerization of theindividual laminin proteins *°. Alterations to the DGC are
associated with multiple types of muscular dystrophy. Absence of the large intracellular
protein dystrophin is the cause of Duchenne Muscular Dystrophy (DMD) which isthe
most common form of muscular dystrophy. DMD patients lose members of the DGC

secondary to the loss of dystrophin. The o731 integrin is the second laminin receptor, it

also binds with the G-domain of laminin a2 *°. The o7B1 integrin can interact with other



ligands such as galectin-1 and fibronectin **. MDC1A patients as well as MDC1A mouse

models show reduced levels of, or altered localization of a7 integrin protein %34,

Figure 1.1. Major laminin receptors

\ ‘ present in mature skeletal muscle.
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associated with muscle pathology.

Thea7B1 integrin

The o781 integrin is amember of the integrin family of proteins. Itisa

heterodimeric protein composed of an a chain and a3 chain, which are noncovalently
linked 3*. Integrins are evolutionarily conserved from Drosophilia to vertebrates 3*°,
Integrin heterodimers act as leukocyte receptors, RGD receptors (which recognize an
arginine, glycine, aspartic acid amino acid sequence), collagen receptors, and laminin
receptors **. Patients with a primary mutation in the ITGA7 gene, which resultsin aloss
of a7 integrin protein, suffer from a congenital myopathy *°. a7 integrin was first
described in 1992 as a member of the integrin family, which was regul ated with muscle
development *’. Experimentally, animals which are designed to lack both dystrophin and
the a7 integrin display a much more severe phenotype than either the mdx (a mouse

strain which lacks dystrophin) or a7 integrin null animals %%,



The o781 integrin is one of two major laminin receptors in skeletal muscle
(Figure 1.1) “°. The a7 integrin has three intracellular and two extracellular splice
variants which allow it to participate in avariety of signaling cascades. The a7 integrin
has three alternative intracellular domains (a7A, 7B, and a7C) and two alternative
extracellular domains (X1 and X2). The a.7A and a7C isoforms are only located in the
skeletal muscle, however, the a7B splice variant islocated both in the skeletal muscle
and outside of it (such as in the vasculature, digestive tract, and nervous system) . The
major variants of the B1 integrin are B1A and B1D with B1D being the primary isoform
present in mature skeletal muscle *2. Laminin 211 is the major ligand for the 071
integrin although it can interact with alternative laminin isoforms including a1, 04, and

a5 in vivo aswell as galectin-1 and purified fibronectin in vitro 3%,

Patients with Duchenne Muscular Dystrophy (DMD) and the mdx mouse (a DMD
model) lack the large intracellular protein dystrophin and both show increases in a7
integrin expression at the protein and transcript levels . This observation led to further
investigation into the role of the a781 integrin in the pathology of dystrophic muscle. To
test this role, transgenic mice expressing a rat 07BX2 integrin transgene driven by the
muscle creatine kinase (MCK) promoter were developed “>*. Expression of the rat o7
integrin transgene also led to an increase in 1 integrin protein expression. The mdx/utr’”
mouse lacks both dystrophin and utrophin proteins and has a severe dystrophic phenotype
and dramatically decreased life span. This severe pathology is rescued and the life span
increased 3-fold by further enhancing the levels of a7f1 integrin protein expression in

these animals by cross-mating them with the o7 integrin transgenic overexpressors *.



MDC1A patients have decreased levels of a7p1 integrin protein expression >,

Mouse models for MDC1A also have altered o781 integrin expression when compared to
the wild-type at both transcript and protein levels, however there is significant strain
variation noted in the literature. The dy/dy and dy*/dy? strain show reduced a7 integrin
protein and transcript levels >, Specificaly, the dy/dy and dy*’dy® display no
sarcolemmal staining for o.7A integrin and irregular and patchy staining for a7B integrin
% Conversely, the laboratory generated dy3k-/- strain has an increase in a7 integrin total
protein and transcript. However, these animals showed markedly less a7 integrin protein
staining at the sarcolemma®®. The endogenous o7 integrin protein and transcript levels
have not previously been evaluated in the dy"'-/- mouse.
Altered gene expression in dystrophic muscle

Gene expression profiling in various dystrophic muscle has yielded interesting
results. Transcript evaluation has also been done in primary myoblasts cultured from
DMD patients. Among other results, matrix metalloproteinase 2 (MMP2) and tissue
inhibitor of matrix metalloproteinases 1 (TIMPL) had significantly higher transcript than
in control cells*’. The diaphragm muscle of the dy/dy mouse has also been evaluated at
the gene expression level. The study found 69 genes that were expressed at least two-
fold more or less than wild-type animals. Among those genes was lgals3, the gene which
encodes the lectin-binding protein galectin-3 .
Galectinsas Biomarkers

Biomarkers are traceabl e substances which allow physicians to either diagnose
diseases, monitor disease progression, or track response to treatment. Two prominently

used biomarkers are galectin-1 and galectin-3. The galectins are members of a 3-



gaactoside binding family of small proteins with a diverse range of functions.

Galectin-1 has awide array of functionsin vivo. It is present both intracellularly
and extracellularly. One of itsrolesisin skeletal muscle differentiation where it
competes with laminin for binding sites on the a7p1 integrin ****°. It interacts directly
with the p-integrin *°. Camby et al *° also proposed its use as a potential therapeutic
target for muscular dystrophies. They base this proposition on the ability of galectin-1 to
increase terminal differentiation and the role it plays in muscle development and
regeneration. Even though galectin-1 will inhibit myocyte binding of laminin, it does not
prevent the binding of a7p1 to fibronectin.

Galectin-1 is aso produced by a number of tumors and its expression increases as
tumor grade increases (i.e. with metastasis) >*. Galectin-1 isaso used as adiagnostic
and/or prognostic biomarker for several types of cancer including colon carcinomas,
pancreatic ductal adenocarcinomas, renal cell carcinomas, prostate cancer, and nonsmall-
cell lung cancers ®°. Galectin-1 also playsarolein inflammation as it associates with
CD11b, a macrophage and monocyte cell surface protein®.

Galectin-3 has been used as a biomarker for diseases associated with fibrosis and
inflammation such as chronic heart failure, liver cirrhosis and bladder cancer *. Thisis
because gal ectin-3 promotes macrophage activation, fibroblast proliferation and collagen
synthesis. In cases of inflammation, galectin-3 is responsible for recruitment of
macrophages to the site of trauma causing them to slow down and become more firmly
associated with that area >*>*. Thisis accomplished in two ways, first, galectin-3 is
chemotactic for monocytes and macrophages, and second, galectin-3 enhances white

blood cells attachment to laminin >*>*°, As a biomarker for heart disease, plasmalevels
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of galectin-3 are used to monitor disease progression and are used as a prognostic maker
aswell. Thisistrue despite the fact that plasma galectin-3 increases with renal
dysfunction and age>’. In transitional cell carcinomas (TCCs) galectin-3 can be used for
diagnosis, staging, and prognosis of disease, in all casesincreased levels of galectin-3
correlate with amore negative result. It is also strongly associated with ki67 (a
proliferation marker which increasesin cases of TCC) *. The protein can be detected in
the serum, urine, and tumor biopsy samples. The removal of galectin-3 from the
circulating blood is accomplished by the liver, which is another reason that galectin-3
levels are elevated in hepatic disease *°.
Neuromuscular junctions

The laminin 32 chain is necessary for formation of the neuromuscular junction
(NMJ), specifically laminin 221 (a232y1) is required as it associates with agrin and the
a7B1 integrin, which are also located at the NMJ. Agrin induces ACHR clustering in
cultured muscle cells 192, This clustering is mediated by agrin phosphorylation of
muscle specific kinase (MuSK) %% Agrin inserts into the basement membrane by
binding with laminin ®“%%_ Agrin is also expressed outside of the NMJ and is variable
depending on the muscle group ®*.
Signaling

The absence of laminins 211 and 221 can have a profound impact on cell
signaling cascades, including those related to apoptosis, which is one of the hallmark
characteristics of MDC1A. One such cascade is the PI3K/Akt pathway. In normal

skeletal muscle laminin binding with the o 7B 1 integrin causes the phosphorylation of

focal adhesion kinase (FAK) by the 1 integrin chain. FAK then phosphorylates PI3K,
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which, in turn, phosphorylates the anti-apoptotic molecule Akt (protein kinase B). Akt
then phosphorylates Bad which rendersit inactive. In its active state Bad activates
cytochrome c in the mitochondria which leads to the release of caspase 9, which activates
caspase 3 and begins an apoptotic cycle * 2.

Another way in which the laminin/a7 integrin complex affects Akt isvia
activation of integrin-linked kinase (ILK). ILK binds to both p1 and 3 integrins . ILK
then phosphorylates PI3K which can activate Akt. The effects of this are two-fold:
activation of mTOR stimulates protein production and inhibition of Bad by
phosphorylation, which is anti-apoptotic ™.

7B has four potential phosphorylation sites and an ATP binding site . This
makes it an excellent prospect for signaling pathways including the mitogen activated
protein kinase (MAPK) pathway. This pathway often ends with the phosphorylation of
extracellular signal regulated kinase (ERK) . Evidence for this has been gathered by
using both an .7 integrin knockout mouse and o7 integrin overexpressing mice. The a7
integrin knockout mouse displays increased activation of the (MAPK) pathway 7. Asa
result of this, the animals display elevated levels of ERK1/2 in their vascular smooth
muscle and this can be restored to normal by either forced a7 integrin expression or use
of inhibitors of the MAPK/ERK pathway *’. When ERK 1/2 signaling is returned to
normal the vascular smooth muscle cells return to awild-type phenotype’’, with the
elevated ERK 1/2 they displayed an undifferentiated phenotype.

Summary
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The main hypothesis of this dissertation is that overexpression of the a7 integrin
can aleviate the myopathic phenotype in the dy"/-/- mouse model of MDC1A. MDC1A
patients display reduced levels of o7 integrin when biopsy samples are evaluated with
immunofluorescence 2. The a7 integrin can bind multiple ligands and alter signaling
pathways 3%**. Overexpression of a7 integrin can rescue the phenotype of severely
dystrophic mice which lack the large intracellular protein dystrophin and utrophin a
similar protein 4%,

Chapters 2 highlights the different models of MDC1A available and the main
model used for these studies. It also includes a discussion of early gRT-PCR experiments
that were used to narrow the scope of the later experiments included in Chapter 3.

Chapters 3 and 4 detail the characteristics of the dy"/-/-;itga7+ animalsincluding
genera pathology, neuromuscular junction pathology, and respiratory function. By
forcing expression of a7 integrin in the skeletal muscle we were able to restore the
sarcolemmal localization and enhance the expression of the a.7 integrin. Thiswork
shows, for thefirst time, that reintroduction of the o7 integrin can alleviate muscle
pathology, reduce inflammation, maintain strength, and increase life span in the dy"V-/-
mouse. These resultsindicate that the o7 integrin may be a drugable target for MDC1A
therapy either alone or in combination therapies.

Chapter 5 contains conclusions and future directions associated with this work.
Thiswork provides evidence that the a7 integrin should be considered as a drugable
target for the treatment of MDC1A. It aso shows that enhanced o7 integrin expression

can maintain respiratory function and improve neuromuscular junction pathology.
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Thiswork shows that the o7 integrin should be further explored as a potential
therapeutic target for the treatment of MDC1A. The beneficia effects of enhanced a7
integrin expression in the absence of laminins 211 and 221, is due to stabilization and
augmentation of the extracellular matrix. This leads to reduced muscle pathology,
strength maintenance, reduced diaphragm pathology, and increased longevity in amouse
model of MDC1A. Itisalsothefirst time that the role the o7 integrin playsin the
pathology of MDC1A has been described. We have aso demonstrated, via
plethysmography, that the enhanced expression of .7 integrin can lead to maintenance of
respiratory function as the dy"V-/- animalsage. Additionally, we have identified a

potential biomarker (galectin-3) for MDC1A.



CHAPTER 2
Mouse models of MDC1A and our experimental model,

and early gene expression profiling experiments
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Mouse modelsfor MDC1A

There are several mouse models available for MDC1A. There arethree
|laboratory generated models and two models with spontaneous mutations. There was a
third model available but it is no longer in existence. The two models with spontaneous
mutations are the dy*/dy® and dy/dy mice. The dy**/dy* and dy"/dy" models were

generated to be knockout mice for laminin a:2. The dy™™ 4 /dy"™417

mouse hasasingle
point mutation in the lama2 gene induced by site-directed mutagenesis. The final mouse
model, the dy™/dy"™, was a naturally occurring model that is now extinct.

The dy/dy mouse was first believed to be amodel for Duchenne Muscular
Dystrophy (DMD). This strain has a spontaneous mutation which has, as of yet, not been
identified "®. The condition isinherited in an autosomal recessive manner. The mice are
characterized by a moderate muscular dystrophy that is lethal by 6 months of age,
myelination defect, and hearing loss. They produce a greatly reduced amount of normal
laminin o2 chain *"®®_ This strain is both phenotypically and genotypicaly similar to
MDC1A which makesit agood model for the disease *. However, the fact that the causal
mutation is still unknown which makes genotyping the animals at a young age to start
treatments and experiments makes its use as amodel less desirable.

The dy*/dy® animal is another naturally occurring laminin o2 deficient mouse. It
isthe result of asingle point mutation that results in abnormal splicing of the lama2
transcript leading to multiple mRNASs being produced. They produce a near normal
amount of atruncated laminin o2 protein *°. This mutated laminin is unable to

polymerize *°. The mutation is inherited in an autosomal recessive pattern. This mouse

ismainly used for evaluation the role of laminin a2 in the development and function of
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the neuromuscular junction (NMJ). The NMJ pathology seen includes widening of the
synaptic cleft, reduced secondary membrane infoldings and a reduction in current across
the synapse *®®, The muscular dystrophy noted in these animalsis mild and they have a
normal lifespan &7,

The final spontaneously occurring dy (lama2) mutants was the dy™/dy™ mouse,
which isnow extinct. They were the product of a retrotransposon insertion into the
lama2 gene. Thisresulted in acomplete lack of laminin o2 protein and a severe
muscular dystrophy 2%,

A recent member of the dy family of laminin a2 deficient miceisthe
dy™471dy™™417 |t was generated by Jackson Laboratories site directed mutagenesis
program by using N-ethyl-N-nirtrosurea to induce a point mutation. These animals
display avery mild muscular dystrophy and have anormal life-span. However, similar to
the dy*/dy® animals they do have a peripheral neuropathy making them a useful model
for that aspect of MDC1A %,

There are two members of the dy family of mice which were created by targeted
disruption of the lama2 gene, the dy"'/dy" and dy*/dy®* mice %9828 Both strain
display a severe and progressive muscular dystrophy as well as myelination defects and a
peripheral neuropathy md and myelination defects. Both are widely used models for
MDCI1A.

The dy"/dy" animal produces a dramatically reduced amount of truncated
laminin a2 protein (they make a small portion of the G-domain of the laminin o2

protein) 3. They have a severe muscular dystrophy and a dramatically reduced lifespan

20828 The mutation is inherited in an autosomal recessive manner. This mouseis
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commonly used for research into MDC1A for severa reasons. These animals phenocopy
MDCI1A closdly, are easily genotyped at a young age, and are readily available. Their
severe phenotype makes them ideal for identification of therapeutic targets and for drug
trias.

The final mouse model of MDC1A is the dy*¢/dy** animal, which is a true knock-
out of the lama2 gene. This strain produces no laminin a2 protein and usualy dies
around four-weeks of age. They also display a severe muscular dystrophy and peripheral
neuropathy 22858 The same traits, which make the dy*/dy"’ animals a frequently used
model for MDC1A, hold true for this model as well.

The model of MDC1A, which we used for thiswork, is the dy"/dy" animal. We
selected this marker based on its phenotypic correlation with MDC1A and the other
characteristics highlighted above. In order to generate animals that were both laminin o2
deficient and overexpressed the a7 integrin in their skeletal muscle we also used the
BX2-10i mouse. The BX2-10i mouse has a transgene consisting of rat o7 integrin cDNA
driven by the muscle creatine kinase promoter (MCK). The use of the MCK promoter
limits expression of the transgene to the skeletal muscle ***#*°, The generation of these
animals took several generations due to only being able to breed dy"’ heterozygous
animals. It isnot possible to breed the dy*/dy" knockout animals due to their shortened
lifespan and defects in spermatogenesis. A flow-chart highlight the breeding scheme
used can be found in Figure 2.1 an image of dy"/-/- and dyV-/-;itga7+ animalsis shown
inFigure 2.2. All experimental animals came from the final generation noted to keep the

genetic background of all experimental animals the same.
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Early gene expression profiling experiments

To determine the effect of elevated a7 integrin expression on the regulation of
gene expression and to aid in narrowing down future transcript evaluation, gRT-PCR was
performed using total RNA isolated from the gastrocnemius muscle of five wild-type,
five dy"-/- and five dy"-/-;itga7+. cDNA was made using the SABioscience RT? First
Strand Kit and the RT? SYBR® Green/Rox™ gPCR Master Mix was used to prepare
reactions (SA Bioscience). The RT? Profiler PCR Array for mouse extracellular matrix
and adhesion molecules was used to evaluate the expression of 84 different extracellular
matrix and adhesion molecule genes (SA Bioscience). Up-regulation of Collagen 2A and
Timp2 was observed. Down-regulation of Adamts5 and Collagen 6A was noted
(amongst other genes). Table 2.1 shows the results of the RT? Profiler Assays. This
assay helped to narrow down the genes examined in the experiments of Chapter 3.

We also chose to evaluate galectins -1 and -3. van Lunteren “® et a profiled the
gene expression changes in dy/dy diaphragm and found that galectin-3 was elevated in
the dy/dy animals. In primary DMD myotubes elevated transcripts for MMP-2, TIMP-1,
and TIMP-2 have been identified, leading us to examine the expression of these proteins

(Chapter 3).



Table2.1

Up-Down Regulation (comparing to control

group)

dy"-/- dy"-/-;itga7+
A0l | Adamtsl -100.397 -30.5518
AO02 | Adamts2 1.8466 5.3275
A03 | Adamts5 -1.4911 -24.7244
A04 | Adamts8 -1.691 1.0466
AO05 | Ctnnal 1.3285 3.6785
A06 | Ctnna2 2.6281 3.2744
AO07 | Ctnnbl -1.2252 -1.2007
A08 | Cd44 3.3082 13.3323
A09 | Cdhl -1.1298 -25.6113
A10 | Cdh2 -1.7036 -2.4292
A1l | Cdh3 -1.1037 29774
Al12 | Cdn4 -3.5776 -7.8622
BO1 | Cntnl -1.7565 -4.8964
B0O2 | Collal -1.8201 -2.8371
BO3 | Col2al 1.1128 24771844.3
B0O4 | Col3al 2.5475 2.4694
BO5 | Col4al -1.614 -1.349
B0O6 | Col4a2 -1.2051 1.7125
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BO7 | Col4a3 -35.4267 -78.9297
BO8 | Col5al 1.5907 1.4712
B09 | Col6al -1.9693 -89353.7961
B10 | Vcan 2.3668 2.7146
B11 | Ctof 2.5147 3.8399
B12 | Ecml 2.7491 6.7024
COl | Emilinl | 1.9637 -1.8078
CO2 | Entpd1l -1.0269 2.8327
CO3 | Fbinl 2.2507 -1.5562
C04 | Fnl 2.3366 1.2511
CO5 | Haplnl 8.7545 6.4801
C06 | Hc 37.6778 25.1294
CO7 | Icaml 7.3695 5.6507
C08 | Itga2 -1.4821 -49.248
C09 | Itga3 1.1388 -144.9121
C10 | Itgad 1.3901 2.9567
C11 | Itga5 1.124 -1.4584
C12 | Itgae 248.3663 122.3263
DO1 | Itgal -1.192 -15.2482
DO2 | Itgam 2.1042 3.2663
DO3 | Itgav 1.8346 3.2811
DO4 | Itgax 3.589 2.3586
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DO5 | Itgbl 1.5047 2.3909
D06 | Itgh2 3.7238 14.6236
DO7 | Itgb3 2.3369 1.8132
D08 | Itgb4 1.1486 ~15305
D09 | Lamal -2.1293 -7.967
D10 | Lama2 -42.645 -36.383
D11 | Lama3 1.3547 25277
D12 | Lamb2 -1.2001 15164
EOL | Lamb3 -1.2463 ~4.6056
E02 | Lamcl -3.9268 -385.4723
EO3 | Mmpl0 | -3.5669 -1.0854
EO4 | Mmpll | 2.8806 -1.0677
EO5 | Mmpl2 | -2.198 -3.2247
EO6 | Mmpl3 | 5.15 3.3938
EO7 | Mmpld | 3.2718 2.1454
EO8 | Mmpl5s | -2.4377 -8.6237
E09 | Mmpla | -1.1037 2.9774
E10 | Mmp2 3.1272 5.4569
E11 | Mmp3 29.7973 92.1828
E12 | Mmp? 17247 1.9053
FOL | Mmp8 -3.0675 -5.5225
FO2 | Mmp9 -1.4157 1.3427

21



FO3 | Ncamil 1.638 1.5007
FO4 | Ncam2 -1.1037 2.9774
FO5 | Pecaml 1.1052 -1.6973
FO6 | Postn 61.0129 5.8287
FO7 | Sde 17.5613 14.8043
Fo8 | Sdll 6.4436 -31.6236
FO9 | Sdp 1.9585 1.9761
F10 | Sgce 1.067 1474
F11 | Sparc 2.2102 3.39
F12 | Spockl 4.6535 2.9774
GO1 | Sppl 5.0258 ~42.2142
G02 | Sytl 2.188 2.3017
GO03 | Tgfbi -1.1128 2.0002
GO04 | Thbsl 4.1959 2.1846
GO5 | Thbs2 3.6083 5.1254
G06 | Thbs3 2.7234 3.485
GO7 | Timpl 7.1066 6.6706
GO08 | Timp2 1.0753 74619.6351
G09 | Timp3 -21.3661 -55.5505
G10 | Tnc 3.766 2.6188
G11 | Vcaml -2.233 17172
G12 | Vin 1.4271 2.9332
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HO1 | Gusb 1.1685 -2.2548
HO2 | Hprtl 1.2142 3.3243
HO3 | Hsp90abl | -1.2157 2.8332
HO4 | Gapdh -2.5464 -5.9234
HO5 | Actb 2.1821 1.4181
HO6 | MGDC -1.1037 29774
HO7 | RTC -2.3565 -1.3264
HO8 | RTC -2.3206 333.7061
HO9 | RTC 1.5879 3.1125
H10 | PPC -2.9396 -2.6175
H11 | PPC -4.2694 -2.7881
H12 | PPC -8.056 1.6282
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Legend: Red cells = down-regulation, green cells = up-regulation, yellow cells = likely

pipetting error. Only changes, which are> 3-fold, are highlighted.
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dyW+/- X BX2#10i
dyW+/-; BX2-10i X dyWs/-
dyV+/+ dy¥s/- dy"-/-; itga7+
(Wild-type) (laminin-a.2 null) (laminin-o2 null +
MCK-a7 integrin transgene)

Figure 2.1. Breeding scheme used to generate experimental animals. This flow-chart
highlight the production of the wild-type, dy"-/- laminin o2-deficient, and dy"/-/-:itga7+
laminin o2 deficient and o7 integrin overexpressing animals used for the following

experiments.
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Figure 2.2. Representative image of dy"-/- and dy"-/-:itga7+ animals. 8-week old
littermates. The black mouse is ady"-/- animal while the agouti mouse is a dy"'-/-
;itga7+ mouse. The agouti mouse displays more interest in his environment, greater
mobility, norma grooming behaviors, and better hydration status. The dy"'-/- animal was

sacrificed soon after this picture was taken due to declining health.



CHAPTER 3
Transgenic overexpression of the a7 integrin reduces muscle pathology
and improves viability in the dy" mouse model of

mer osin-deficient congenital muscular dystrophy 1A
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Abstract

Merosin-deficient congenital muscular dystrophy (MDC1A) is a devastating
neuromuscular disease that results in children being confined to awheelchair, requiring
ventilator assistance to breathe and premature death. MDC1A is caused by mutations in
the LAMAZ2 gene which resultsin the partial or complete loss of laminin-211 and laminin-
221, the mgjor laminin isoforms found in the basal lamina of skeletal muscle. MDC1A
patients exhibit reduced a7p1 integrin; however, it is unclear how the secondary |oss of
a7B1 integrin contributes to MDC1A disease progression. To investigate whether
restoring o7 integrin expression can alleviate the myopathic phenotype observed in
MDCI1A, we produced transgenic mice that overexpressed the a7 integrin in the skeletal
muscle of the dy"-/- mouse model of MDC1A. Enhanced expression of the a7 integrin
restored sarcolemmal localization of the a731 integrin to laminin-o.2 deficient myofibers,
changed the composition of the muscle extracellular matrix, reduced muscle pathol ogy,
maintained muscle strength and function, and improved the life expectancy of dy*”"
mice. Taken together, these results indicate that enhanced expression of a7 integrin
prevents muscl e disease progression through augmentation and/or stabilization of the
existing extracellular matrix in laminin-o2 deficient mice and strategies that increase a7
integrin in muscle might provide an innovative approach for the treatment of MDC1A.

I ntroduction

Merosin-deficient congenital muscular dystrophy 1A (MDC1A) is caused by

mutations in the LAMAZ2 gene resulting in the production of atruncated form or complete
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loss of laminin-a.2 protein ®’. The most severe form of MDCIA is associated with
mutations that result in a complete loss of laminin-a2 protein and therefore the absence
of laminin-211 and laminin-221 heterotrimersin the basal lamina. MDC1A patients
exhibit severe weakness, dysmyelinating neuropathy, hypotonia, muscle atrophy and
limited eye movement “*%®’_ Patients also exhibit feeding problems and/or respiratory
difficulties and often require feeding tube placement or ventilator assistance ®. Most
MDCI1A patients are unable to walk without assistance and are confined to awheelchair
*. A unique characteristic of MDC1A are changes in brain white-matter that are observed
after 6 months of age. These changes might be associated with an increased likelihood of
seizure-like activity “*#®". Thereis currently no cure or effective treatment for MDC1A
and patients die as early as the first decade of life *°.

Laminin-211 and laminin-221 are the predominant laminin isoformsin the basal
lamina of adult skeletal muscle. Laminin-211 is present at the extragjunctional sarcolemma
and laminin-221 is enriched at the myotendinous and the neuromuscular junctions *#%3°,
Loss of laminin-211 in MDC1A patients and in mouse models of this disease results in an
inability of muscle fibers to adhere to the basement membrane and as aresult laminin-a2
null myotubes are unstable and undergo apoptosis ?**2. Failed regeneration is also
observed in laminin-a.2 deficient myofibers indicating the importance of the laminin-rich
microenvironment for muscle repair 2%, In addition, laminin-o.2 is expressed by
Schwann cells in the peripheral nervous system and lack of laminin-211 leads to reduced
myelination resulting in impaired conduction velocity and peripheral neuropathy 2",

The a7B1 integrin is a primary laminin receptor expressed in skeletal, cardiac and
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vascular smooth muscle 999, The a7 integrin transcript undergoes devel opmentally
regulated RNA splicing to produce three aternative cytoplasmic domains designated
o7A, a7B and a.7C and two alternative extracellular domains designated o.7X1 and
a7X2 3375949 The cytoplasmic domains differ in size, sequence and potential for signal
transduction, whereas extracellular domains bind with differential affinities to laminin
isoforms %, The o.7B cytoplasmic domain is the largest and has a number of regions
that could potentially participate in signal transduction ™.

The o781 integrin can bind to multiple laminin isoforms including laminin-111,
laminin-211, laminin-221, laminin-332, laminin-411, laminin-511, galectin-1 and
fibronectin 39", Mutations in the a.7-integrin-encoding gene (ITGA7) cause .7 integrin
congenital myopathy and patients’ exhibit delayed developmental milestones and
impaired mobility *°. Mice that lack the .7 integrin develop muscular dystrophy that
affects the myotendinous junctions 3% |n the adult mouse, the o781 integrin is
localized at the extrajunctional sarcolemmabut is aso enriched at neuromuscular and
myotendinous junctions where it mediates the adhesion of the muscle fibers to the
extracellular matrix %9310,

MDC1A patients, dy/dy’” and dy*>’~ mouse models have decreased levels of a7
integrin protein in their muscles and this secondary loss of o7 integrin might contribute
to disease progression %%, To determine whether restoring .7 integrin expression could
serve as atherapeutic strategy in the treatment of MDC1A, we generated transgenic mice

that overexpressed the o.7 integrin in the skeletal muscle of the dy"V”" mouse model of

MDC1A. Transgenic expression of the a7 integrin increased longevity and reduced the
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myopathic phenotype of dy"'”" mice. We show that these beneficia changes were
achieved through augmenting and/or stabilizing the existing extracellular matrix in
laminin-a.2 deficient muscle. Our data demonstrate, for what we believe to be the first
time, that the a7 integrin isamajor modifier of disease progression in laminin-o2
deficient mice and might be anovel drug target for the treatment of MDC1A.
Materials and Methods
Generation of laminin—a2 deficient mice which overexpress a7 integrin in skeletal
muscle

All experiments involving mice were approved by the University of Nevada,
Reno Institutional Animal Care and Use Committee. Transgenic o.7 integrin dy"V"" mice
were generated by breeding mice that overexpressed the o.7BX2 integrin in skeletal

W+/-

muscle ** with dyV*" animals ®. Resultant pups which were heterozygous for the

laminin-o2 mutant allele and positive for the a7BX 2 transgene were bred to dy"*" mice.
The male pups from these matings included dy*"**:itga7- (wild-type), dy"V":itga7- (dy"V™""
) (laminin-a:2 deficient) and dy"";itga7+ (laminin-a:2 deficient that overexpress the
o7BX2 integrin) mice. Male littermates were used as controls for all experiments.
Genomic DNA was isolated from tail biopsies taken at 10 days of age using the Wizard
SV Genomic DNA Purification System (Promega, Madison, WI). Polymerase chain
reaction (PCR) was used as previously described to detect the laminin-a2 allele and the
a7BX2 transgene 82192 The dy"V*"" mice were a gift from Dr. Eva Engvall via Dr. Paul

Martin (The Ohio State University, Columbus, OH).

| solation of Skeletal Muscle
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Four-week-old wild-type, dy"V"" and dy"V"";itga7+ male mice were sacrificed by
CO, asphyxiation followed by cervica dislocation in accordance with a protocol
approved by the University of Nevada Reno Animal Care and Use Committee. Skeletal
muscles were dissected and flash frozen in liquid nitrogen cooled isopentane. Tissues
were stored at -80°C.
Western blot analysis

Gastrocnemius muscles from 4 week old male mice were pulverized with a mortar
and pestle cooled in liquid nitrogen. Protein was extracted in RIPA buffer (50mM Hepes
pH 7.4, 150mM NaCl, ImM NagV O,4, 10mM NaF, 0.5% Triton X-100, 0.5% NP50, 10%
glycerol, 2mM PMSF and a 1:200 dilution of Protease Inhibitor Cocktail Set I11) and
guantified using a Bradford assay (Bio-Rad Laboratories Inc, Hercules, CA). Proteins
were separated by SDS-PAGE. The a7 integrin was detected with a 1:1000 dilution of
anti-o.7B antibody overnight loading 10ug of protein. Integrin a7A was also loaded at
10ug and was detected using 1:1000 dilution of CDB 345 antibody overnight (akind gift
from Stephen Kauffman, University of Illinois, Urbana-Champaign, IL). Integrin a3 was
quantified using the AB1920 antibody (Chemicon), again 10ug of protein was used. The
1D integrin was visualized using f1D-antibody (a kind gift from Woo Keun Song,
Gwanju Institute for Science and Technology, South Korea) overnight. All primary
antibodies were followed by a 1:5000 goat-anti-rabbit-1gG secondary antibody (Li-Cor
Biosciences, Lincoln, NE) for 1 hour. Galectin-1 (50ug) was detected with a 1:1000
dilution of HO0003956-D01P (Abnova, Walnut, CA). Galectin-3 was detected with a

1:1000 dilution of ab53082 (Abcam, Cambridge, MA). Galectin-3 blots used differential
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loading: 100ug wild-type, 50ug dy*-/-, and 25ug for dy"V-/-;itga7+; this was done to
keep the protein detected in the linear range. Immunoblots were normalized by using a
1:5000 dilution of an anti-a—tubulin (AbCam, Cambridge, MA) antibody followed by a
1:5000 dilution of goat-anti-mouse-1gG secondary antibody. Band intensities were
determined with an Odyssey Imaging System.

| mmunofluor escence

Cryosections (8 um) of 4 week old male Tibialis Anterior (TA) muscle were cut
using aLeicaCM 1850 cryostat and mounted onto pre-cleaned Surgipath slides. Sections
were fixed using 4% paraformaldehyde (PFA) for 2 or 5 minutes then rehydrated using
Phosphate Buffered Saline (PBS). Slides were blocked in 5% Bovine Serum Albumin
(BSA) in PBS then incubated with antibodies against laminin-a.2G or 31D integrin, as
previously described *°. For detection of Galectin-1 HO0003959-DO1P (Abnova)
antibody was used. Galectin-3 was visualized using ab53082 (Abcam). Antibody T3413
(Sigma) was used to detect Tenascin C. MM P2 and TIMP1 were detected using
antibodies ab37150 and ab86482 respectively (Abcam). Slides were then incubated using
an appropriate secondary, which was a FITC-anti-rabbit-1gG in all cases except for
Tenascin C which was a FITC-conjugated anti-rat-1gG secondary antibody was used. For
detection of spectrin, slides were fixed for 1 minute in ice cold acetone then treated with
the M.O.M ™ kit according to package instructions (FMK-2201 Vector Laboratories, inc.
Burlingame, CA). A mouse monoclonal anti-spectrin antibody (Novo Castra NCL -
spec2) was then used at 1:100 for 30 minutes followed by a FITC-conjugated anti-mouse-

IgG secondary antibody at 1:1000 for 1 hour. Slides were mounted using Vectashield
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with DAPI and imaged using a Zeiss Axioskop 2 Plus fluorescence microscope. Images
were captured using a Zeiss AxioCam HRc digital camera with Axiovision 4.1 software.
Inflammatory Cell Infiltrate

TA muscle cryosections from four-week-old mice were fixed in 4% PFA for 5
minutes followed by rehydration with PBS. Slides were incubated with FITC-conjugated
rat anti-mouse-CD11b antibody (BD Biosciences, San Jose, CA) at 1:1000 for 1 hour to
detect macrophages in the muscletissue. Slides were washed with PBS and mounted
using Vectashield with DAPI. Muscle sections from five mice of each genotype were
analyzed and CD11b positive cells per 20 fields at 400X magnification were counted. A
Zeiss Axioskop 2 Plus fluorescent microscope was used to view the slides and images
were captured using a Zeiss AxioCam HRc digital camerawith Axiovision 4.1 software

Confocal microscopy

The TA muscles from 4-week-old male mice from each genotype were sectioned
and subjected to immunofluorescence. For detection of o.7B integrin sections were fixed
in ice cold acetone (-20°C) for 1 minute then rehydrated using phosphate-buffered saline
(PBS). Cryosections were blocked in a5% BSA in PBS solution for 20 minutes followed
by incubation with CDB347 (which recognizes the cytoplasmic domain of both mouse
and rat a7B integrin) or anti-31D AZ2-integrin antibodies for 1 hour. Slides were then
washed with 1%BSA in PBS and incubated with FITC-conjugated anti-rabbit-1gG
antibody for 1 hour. Slides were again washed with 1%BSA in PBS. To outline the
myofibers sections were incubated with rhodamine labeled wheat germ agglutinin for 30

minutes. Slides were mounted using Vectashield with DAPI. Images were captured



using an Olympus Fluoview™ Confocal Scanning System.
Survival and weight gain analysis

Male mice were allowed to age and monitored daily for weight loss and any signs
of pain, distress or illness. A weight loss of >10% over a one week period was also
considered aterminal sign and the animals were humanely euthanized. Weights from
animals of each genotype were compared at 3, 8, and 12 weeks of age.
Grip strength and activity assays

The forelimb grip strength of 4- and 8- week-old male wild-type, dy"V"" and dy"'"
;itga7+ mice were measured using a SDI Grip Strength System and a Chatillon DFE
Digital Force Gauge (San Diego Instruments, Inc., San Diego, CA) as per a standard
protocol. Five consecutive tests were performed for each mouse and the data averaged for
each mouse genotype. In order to assess mobility 4- and 8- week old male wild-type,
dy""" and dy"V";itga7+ mice were placed in a clean cage by themselves and monitored
for five minutes. Periods of moving about the cage, standing up, and digging were
considered times of activity. Additionally during this time period the number of times
the mouse stood up was recorded. Stand up testing was only performed on animals that
were physically able to stand up. Some mice were excluded from these samples owing to
the extent of their periphera neuropathy.

Hematoxylin and Eosin Staining

Cryosections from 4 week-old TA and diaphragm muscle were stained using
hematoxylin and eosin, as previously described ' and were used to determine the

percentage of myofibers that contained CLN using a Zeiss Axioskop 2 plus fluorescence



35

microscope **. A minimum of 1000 fibers per animal (5 animals per group) were
counted and the percentage of myofibers with centrally located nuclei calculated. Images
were captured using a Zeiss AxioCam HRc digital camera and Axiovision 4.1 software.
Myofiber Area Deter mination

Cryosections from TA and diaphragm muscles from 4-week-old mice were fixed
for 5 minutes in 4% paraformaldehyde (PFA) and rehydrated in PBS. Myofibers were
outlined with 2ug/ml Oregon Green-488 conjugated WGA (Molecular Bioprobes,
Eugene, OR) for 30 minutes. Sections were then washed with PBS for 15 minutes and
mounted in Vectashield. A minimum of 1000 fibers per animal with five animals per
group were assessed for the TA muscle. For diaphragm muscle a minimum of 500 fibers
per animal with five animals per genotyped were used. Myofiber cross-sectional area
was determined with a Zeiss Axioskop 2 Plus fluorescent microscope and images were
captured with a Zeiss AxioCam HRc digital camerawith Axiovision 4.1 software.
Quantitativereal-time PCR analysis

Total RNA was purified from five 4 week old male mice wild-type, dy"”, and
dy"';itga7+ gastrocnemius muscles using Trizol (Invitrogen, Carlsbad, CA) reagent.
After the concentration was determined, mRNA was pooled equally by genotype for
cDNA production. The cDNA was prepared from 4ug of pooled total RNA with random
hexamers and Superscript I11 (Invitrogen, Carlsbad, CA) using standard procedures.
Quantitative real-time PCR was conducted with 50pg total cDNA using SYBR Green
Jumpstart (Sigma-Aldrich, St Louis, MO) with primer sequences to mouse extracel lular

matrix genes are listed in Table S1 and levels were normalized to that of Gapdh. The
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fold change over wild-type was calculated using the AACt method after normalization

and the average fold change in transcript and (+s.e.m.) were cal cul ated.

Statistics

Datais reported as the mean +/- standard deviation. One way analysis of variance
(ANOVA) was used to compare animals across groups. Kaplan-Meier Log-Rank test
was used to determine significance of life span changes. Myofiber cross-sectiona area
was analyzed using the GLIMMI X statistical analysis packagein SAS. A p-value of
<0.05 was considered significant.
Results
Thea7B integrin is overexpressed in the muscle of dy"/”:itga7+ transgenic mice

To determine whether overexpression of the o7 integrin in laminin-o2 deficient
muscle could alleviate disease progression, transgenic mice were generated in which rat
o 7BX2 integrin expression was driven by the muscle creatine kinase (Mck, also known
as Ckm) promoter, which we designate as itga7+ mice. These mice were bred with dy**"
animals to generate dy"/";itga7+ mice. Pups were genotyped at 10 days of age for the
laminin-a2 mutant and wild-type aleles and itga7 transgene as previously described
45;82;102'

To confirm that the presence of the transgene resulted in increased o7 integrinin
dy" muscle quantitative real-time PCR (QRT-PCR) and immunoblotting were performed
on mousetibiais anterior (TA) and gastrocnemius muscle. gRT-PCR experiments

showed a4.1-fold increase in a7 integrin transcript in the dy"'”" muscle compared with

that in wild-type muscle, whereas dy"V";itga7+ mice exhibited a 17-fold increasein o.7



37

integrin transcript in muscle compared with that in wild-type (Table 3.1).

Immunobl otting confirmed a 2.8-fold increase in a7B integrin in the muscle of dyW" ’
;itga7+ mice (Figures 3.1A and 3.1C). Therewas a67.5% and 83.2% reduction in a.7A
integrin in the muscles dy"”~ and dy"V";itga7+ animals respectively compared to wild-
type (Figures 3.1A and 3.1B). Analysisof other laminin-binding integrinsin skeletal
muscle revealed a 86% and 61.5% reduction in a3 integrin protein in dy"V”" and dy"'"
;itga7+ animals respectively compared with that in wild-type (Figure 3.1D). Finaly no
significant change in B1D integrin protein was observed in any of the genotypes (Figure
3.1E). gRT-PCR was also performed to determine the effect of enhanced a7 integrin
expression on 31D transcript levels. We found that B 1D transcript was elevated in both
the dy"V-/- and dy"/-/-;itga7+ animals. The dy"-/- animals had the greatest levels of p1D
transcript (Figure 3.2).

Together these results indicate the MCK-a.7BX2 integrin increased both the
transcript and protein level expression of a7BX2 in the skeletal muscle of dy"'” mice
without altering the expression of other laminin-binding integrin isoforms and chains.
Transgenic expression of the a7 integrin in dy"”" musclerestor es sar colemmal

localization of the a7B1 integrin

Previous studies have shown that loss of laminin-a2 resultsin reduced
sarcolemmal localization of o7 integrin #%%%, |mmunofluorescence was used to
determine whether forced expression of o7 integrin restored sarcolemmal localization of

the a7B1 integrin in skeletal muscle. Immunofluorescence analysis confirmed that
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whereas wild-type mice exhibited substantial |laminin-o.2 in the basal lamina, dy"""and
dy"V"";itga7+ mice were negative for laminin-o.2 and produced only negligible amounts
of the laminin-a2 globular domain (Figure 3.3A) which is consistent with previous
studies 3. The localization of 1D integrin was examined in wild-type, dy"V"" and dy"V""
itga7+ TA muscle (Figure 3.3A). Compared with that in wild-type mice, dy"”" muscle
exhibited a reduced sarcolemmal localization of 31D integrin. By contrast, transgenic
overexpression of the a7 integrin restored sarcolemmal localization of 31D integrinin
TA muscle. Spectrin levels were the samein all three genotypes and were used as a
positive control for immunofluorescence.

To examine whether transgenic overexpression restored the sarcolemmal
localization of the a7 integrin in muscle, TA cryosections were stained for o.7B integrin
(green) and with rhodamine |abeled wheat germ agglutinin (WGA) (red) which binds N-
acetylglucosamine-labeled sugar residues in the basal lamina and high-resolution
confocal microscopy was used to assess sarcolemmal localization of o7 integrin (Figure
3.3B). Wild-type and dy"";itga7+ muscle exhibited colocalization of the a7 integrin
and WGA (indicated by the yellow staining), as well as sharp sarcolemmal staining for
a7 integrin (Figure 3.3B). By contrast, the dy"/-/- animal's showed little colocalization
between a7 integrin and the WGA, and did not show sharp a7 integrin sarcolemmal
localization (Figure 3.3B). Together these data indicate that transgenic expression of the
a7 integrin in dy"'” muscle restored sarcolemmal localization of the 7B 1 integrinin
laminin-a.2 deficient muscle.

Transgenic overexpression of a7 integrin increases the longevity of dy"/-/- mice
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MDC1A patients and the dy"V"" mouse model exhibit severe muscle wasting that
results in reduced life expectancy “°. We next investigated whether transgenic
overexpression of .7 integrin improved the longevity of dy"”" animals. Kaplan-Meier
survival analysis revealed that 50% of dy"V"" mice died by 70 days of age (Figure 3.4A).
By contrast, 50% of dy"'”";itga7+ mice survived beyond 140 days of age (Figure 3.4A).
The oldest dy"'”" mouse lived to 132 days, whereas the ol dest dy"V™";itga7+ animal lived
to 318 days which represents a 2.4-fold increase in life expectancy (Figure 3.4A). These
resultsindicate that increasing o7 integrin expression in skeletal muscle substantially
improves the life expectancy of laminin-a2 deficient mice.

MDC1A patients exhibit reduced body weight and muscle strength #°. We next
examined whether transgenic expression of the a7 integrin improved the body weight
and muscle strength and function of dy"”~ mice. Compared with that of wild-type mice
both dy"V"" and dy"'"";itga7+ mice had reduced body weight at 3, 8 and 12 weeks of age
with no difference between these laminin-a.2 deficient mice (Figure 3.4B). Thisindicates
that the transgene is not effective at restoring body weight to that of wild-type animals.

We next examined muscle strength. Forelimb grip strength was measured to
analyze overall forelimb muscle strength. Compared to four week old wild-type mice,
both dy"’~ and dy"/";itga7+ mice exhibited a 36.4% and 30.8% reduction respectively
in forelimb grip strength compared with that of wild-type mice, with no difference
between these laminin-a2 null animals (Figure 3.5A). However, when the animals were
re-evaluated at 8 weeks of age, dy"/” animals showed a 55% reduction in grip strength

compared to wild-type while dy"V";itga7+ mice showed only a 24.8% reduction in grip



40

strength compared with that of wild-type (Figure 3.5A). Thisindicates that while the
dy""" animals progressively got weaker, enhanced levels of o7 integrin in the dy*'”
;itga7+ animals preserved muscle strength over time.

We next evaluated two different measures of activity in 4- and 8- week old
animals. Measurement of overall activity over a5 minute period when amouseis
introduced into a new cage revealed that at four weeks of age there was no significant
difference between wild-type, dy""" and dy""itga7+ mice (Figure 3.5B). By contrast, at
8 weeks of age, wild-type and dy"/"":itga7+ mice animals exhibited a 1.8-fold and 1.5-
fold increase in active time respectively compared with that of dy"/”" animals. There was
no significant difference between the wild-type and dy"/":itga7+ animals (Figure 3.5B).
Finally, stand-up activity of animals introduced to a new cage over a5 minute period was
assessed on mice capable of standing up. At four weeks of age there was no significant
difference between the genotypes (Figure 3.5C). At eight weeks of age wild-type and
dy"V'"itga7+ animals exhibited a5.2-fold and 4.2-fold increase in standup activity
compared with that of dy"”~ animals (Figure 3.5C). Together these resultsindicate
transgenic expression of the o7 integrin maintained muscle strength and activity in the
dy"”" mouse model of MDCI1A.

Transgenic overexpression of a7 integrin reduces skeletal muscle pathology in dy"™"
mice

To determine whether enhanced o7 integrin expression prevented skeletal muscle
pathology in laminin-a.2-deficient mice, TA muscle cryosections from 4-week-old wild-
type, dy"”" and dy"'";itga7+ mice were stained with hematoxylin and eosin (H&E).

Compared with that in wild-type mice, dy"”" TA muscle showed greater variation in
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myofiber size, presence of centrally located nuclel (CLN), fibrosis and inflammatory cell
infiltrate (Figure 3.6A). The dy"":itga7+ muscle exhibited |less muscle pathol ogy,
including fewer myofibers with CLN, lessinflammatory infiltrate, and less variation in
myofiber size (Figure 3.6A).

The requirement for muscle repair was determined by evaluating the percentage
of myofibers containing centrally located nuclei (CLN). CLN are an indicator of muscle
degeneration and regeneration, which requires satellite cell activation to repair damaged
myofibers '**. Compared with 4-week-old wild-type mice, which showed few myofibers
with CLN, 4 week old dy"V”" TA muscle exhibited 4.8-fold increase in myofibers with
centrally located nuclel (Fig. 2.6B). There was a 66.5% reduction in the percentage of
CLN in the dy"V™";jitga7+ compared with that in the dy"'”" animals, although the level of
CLN in these mice was still elevated compared with that in wild-type (Figure 3.6B).
These results indicate transgenic expression of the a7 integrin in the skeletal muscle
results in reduced muscle pathology and fewer myofibers with CLN than in dy"'” mice.

MDCIA patients and dy"V”" mice exhibit substantial myofiber size variation and
the presence of alarge number of hypotrophic muscle fibers. Measurements of myofiber
cross-sectional area were used to determine whether transgenic expression of the a.7
integrin improved this aspect of muscle pathology. Compared with that of wild-type with
amean myofiber cross-sectional area of 16.1um?, dy"” TA muscle had a mean myofiber
cross-sectional area of 9.5um?, with a curve shifted to the left indicating increased
numbers of hypotrophic muscle fibers (Figure 3.6C). By contrast, TA myofibersin dy"'”

itga7+ mice had amean cross-sectional area of 11.5 um? (Figure 3.6C). These results
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indicate that transgenic expression of the o7 integrin in skeletal muscle of laminin-a.2-
null mice reduced the variation in myofiber size and improved the myofiber cross-
sectional area. At the maximum frequency of occurrence the dy”~ mice have
significantly smaller fibers than the wild-type mice. There was no significant difference
between the dy"V”" and dy"";itga7+ or between the dy""":itga7+ and wild-type mice
(supplementary material Figure 3.1). Thisindicates transgenic mice that overexpress the
7 integrin in muscle have fewer hypotrophic fibers compared with dy"V” animals and
are more similar to wild-type.

Transgenic a7 integrin expression altersthe composition of the extracellular matrix
in laminin-a2 deficient muscle.

Theloss of laminin-211 and 221 in the muscle extracellular matrix is the
underlying cause of muscle disease in MDC1A. Given that the a7 integrin is the primary
laminin receptor in muscle we next determined the mechanism by which increased o731
integrin rescued dy"”" mice in the absence of itslaminin-211-laminin-221 ligand. qRT-
PCR was used to examine the expression profile of genes encoding an array of
extracellular matrix proteins in the gastrocnemius muscle of 4-week-old wild-type, dy"'™”
and dy"V"itga7+ mice. qRT-PCR reveaed that dy"'”~ mice exhibited increased levels of
several transcripts: adisintegrin and metall oproteinase with thrombospondin motifs 5
(Adamts5), agrin (Agrn), collagen 6A1 (Col6A1), galectin-1(Lgalsl), galectin-3 (Lgals3),
matrix metalloproteinase 2 (Mmp2), integrin a3 (Itga3), integrin a6 (Itga6), integrin a7
(Itga?), laminin-a4 (Lamad4), laminin-a5 (Lamab), nidogen 1 (Nid1), tenascin C (Tnc),

tissue inhibitor of metalloproteinase 1 (Timpl) and tissue inhibitor of metalloproteinase 2
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(Timp2) transcripts compared with that in wild-type (Table 3.1). Transgenic expression of
the a7 integrinin dyW"';itga7+ mice resulted in reduced levels of agrin and Mmp2
transcripts compared with dy"”~ mice (Table 3.1). Transgenic expression of the o.7
integrin in dy"V™";itga7+ mice resulted in increased levels of transcripts for Col6AL,
Lgalsl, Lgals3, Itga3, Itga6, Itga7, Tnc and Timpl compared with that in dyW"' mice
(Table 3.1).

The a7p1 integrin has been shown to interact with galectin-1 in cultured muscle
cells * and we next determined whether transgenic expression of the a7 integrin altered
expression of galectin-1 and -3 in the muscle of laminin—a2 null mice. Compared with
that in wild-type mice, the level of galectin-1 transcript was increased 9.2-fold in dy"V™""
muscle and 12.1-fold in dy"/”;itga7+ animals (Table 3.1). Thisincreasein galectin-1
transcript correlated with a 1.8-fold increase in galectin-1 protein in dy"V™';itga7+ animals
compared with that in wild-type (Figure 3.7A). These results indicate an increase in
galectin-1 protein in the gastrocnemius muscle of dy"";itga7+ animals.

Galectin-3 transcript was increased 70-fold and 80-fold in 4-week-old dy"V” and
dy""itga7+ muscle respectively compared with that in wild-type mice (Table 3.1). This
increase in galectin-3 transcript resulted in a 2-fold increase in galectin-3 protein in dy"™”"
mice and a 7-fold increasein galectin-3 protein in dy"V”";itga7+ animals compared with
that in wild-type (Figure 3.7B). These results indicate that loss of laminin-a2 resultsin
increased galectin-3 in the muscle extracellular matrix of dy"V”~ mice and that transgenic
expression of a7 integrin further enhanced the levels of galectin-3 in laminin-a.2

deficient muscle.



In laminin-oa2-deficient muscle, tenascin C is normally localized at the
myotendinous junctions and has been shown to be enriched at extrgjunctional sites of
laminin-a2 deficient muscle which correlate with regions of muscle regeneration .
gRT-PCR was used to examine whether transgenic overexpression of the a7 integrin
altered the expression of tenascin C in the muscle of dy'” mice. gqRT-PCR confirmed a
28-fold increase in tenascin C transcript in the gastrocnemius muscle of dy*-/- mice and
a49-fold increase in tenascin C transcript in dy"”;itga7+ gastrocnemius muscle
compared with that in wild-type (Table 3.1). These results indicate transgenic expression
of the a7 integrin augmented tenascin C transcription in laminin-o2 null muscle.

Immunofluorescence was used to confirm the gRT-PCR and immunobl otting for
severa proteins. Immunofluorescence also demonstrated increased extracel lular
galectin-1, galectin-3, and Tenascin C in the extracellular matrix with galectin-3 and
tenascin C being more prevalent in the dy"”:itga7+ mice (Figure 3.8). Immunostaining
demonstrated reduced MMP2 and increased TIMP1 in the extracellular matrix of the
dy"":itga7+ mice compared with that in the dy"¥”" mice (Figure 3.8). These results
support the idea that overexpression of the a7 integrin results in both augmentation and
stabilization of the existing extracellular matrix in dy"";itga7+ animals.

Inflammatory infiltrateisreduced in dy" muscle with enhanced a7 integrin

Inflammatory cell infiltration (particularly by the monocyte or macrophage line)
isahallmark of MDC1A *®. To determine whether overexpression of the a7 integrin
reduced inflammation in dy"'”";itga7+ muscle, CD11b was used as amarker for the

presence of macrophages in skeletal muscle (Figure 3.9A). Compared with that in the 4-
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week-old wild-type TA muscle, dyW"' TA muscle exhibited an 11.1-fold increasein
CD11b positive cells (Figure 3.9B). By contrast, 4-week-old dy"";itga7+ showed a
55.3% decrease in the number of CD11b positive cells compared with that in dy™”” TA
muscle (Figure 3.9B). These results indicate transgenic overexpression of the a7 integrin
reduced the level of macrophage-mediated inflammation in dy"V”" muscle.
Transgenic expression of a7 integrin prevents muscle disease progression in the
diaphragm of dy" mice

MDCI1A patients exhibit severe restrictive respiratory syndrome and require
ventilator assistance to breathe as aresult of severe diaphragm muscle pathology *.
Histological analysis and measurements of myofiber area were used to examine whether
transgenic expression of the o7 integrin prevented the onset of severe diaphragm muscle
pathology. Hematoxylin and eosin studies revealed that transgenic expression of the o7
integrin in 4-week-old dy"’" diaphragm muscle resulted in reduced mononuclear cell
infiltrate, hypotrophic muscle fibers, centrally located nuclel and fibrosis (Figure 3.10A).

Analysis of myofiber cross-sectiona areas confirmed the improvement in the
muscle pathology observed in the histological studies. Compared with wild-type mice,
which have peak myofiber cross-sectional area of between 3.5-4.5 um?, dy"'” muscle
exhibited alarge number of hypotrophic muscle fibers with a peak myofiber area of only
2 um? (Figure 3.10B). By contrast, dy"/":itga7+ diaphragm myofibers exhibited a peak
myofiber area of between 3.5-5 um? and a curve more similar to that of wild-type (Figure
3.10B). At the maximum frequency myofiber area, all three groups were significantly

different from one another (Supplemental Figure 3.1). These results indicate that
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transgenic expression of the o7 integrin prevents muscle disease progression in the
diaphragm of laminin-a.2 null mice.

Discussion

Merosin deficient congenital muscular dystrophy (MDC1A) is considered one of
the most common congenital muscular dystrophies. Classic MDCI1A is associated with a
complete loss of laminin-a.2 and has the most severe clinical signs with severe muscle
weakness, hypotonia, and muscle atrophy. Feeding and respiratory difficulties are
common and patients often require either feeding tube placement or positive pressure
ventilation. Maximal motor activity is often unsupported sitting with few patients
achieving independent ambulation *. Thereis currently no cure or effective treatment for
MDC1A and patients often die at a young age from respiratory insufficiency °.

The observation of reduced o7 integrinin MDC1A muscle has led to the proposal
that the secondary loss of a7 integrin may contribute to the myopathic phenotype
observed in MDC1A patients and laminin-o2 null mice %%, Because a7 integrin
congenital myopathy does not phenocopy MDC1A, disease progression must involve
more than loss of the o7 integrin receptor, however, given that the o7 1 integrin binds to
multiple ligands, restoring o731 integrin receptor in skeletal muscle might improve
muscle integrity and reduce the myopathy associated with disease progression.

Previous studies have shown aloss of o7 integrin from the skeletal muscle of
dy/dy and dy?/dy*’ mouse models of MDC1A **331%7 Our results show the dy""™ muscle
exhibits reduced a7 integrin expression and loss of sarcolemmal localization of the a7p1

integrin. Studies have suggested transcriptional regulation between laminin and a.7
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integrin in muscle ** and the small amount of truncated laminin-a.2 globular domain
produced in dy"’~ muscle # which might be sufficient to promote some .7 integrin
expression but insufficient for the correct sarcolemmal localization in muscle. In this

" mice resulted

study, we show that transgenic overexpression of the o.7 integrin in dy"
in sarcolemmal localization of the o781 integrin. Restoring sarcolemmal localization of
the a7p 1 integrin reduced muscle pathol ogy, maintained muscle strength and increased
survival of dy"” mice. Taken together, our data support the hypothesis that secondary
loss of a7 integrin contributes to muscle disease progression and restoring sarcolemmal
localization might reduce the myopathy in MDC1A.

Studies have indicated that the o731 integrin might act to modul ate the
organization and deposition of the muscle extracellular matrix ***%. To investigate the
mechanism by which enhanced o7 integrin expression improved the myopathic
phenotype in the absence of the laminin-211-221 ligand, we examined changesin levels
of other extracellular matrix proteins and enzymes that regul ate the extracel lular matrix.
MDCI1A patients and laminin-a.2 deficient mice have increased laminin-a4 and laminin-
a5 chains; however previous studies have indicated that the increase in these laminin
isoforms are unlikely to rescue of the myopathic phenotype 242°1%, Transgenic
expression of o7 integrin did not further increase o 7A integrin isoform or a3 integrinin
skeletal muscle, indicating that these laminin and integrin isoforms do not play arolein
the rescue of laminin-a2 deficient mice that overexpress a7 integrin in skeletal muscle.

Our analysis of extracellular matrix proteinsin the dy"V”" muscle basal lamina

revealed that transgenic expression of the a7 integrin resulted in reduced expression of
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Mmp2 and increased levels of Timpl. Mmp2 is associated with the breakdown of the
basal lamina, whereas Timpl actsto inhibit the activity of matrix metalloprotei nases,
such as Mmp2 ®°. Reduced Mmp2 and increased Timpl in the muscle of .7 integrin
transgenic dy"/-/- miceindicate that increased o7B1 integrin acts to stabilize the basal
lamina by affecting the expression of enzymes that degrade and remodel the muscle
extracellular matrix.

The o781 integrin has been shown to directly bind galectin-1 *!. Galectin-1 (L-
14) isalactoside binding protein that has been shown to inhibit myoblast adhesion by
blocking the interaction of laminin to integrins. Galectin-3 has also been shown to
mediate cell adhesion and regulate the cell signaling pathways involved in apoptosis, cell
proliferation, inflammation, and gene transcription *°. Galectin-3 binds extracellular
matrix proteins including laminin and tenascin C and has been shown to bind directly to
integrins. In breast carcinoma cells, galectin-3 has been shown to mediate B1 integrin
endocytosis 1%, In this study we show that both galectin-1 and -3 are increased in dy™”"
muscle and further increased in dy"";itga7+ skeletal muscle that transgenically
overexpress the a7 integrin. These results suggest that, in the absence of laminin-211,
expression of galectin-1 and -3 are increased and might serve as biomarkers for disease
progression. Because the o731 integrin has been previously shown to bind galectin-1, our
results suggest that rescue of laminin-a2 deficient muscle by overexpression of the a7
integrin is mediated through interactions of the o731 integrin with galectin-1 and/or

galectin-3 to stabilize myofibers.
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Although tenascin C is normally localized and enriched at myotendinous
junctionsin wild-type muscle, in dy"”" laminin-o.2 deficient mice, tenascin C is found
around regenerating myofibers, sites of inflanmation and extrajunctional sites '®. Our
study shows that transgenic expression the a7 integrin resulted in increased tenascin C
transcript in dy"”” muscle. Because transgenic expression of the a7 integrin resultsin a
reduced percentage of myofibers with centrally located nuclei (and therefore reduced
muscle regeneration) and decreased inflammation, these results indicate that increased
a7B1 integrin stabilizes the existing extracellular matrix, including tenascin C in dy"/”
muscle.

Approaches toward the treatment of MDC1A have targeted apoptosis in mouse

model s through the inhibition of Bax, transgenic expression of the anti-apoptotic protein

112;113 | 114

Bcl-2 and treatment with the anti-apoptotic drugs doxycycline or omigapi
Another approach has focused on restoring or improving the muscle extracellular matrix
through transgenic expression, in mouse models, of laminin-a1 %, laminin-o2, mini-
agrin ™ and N-acetyl galactosamine transferase . Our results indicate that increased
expression of the o731 integrin receptor in muscle improves adhesion of myofibers to the
endogenous basal laminato reduce muscle disease progression and maintain muscle
strength in the dy"'”” mouse model of MDC1A. Results from this study indicate that

compounds that increase a7 integrin expression in laminin—a2 deficient muscle might

provide anovel therapeutic approach for the treatment of MDC1A.
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Table3.1
dy"" (foldincrease dy" :itga7+ Significant Change
GeneName  over Wild-type) (fold increase over Ay vs dyV'itga7+)
Wild-type) (p-value <0.05)
Adamtsb 197+0.14 2.33+0.08 No
Agrn 9.23+0.53 6.55+0.15 Yes
Col6al 5.56 £ 0.27 745+ 051 Yes
Lgalsl 9.19+0.28 1213+ 0.31 Yes
Lgala3 70.02 £ 0.83 80.43 + 1.96 Yes
Mmp2 19.21 £ 0.86 12.40 £ 0.43 Yes
Itga3 499+ 041 453+0.23 No
Itga6 2.68 + 0.09 3.71+£0.09 Yes
Itga’ 408+0.11 1715+ 0.42 Yes
Lama4 11.96 £ 0.40 12.60 £ 0.90 No
Lamab 563+ 0.34 6.16 + 0.34 No
Nidl 432+ 156 6.07 £ 1.33 No
Tnc 28.05 £1.30 49.60 £3.64 Yes
Timpl 276.20 £ 22.35 328.56 + 20.40 Yes
Timp2 6.30+ 0.18 6.34+0.21 No

Results are the fold increase in expression compared with that in wild-type mice.

Significance is taken as P<0.05.
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Figure3.1. Enhanced a7B integrin in the muscle of dy"'™;itga7+ mice. (A)

Immunaoblot showing protein levels of a.7A integrin, a7B integrin, a3 integrin, and f1D
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integrin in wild-type, dy""", and dy"'":itga7+ animals. o-tubulin was used to normalize
protein loading. (B) Densitometry analysis of a7A integrin indicating that both the
dy"’" animals (*p<0.05) and the dy"V;itga7+ animals have significantly reduced levels
of o7A integrin (**p<0.01). (C) Densitometry showing that o.7B integrin is significantly
elevated in the dy""";itga7+ animals when compared with the dy"V”" animals (* p<0.05).
(D) Protein quantitation for a3 integrin showing a significant reduction in protein levels
in the dy"'”" animal's compared with wild-type (* p<0.05) with no other significant
changes. (E) No differencesin 31D protein levels were observed amongst the three

genotypes analyzed.
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Figure3.2. B1D integrin transcript levels comparing wild-type, dy"/-/-, and dy"-/-
;itga7+ animals. Thereissignificantly elevated b1D integrin transcript production in
both the dy"-/- and dy":itga7+ animals. The dy"'-/- mice have the largest amount of

transcript present* P<0.05, ***P<0.001, ****P<0.0001
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Figure 3.3. Transgenic expression of a7 integrin restores sarcolemmal location in
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dyW™ skeletal muscle. (A) Immunofluorescence using TA muscle from 4-week-old
male mice was used to confirm the absence of laminin-o.2 protein in dy"/” muscle. Wild-

type TA muscle shows sarcolemmal staining for laminin-a2 which is not present in dy"™""
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or dy"":itga7+ animals. Sections were also incubated with anti-B1D antibody to
visualize B1D integrin. Scale Bar = 20um. (B) High resolution confocal microscopy of
TA muscle using rhodamine labeled WGA to highlight the sarcolemma, and CDB347
antibody to visualize a 7B integrin was performed. Theincreased yellow colocalization
signal in the dy"V”";itga7+ animals indicates restoration of sarcolemmal localization of the

o7 integrin. Scale bar = 30pum.
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Figure 3.4. Transgenic expression of a7 integrin in the skeletal muscle of dy” mice
increases longevity but not weight gain. (A) Kaplan-Meier survival curve shows dy"V™""
;itga7+ (n=9) animals have amedian life expectancy that is 2.0-fold longer compared to
than their dy"V"" (n=15) littermates (* p<0.05). (B) Analysis of body weights shows that
wild-type mice are heavier than both dy"":itga7+ and dy"V"~ animals at all ages analyzed

(***p<0.001).
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Figure 3.5. Thedy"':itga7+ transgenic mice maintain muscle strength and exhibit

increased motor activity. (A) Box and whiskers plot of forelimb grip strength at four
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weeks of age showing that dy"V"" and dy"V";itga7+ mice are weaker than the wild-type
animals (***p<0.001). At eight weeks of age wild-type (***p<0.001) and dy"":itga7+
animals (*p<0.05) are significantly stronger than dy"¥” mice. (B) Box and whiskers plot
of activity, as measured by the amount of active time over a5 minute period. At four
weeks of age there is no significant difference between any of the genotypes analyzed
(p>0.05). At eight weeks of age wild-type and dyW" “;itga7+ mice were significantly more
active than dy"V"" animals. Therewas no significant differencein the activity levels of 8
week old wild-type and dy"V"itga7+ mice. (C) Box and whiskers plot of stand up
activity over afive minute period. At four weeks of age there were no significant
differences between the genotypes. At eight weeks of age, wild-type and dy"'”:itga7+
animal's exhibited significantly more stand ups compared to dy"V”" animals. Therewas no
significant differencein stand up activity between the dy""";itga7+ and wild-type
animals. *P<0.05; **P<0.01; ****P<0.0001. For each plot the box represents 1%
quartile, mean and 3" quartile and the whiskers represent minimum and maximum

values.
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Figure 3.6. Reduced muscle diseasein laminin-a2 deficient mice that transgenically

express a7 integrin. (A) H&E staining of sections from TA muscles from 4-week-old

mice shows more muscle pathology in dy"'”" mice compared with that in wild-type. The
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TA muscle of dy"/”;itga7+ mice exhibited reduced muscle pathology. Scale bar = 20pum.
(B) The percentage of myofibers containing centrally located nuclei was used to evaluate
muscle repair in TA muscles from 4-week-old mice. Compared with that in wild-type,
dy"”’" showed a 19-fold increase in the percentage of myofibers containing centrally
located nuclei. By contrast, dy"”":itga7+ TA muscle showed a 66.5% reduction in the
percentage of myofibers with centrally located nuclei (***p<0.001). (C) Myofiber cross-
sectional arearevealed dy"";itga7+ animals have afiber size distribution closer to that

of wild-type animals than to dy"V"~ mice (Supplementary material figure S2.1).
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Figure 3.7. Transgenic expression of a7 integrin in the absence of laminin-a2
increased expression of galectin-1 and -3in the muscle of dy"” mice. (A)
Immunoblot of galectin-1 protein (50ug protein lysate used) showing that 4-week-old
dy"'"itga7+ animals have a 1.4-fold increase in galectin-1 protein compared to wild-type
and dy"-/- (*p<0.05). (B) Immunoblot of galectin-3 protein required differential protein
loading across the genotypes as follows: wild-type=100ug, dy"V""=50ug, and dy*""
‘itga7+=25ug. Quantitative analysis revealed 4-week-old dy"’~ mice have 2-fold more

galectin-3 compared with that in wild type animals (**p<0.01). The dy"/":itga7+



animals have 7-fold and 2.9-fold more galectin-3 protein compared with that in both

wild-type and dy"V"" animals respectively (***p<0.001).

63



Wild-type dyW-/-;itga7+

o -
o -
* ; < .
. < <
TenascinC <
-
o -
o -

Figure 3.8. Enhanced expression of a7 integrin augmentsthe extracellular matrix
and slows matrix turnover in thedy"”” mouse. Immunofluorescence was used to
evaluate extracellular matrix proteins and associated proteins. Galectin-1 was found to
be elevated in both the dy"”~ and dy"'”";itga7+ animals when compared with that in the
wild-type. Thedy"”:itga7+ animals had the greatest amount of staining for galectin- 3
with some staining present in the dy"'” animals and none in wild-type controls. Tenascin

C was found in areas of inflanmation in the dy"'”~ animal's, whereas it was more

dispersedly located in the dy"V"jitga7+ animals (arrows). Matrix Metalloproteinase 2
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(MMP2) was highest in the dy"/” animals. Overexpression of o.7 integrin led to reduced
staining for MMP2 in the dy"V™";itga7+ animals. Conversely, Tissue Inhibitor of
Metalloproteinases 1 (TIMP1) was found to be elevated by enhanced o7 integrin
expression in the dy"V";itga7+ mice compared with both dy"”" and wild-type animals

(Scale bar= 20 um).
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Figure3.9. Enhanced expression of a7 integrin reducesinflammation in dy"V™""
muscle. (A) Immunofluorescence of TA muscles from 4-week-old mice with anti-
CD11b, amarker for macrophages. Compared with wild-type mice, dy"” mice have an
increased number of CD11b positive macrophages. The dy""":itga7+ animals have less
inflammatory cell infiltration compared with dy"V"" animals (Scale bar= 20 um). (B)
Quantification revealed that dy"V”" mice have a 2.4-fold increase in CD11b positive

macrophages in TA muscle compared with the number in wild-type mice. By contrast,
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dy""";itga7+ animal's exhibited a 55.3% decrease in CD11b positive macrophagesin TA

muscle compared with the number in dy"”" (***p<0.001 for al groups).



68

A _ Wild-type

1000X

B 250
250
200
[ 20 150
@
# 100
g 150 50
E o
o / 0 12 3 456 7 8 910
§ 100
o
g —Wild-type
< % —dyW-/-
—dyW-/-;itga7+
0 5 10 15 20 25 30 35 40
Myofiber area X 100 pm?

Figure 3.10. Enhanced a7 integrin expression improves diaphragm pathology in 4-
week-old dy™” mice. (A) Hematoxylin and eosin staining of diaphragm muscle from 4-
week-old dy"'” mice exhibit variation in myofiber size, presence of centrally located
nuclei and fibrosis. By contrast, the dy"";itga7+ diaphragm shows reduced muscle

pathology. Scale bar=20um. (B) Cross-sectional myofiber area of the diaphragm muscle
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of 4-week-old animals shows that the dy"/”";itga7+ mice have amyofiber cross-sectiona
areamore similar to wild-type animal's than that observed in dy"/”" mice (see also

supplementary materia Fig. S2.1).
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Genename  Forward Primer Reverse Primer

Adamtsb gaagagggccatataccgttcct caggacacctgcatatttgggaac
Agrn tgcgctccactgtgaaggtcaa ccatctgtgtccaattgtgtggea

B1D gasaatgaatgccaagtgggacac gagaccagctttacgtccatagtttggattct
Col6al attacggatggacgttctgacactca  gataagccttggcaggaaatgacattga
Lgalsl gccagcaacctgaatctcaaacct ctgtcttttcccaggttcagcaca
Lgals3 gcacagtgaaacccaacgcaa tgtcctgcettegtgttacacaca

Mmp2 cctaagctcatcgcagactcctg cttccaaacttcacgctcttgagact
ltga3 ccttccagacacctccaacattacca  gtagggatgctggttctcaggaa
Itgab gcttccatagatgtcaccgetgct gcaagaacagccaggaggatgat
ltga7 gatcgtccgagecaacatcaca ctaacagcccagccagceact

Lama4 ggaatacctgaacgtgcacatgaga  gtgccatctgccatcacagagattct
Lamab ctacatgcagctgaaggtgctga ggtgccaccgtccatcacaaa

Nidl caccaaccggaggattctcgea agcccttcgagaactttgegtct

Tnc acctgagcasaatcacageccaa gatctaccattgtgatagttcatggagtca
Timpl actctgagccectgctcagcaa cgtccacaaacagtgagtgtcact
Timp2 gtgagcgagaaggaggtggattc tcgatgtctttgtcaggtcctttga
Gapdh caatgtgtcegtegtggatctga gagttgctgttgaagtcgcagga
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Supplemental material Figure S3. 1. Muscle specific transgenic expression of the a7

integrin improves myofiber cross-sectional area. (A) SAS GLIMMIX statistical

analysis of the TA muscle myofiber cross-sectional areain wild-type, dy"”~ and dy"”"
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itga7+ mice. At maximal frequency the myofibers area of the dy""";itga7+ miceis not
statistically different from the wild-type or dy"'” animals. In contrast, thereisa
significant difference between the fiber sizes of the wild-type and dy"V"" animals
(*p<0.05). (B) SAS GLIMMIX statistical analysis of diaphragm myofiber cross-sectional
areain wild-type, dy"” and dy""";itga7 mice. At maximum frequency the myofibers size
differs significantly between all three genotypes. However, the overall curve for the dy*

"itga7+ miceis more similar to that for wild-type mice.
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Reprinted with permission of The Company Of Biologists Limited. Published as:
Transgenic overexpression of the o.7integrin reduces muscle pathology and improves
viability in the dyW mouse model of merosin-deficient congenital muscular dystrophy
type 1A. Doe JA, Wuebbles RD, Allred ET, Rooney JE, ElorzaM, and Burkin DJ.

Journal of Cell Science 2011 Jul1;124(Pt13):2287-97.
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Chapter 4
Neuromuscular junction pathology and pulmonary testing of wild-type, dy*-/-, and

dy"-/-;itga7+ animals
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Abstract

Merosin deficient congenital muscular dystrophy type 1A (MDC1A) is caused by
amutation in the LAMA2 gene which leadsto aloss of laminins 211 and 221. These two
laminins, particularly laminin 221, are crucia members of the extracellular matrix at
neuromuscular junctions in skeletal muscle. Without laminins 211 and 221 the
neuromuscular junctions are unable to form properly leaving the junctions smaller in size
and reduced in number. Secondary to the loss of laminins 211 and 221 thereisa
reduction in a7B1 integrin. The a7B1 integrin is one of the main binding partners for
laminins 211 and 221 both at the neuromuscular junction and extrajunctionally. By using
atransgenic approach to enhance a7 integrin expression, we were able to partially rescue
the neuromuscular junction abnormalities in the dy*'-/- mouse model for MDC1A. The
main cause of death in MDC1A patientsisrespiratory failure. Using aflow whole body
plethysmography system (FWBP) we were able to eva uate the dy"-/- mouse, as well as
transgenic, skeletal muscle specific overexpressors of o.7 integrin, in multiple areas of
respiratory function. To our knowledge thisisthefirst time that plethysmography has
been used to evaluate the dy*-/- mouse model of MDC1A.
Introduction

Neuromuscular junctions (NMJs) are highly specialized areas of the sarcolemma
where acetylcholine receptors (AChRs) congregate. AChRs in the postsynaptic cleft are
of the nicotinic type (NAChR) and are ligand gated ion channels *®. Stimulation of the

NAChR leads to sarcolemmal depolarization caused by the influx of cations — specifically
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Na', K*, and, to alesser extent, Ca®* 1*®

. Thisisthefirst step in muscle contraction as it
leads to activation of voltage gated ion channels and in turn to contraction.

NAChRs aggregate in areas of the sarcolemma, which are characterized by high
concentrations of cholesterol and sphingolipids (lipid rafts). This processisdriven by
agrin activation of muscle specific tyrosine kinase (MuSK) leading to actin
polymerization and raft formation. Thislipid raft formation leads to nAChR clustering
LTS - Agrin is a heparin sulfate proteoglycan found in many tissues. In mature
skeletal muscle, it isfound at the neuromuscular junction as well as extragjunctionaly. In
addition to inducing AChR clustering, agrin can bind with laminins 111, 211, and 221,
and a-dystrogycan ®1912° Mol et al **° found that overexpression of atruncated agrin
isoform could partially rescue the dystrophic phenotype of the dy"V-/- mouse. Laminins
111, 211, and 221 can aso induce AChR clustering *2. Agrin, a7B1 integrin, and the
different laminin isoforms act synergistically to form NMJs %%,

The o781 integrin islocated at all NMJs where it associates with agrin and
laminin 111, 211, and 221 and physically interacts with the nAChR (the a-chain). The
a7B1 integrin is not a passive member of the NMJ, it isinvolved with al steps of NMJ
formation %2, In order to evaluate the effect of enhancing o7 integrin on the
neuromuscular junction, we bred the dy"Y mouse, amodel of MDC1A, with the BX2-10i
mouse which overexpresses o.7BX2 integrin in the skeletal muscle. The overexpression
of a7BX2 was essential as only a.7 integrin which is comprised of the X2 extracellular

domain isfound inthe NMJ. Both the a'7A and o.7B cytoplasmic splice variants are

located at the NMJ %21%%, The resultant mouse was laminin o2 deficient and
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overexpressed the 0.7BX 2 integrin in the skeletal muscle and is designated as dy*-/-
;itga7+. We found that enhanced o.7 integrin expression could partially restore both the
numbers of NMJs as well as the size of the junctions (both of which are reduced in the
dy"-/- mouse).

We have recently shown that enhanced o7 integrin expression rescues the dy"/
mouse model of MDC1A. To further define the mechanism of this rescue we evaluated
NMJ and respiratory pathology. Patientswith MDC1A and the dy"'-/- mouse model
suffer from a dysmyelinating peripheral neuropathy and reduced expression of the a.7
integrin. The reduced expression of o7 integrin may aso contribute to the peripheral
nerve pathology by affecting NMJ formation. If we lessen the NMJ pathology of the
dy"-/- mouse by enhanced expression of .7 integrin we may have another mechanism
for the rescue seen.

The main cause of mortality in MDC1A patientsis respiratory failure due to
pathology in the diaphragm and intercostal muscles. NMJs are critical for the diaphragm
to function properly and the o7 integrin is needed for proper AChR aggregation. We
have shown that enhanced o.7 integrin expression can increase the life expectancy and
improve diaphragm pathology in dy"/-/- mice #*. Thisincreased longevity may be due to
improvement in diaphragm function; therefore, we examined the effect of enhanced o7
integrin expression on respiratory function at the whole animal level.

Plethysmography is a technique used to measure changes in pressures or flow in
specific areas of the body. We applied the technique of flow whole body

plethysmography (FWBP) to assess various components of airway function in response
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to methacholine. Methacholineisan AChR agonist. AChRs are members of the NMJ
and are found, among other locations, in the airway where they innervate airway smooth
muscle. Stimulation of the NM Js results in bronchiole constriction and therefore, changes
in airflow and pressures throughout the respiratory tree 2. This makes methacholine
stimulation testing, during which a patient is subjected to differing concentrations of
nebulized methacholine while respiratory parameters are monitored, a powerful clinical
tool for the diagnosis of asthma, systemic sclerosis-associated interstitial lung disease
(SSc-ILD), alergic airway hyper-reactivity, and other pulmonary conditions 241,

M ethacholine challenge responses have a so been shown to be independent of animal age
as balb/c mice between the ages of 2 and 8 weeks of age have similar responses ',

In this study we show that enhanced expression of o7 integrin maintains
respiratory function and decreases NMJ pathology in the dy"/-/- mouse. These studies
indicate that the o7 integrin plays arole in maintaining diaphragm muscle function.
Materials and Methods
Neuromuscular junction detection

Triceps muscle from five animals of each genotype at eight-weeks of age dy"/+/+,
dy"-/-, and dy"-/-;itga7+, animals were embedded in OCT (TissueTek). 8um sections at
the midbelly level were placed onto precleaned Surgipath Slides. Sections were fixed
using 4% paraformaldehyde for 5 minutes and blocked using 5% Bovine Serum Albumin
(BSA) in phosphate buffered saline (PBS) for 1 hour. Sections were then incubated with

rhodamine labeled a-bungarotoxin. Slides were mounted using Vectashield with DAPI

(Vector). Slideswere observed using a Zeiss Axioskop 2 Plus fluorescent microscope,
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images were captured using a Zeiss AxioCam HRc digital camera and data was eval uated
using Axiovision 4.1 software.
Neuromuscular junction counting and ar ea deter mination
To determine the number of neuromuscular junctions present, the number of
neuromuscular junctionsin 20 63X fields which contained at least 1 receptor were
counted. 5 animals of each genotype were evaluated. To determine the area of the
neuromuscular junctions the Axiovision 4.1 software was used to determine the area of
20 neuromuscular junctions per mouse. 5 mice of each genotype were evaluated for a
total of 100 neuromuscular junctions per genotype.
Plethysmography

Animals were subjected to plethysmography at 4, 6, and 8 weeks of age. Animals
from each genotype (dy"/+/+, dy"/-/-, and dy"-/-;itga7+) were used. Animalswere
placed in the plethysmography chamber (unrestrained) and then subjected to increasing
doses of aerosolized methacholine, after an initial time period to acclimate to the
chamber. First mice were exposed to aerosolized PBS to gather base line data, followed
by increasing doses of methacholine (6.25, 12.5, 25, 50, and 100mg/ml). Experimental
values were automatically collected by the pneumatograph in the wall of the chamber.
FinePointe software (Buxco©) was used to collect data.
Statistics

One and two way ANOV A were used to determine statistical significance using

GraphPad Prism.
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Results
dy";itga7+ animals have an inter mediate phenotype between wild-type and dy"-/-
animals of neuromuscular junction number and size

a-bungarotoxin was used to visualize the NMJs via fluorescent microscopy and
shows the differences in size and number between the three genotypes (Figure 4.1.A).
NMJs were quantified over 20, 63X fields that contained at least one receptor (Figure
4.1B). The number of NMJsin the dy"-/- animals was significantly lower when
compared to wild-type animals. The dy"-/-;itga7+ animals displayed an intermediate
phenotype with the number of junctions not being significantly different than either the
wild-type or dy"-/- animals. Both dy"-/- and dy"V-/-;itga7+ animals had significantly
smaller NMJs than wild-type animals (Figure 4.1C). There was no difference in sizes of
the AChR in the two laminin a2 deficient genotypes. These results indicate a partial
rescue of the NMJ in the dy"V-/-;itga7+ animals. There was no significant rescuein the
Size of the NMJs.

Enhanced a7 integrin in the dy"-/- mouse helps maintain respiratory function over
time.

A whole body flow plethysmograph was used to measure several variables related
to respiratory function. Methacholine stimulation was used to simulate airway irritation.
Most parameters (excluding frequency of breathing) were normalized to body weight to
take into account the size difference between the wild-type animal's and the dy*-/- and
dy"-/-;itga7+ animals. Parameters were normalized to body weight to take into account
the air displacement by the animals. Most plethysmography studies use mice of

approximately the same size (balb/c, age-matched animals) so the effect of weight isless
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apparent than with the animals which we used where the dy"'-/- and dy"-/-:itga7+
animals are significantly smaller than the wild-type animals *2.

Penh was measured during a methacholine stimulation test. There was no
significant difference in Penh between the three different genotypes studied at either 4-,
6-, or 8-weeks of age (Figure 4.2). However, at 8-weeks of age a trend towards higher
Penh is present in the dy"'-/- mice when compared to the wild-type and dy"-/-;itga7+
animals (Figure 3.2C). Thisoccursin the 25, 50, and 100 mg/ml challenge doses. More
animalsin the cohort may lead to this trend being statistically significant.

Frequency of breathing was aso measured during the methacholine stimulation.
No significant differences were present across the genotypes (Figure 4.3). This
parameter was independent of animal weight (data not shown). Total volume of air
breathed during the methacholine stimulation was significantly greater in both dy"-/- and
dy"-/-;itga7+ animals at 4-weeks of age at all doses of methacholine administered with
the exception of 12.5mg/ml (Figure 4.4A). It was not significantly different between any
of the genotypes at either 6- or 8-weeks of age (Figure 4.4 B and C).

At al ages tested the dy"'-/- animals had a significantly longer inspiratory time
than the wild-type animals at the 100mg/ml dose (Figure 4.5A-C). At 4-weeks-of age
the dy"V-/- animal's had a 2-fold increase in inspiratory time, thisincreased to a 2.3 fold
increase at 6-weeks-of-age and a 2.4 fold increase at 8-weeks-of-age compared to wild-
type animals. The dy"-/-;itga7+ animalswere not statistically different than either the
wild-type or dy"-/- mice. Thisindicates that the presence of the .7 integrin transgene is
ableto restore the inspiratory time back to near wild-type levels. More animals are

necessary to confirm this trend.
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Expiratory time did not differ significantly between the three genotypes at 4-
weeks of age (Figure 4.6A). At 6- and 8-weeks of age thereisasignificant difference
between the wild-type and dy"/-/- animals at the 100mg/ml dose of the methacholine
stimulation test (Figure 4.6B and 4.6C). The dy"'-/- animals have a significantly longer
expiration time at those points (3.2 and 2.6 fold respectively). The dy"-/-;itga7+ animals
are not significantly different from either the wild-type or dy"V-/- animals at any age
point. Taken together with the reduction in inspiratory time, these data show that
enhanced a7 integrin expression in skeletal muscle (in this case the diaphragm) is ableto
improve respiratory function during both the inspiratory and expiratory phases of
respiration.

Discussion
Neuromuscular junction pathology isreduced in the dy"-/-;itga7+ animals

Patients with MDC1A display a peripheral neuropathy, which is due to the
Schwann cells requiring laminin 211 to appropriately form the myelin sheath. The dy"-/-
mice aso display a peripheral neuropathy and show reduced levels of appropriately
localized o7 integrin ***. The reduced levels of o7 integrin may contribute to the
peripheral neuropathy by contributing to NMJ pathology. Therefore, by increasing a.7
integrin expression we may be able to partially alleviate the NMJ pathol ogy because
a7 integrin plays arolein AChR clustering %%*?'. The diaphragm muscle is a skeletal
muscle which leads us to believe that our a7BX2 transgene will be expressed in it and
may then lead to increased NM Js which would help lessen diaphragm pathology. This

led us to the hypothesis that the dy"Y-/- animals should have NMJ pathology and that
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enhanced a7 integrin expression should improve the phenotype seen. By evaluating
midbelly triceps brachii cryosections we determined that the dy*-/- mice have both a
reduced number and size of NMJs. We determined that the overexpression of o7 integrin
in the skeletal muscle could increase the number of NMJs present to near wild-type
levels. Also, the presence of the a.7BX2 transgene increased the size of the
neuromuscular junctions, though not significantly.

o—bungarotoxin was used to highlight the reduced size and numbers of NMJsin
the absence of laminin-a.2. We show that enhanced .7 integrin increases the number of
NMJs in the absence of laminin a:2. The dy"-/-:itga7+ animals display an intermediate
phenotype between the wild-type animals and dy"/-/- animals in that the number of NMJs
is not significantly different when compared to either wild-type or dy"/-/- animals. The
size of the NMJsiin the dyV-/- animalsiis reduced compared to wild-type and that the
overexpression of a7 integrin increases the size of the NMJs. By increasing the number
of NMJsin the skeletal muscle (triceps brachii) we should also have increased the
number of NMJs in the diaphragm. Improving diaphragm NMJ pathology may be
contributing to the increased life expectancy seen in the dy™-/-;itga7+ animals.
Pulmonary function

The mgjority of MDC1A patients die due to respiratory failure or complications
from requiring positive pressure ventilation ***. Our previous work showed an
improvement in diaphragm pathology in the dy"-/-;itga7+ animals compared to dy"
animals ™. Thisled usto hypothesize that pulmonary function would be improved by

enhanced expression of o7 integrin in the digphragm. We assessed respiratory function
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by performing flow whole body flow plethysmography and a methacholine stimulation
test on wild-type, dy"-/-, and dy"-/-;itga7+ animals at 4-, 6-, and 8-weeks of age.

The use of WBP and parameters derived from it are controversia in the field.
Thisis mainly because most of the parameters measured are not specific to any single
pulmonary disease but can be applied to many and the results may be confounded by

127 took it a

environmental factors making interpretation difficult ****#’. Lunblad et a,
step further and stated that unrestrained WBP, and Penh in particular, should not be used
asindicators of lung function or bronchia sensitivity. They report that unrestrained WBP
should only be used with anesthetized animals where the conditions can be more
thoroughly controlled 27,

One of the more controversial parameters measured by WBP is “enhanced pause”
(Penh). Penh can be measured using flow plethysmography 2%, Proponents of Penh
find that it is ameasure of overall pulmonary function and that it is beneficia to measure
during asthma or alergy testing involving a methacholine stimulation test. Itisaso
argued that since Penh is derived from aflow WBP and represents differencesin the
inspiratory and expiratory wave forms making it independent of many environmental
factors 1292, Penh has also been shown to correlate with airway hyperresponsivenessin
mice . Opponents of its use state that Penh can be influenced by a number of
environmental factors (such as humidity) and that it is too nonspecific to be beneficial.
Others have presented data which show that Penh and lung compliance and resistance are

not well correlated, particularly in C57/bl6 animals **°. Our data show atrend towards

compromised pulmonary function at 8 weeks of age during the methacholine stimulation
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in the dy"Y animals which would correlate well with death due to respiratory failure. A
larger n number is needed to determineif this trend will hold.

There was no significant difference between the three genotypes, at any dose, in
frequency of breathing. Breathing frequency is controlled by the autonomic nervous
system and the cardio-respiratory center in the brain. If the dy"-/- animals were
significantly more hypoxic than either the dy"/-/-;itga7+ or wild-type animals we would
expect thelir respiratory rate to increase. The animalsin all three genotypes breathed
similar volumes of air aswell indicating that at the ages evaluated the respiratory tract is
able to compensate for any impairment present.

We do have evidence for some level of impairment though when we evaluate the
total volume of air breathed along with the inspiratory and expiratory times. The dyW-/-
animals had significantly longer inspiratory and expiratory times at the upper doses of
methacholine. These results indicate that it takes these animals alonger amount of time to
breathe the same volume of air. The length of the inspiratory and expiratory time can be
related to diaphragm function. Therefore, the dy"-/- animals may be suffering from
respiratory pathology at 8-weeks of age.

In total, our dataindicate that enhanced expression of o7 integrin can improve
neuromuscular junction pathology by increasing the number of AChRs and can improve
respiratory function by improving inspiratory and expiratory timein older dy"'-/- mice.
Additional animals are needed for plethysmography studies to determineif other

beneficial effects are present.
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Figure4.1. a-bungarotoxin staining showing neuromuscular junctionsin wild-type,
dy"-/-, and dy"/-/-;itga7+ animals and graphical representations of neuromuscular
junction number and size. (A) a-bungartoxin staining showing that the dy*'-/- mouse
displays fewer and smaller acetylcholine receptors than wild-type. The dy"-/-;itga7+
animals displays smaller sized acetylcholine receptors but similar numbers of

acetylcholine receptors to wild-type. Scale bar = 20um (B) The dy"'-/- mice have reduced
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number of acetylcholine receptors present at the midbelly level of the triceps muscle.
The dy"-/-;itga7+ animals display an intermediate number of acetylcholine receptors
(P>0.05 compared to both wild-type and dy"V-/- animals). (C) Both dy"-/- and dy"'-/-
;itga7+ animals have smaller acetylcholine receptors compared with wild type

(***P<0.001 and ** P<0.01).
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Figure 4.2. Penh measurement in wild-type, dy"/-/- and dy"/-/-;itga7+ animals. (A

and B) There is no significant difference in Penh between the genotypes at any age or any
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methacholine dose. (C) Thereis atrend towards higher Penh in the dy"'-/- animals at 25,

50, and 100mg/ml methacholine.
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Figure 4.3. Frequency of breathing during methacholine stimulation. Thereisno

significant difference in the frequency of respiration at any age or any methacholine dose.
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methacholine dose. (B and C) Thereis no difference in total volume of air breathed

between any of the genotypes. (*P<0.05, **P<0.01, ***P<0.001)
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increase in inspiratory time in the dy"-/- animals compared to wild-type at 100mg/m

methacholine. (* P<0.05, **P<0.01).
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Figure 4.6. Comparison of expiratory timein wild-type, dy"-/-, and dy"-/-;itga7+
animals during a methacholine stimulation test. (A) Thereisno significant difference
across the genotypes at 4-weeks of age. (B) At 6-weeks of age the dy"'-/- animals have a
significantly longer expiratory time compared to wild-type animals at a methacholine

dose of 100mg/ml. (C) At 8-weeks of age and dose of 2 of aerosolized methacholine, the



dy"-/- animals have a significantly longer expiratory time compared to wild-type.

(**P<0.01)
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Chapter 5

I nvestigation of galectins 1 and 3 as potential biomarkersfor MDC1A
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Abstract

Merosin deficient congenital muscular dystrophy type 1A (MDC1A) is adevastating,
genetic, neuromuscular disorder. MDCI1A is caused by mutations in the LAMAZ2 gene,
which can result in complete loss of, reduction of, or production of atruncated form of
laminins-211 and -221. Laminins-211 and -221 are critical components of the
extracellular matrix in mature skeletal muscle. Thisloss of laminin 211/221 resultsin a
severe muscular dystrophy characterized by severe weakness and hypotonia, joint
contractures, and limited eye movement. Patients with MDC1A are only rarely capable
of independent ambulation. Thereis currently no cure for MDC1A and only palliative
therapy is available for patients. However, recent work has brought potential therapiesto
the light including targeting anti-apoptotic proteins, enhancing expression of the protein
agrin, increased expression of o7 integrin, and expression of laminin o1. With potential
therapeutic agents and targets becoming more prevalent, the need for biomarkersto
monitor disease progression has become greater. Biomarkers are small molecules, which
can be followed with disease progression usually in either blood or urine. Biomarkers
can be used both to follow treatment efficiency and as prognostic indicators. Previously
we have identified galectin-1 and galectin-3 as potential biomarkersfor MDC1A. Inthis
study we have further evaluated galectin-1 and galectin-3 as possible biomarkers for
MDC1A. We have identified galectin-3 as a possible biomarker to follow disease
progression in MDC1A. Galectin-3isused as a prognostic indicator and to monitor
treatment response in severa types of cancer. The main hypothesis of thiswork is that

galectin-1, galectin-3, or both can be used as biomarkers for MDC1A.
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I ntroduction

Merosin deficient congenital muscular dystrophy type 1A (MDC1A) isa
devastating, lethal disease. It is caused by a mutation which leads to either a complete or
partial loss of laminins -211 and -221. Thisis due to a mutation in the LAMAZ2 gene,
which encodes the protein laminin-a.2. Laminin-a2 isthe a-chain which is present in
both the laminin-211 and laminin-221 heterotrimers. The G-domain of the a.-chain
confers the majority of the binding specificity of the laminin heterotrimer. In skeletal
muscle the major laminin receptors are the a731 integrin, which displays altered
localization or expression in models of MDC1A, and a-dystroglycan (a member of the
dystrophin glycoprotein complex).

There is neither a cure nor specific treatment available for MDC1A and patient
careislimited to palliative measures. Recently there has been an increase in potential
therapeutic agents or targets including omigapil ** and doxycycline *** both of which
reduce apoptosis. With potential therapeutic agents or targets on theriseit isimperative
that tools be found which can monitor disease progression and treatment efficacy. These
tools should be able to be used with minimally invasive or non-invasive collection
procedures; muscle biopsies are too invasive, painful, and impractical to perform on a
regular basis as a therapeutic monitoring device. This biomarker needs to be accurate and
reproducible; serum creatine kinase is highly variable both in the same patient and across
patients **!. Recently we have shown that galectin-1 and -3 are el evated in the dy"
mouse model of MDC1A 2. In this study we show that galectin-3 can be used to follow

disease progression in the dy" mouse.
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Lections bind carbohydrates and are divided into two categories — the C-type
lectins and the S-type lectins **2. The C-type lectins require calcium to function while the
S-type lectins do not. The C-type lectins include selectins and pentraxins. The S-type
lectins are the galectins. They are found both intracellularly and extracellularly
(associated with the extracellular matrix). They are exported via non-traditional
pathways as they do not contain extracellular transport sequences “91321%,

Galectins are small B-galactoside binding proteinsin the lectin family **°.
Galectins bind to N-acetyllactosamine. There are currently 15 identified galectin proteins
in vertebrates “***. Galectins have been identified in vertebrates (including fish, birds
and amphibians), invertebrates (worms and insects) and “lower animals” (sponges and
fungi) ***. They play arolein the modulation of inflammation, cancer metastasis, cell-
extracellular matrix interactions and cell attachment/differentiation %

Galectin-1 and galectin-3 are two of the most studied galectins. Galectin-1 forms
ahomodimer with a single carbohydrate recognition signal while galectin-3 has a unique
N-terminus and is referred to as a“chimeric” galectin ¥ Both galectin-1 and
galectin-3 play arolein the regulation of inflammation **. Galectin-1 can interact with a
number of glycosylated proteins including both laminins and the o7B1 integrin “°. Both
are used as biomarkers for severa different types of diseases including several forms of
cancer and congestive heart failure. The usefulness of galectins-1 and -3 is enhanced by
the ability to detect the proteinsin serum and urine. They are also good candidates for
MDCI1A biomarkers because inflammation is a hallmark of MDC1A muscle. Galectin-1
has also been shown to bind to the a7 integrin where it competes with laminin for

binding sites *%,
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Materials and methods
Western blotting

Gastrocnemius muscles from 4- and 8-week old make wild-type and dy*'-/-
animals were pulverized with amortar and pestle cooled in liquid nitrogen. Protein was
extracted in RIPA buffer (50mM Hepes pH7.4, 150mM NaCl, 1mM NagVO,4, 10mM
NaF, 0.5% Triton X-100, 0.5% NP40, 10% glycerol, 2mM PMSF, and a 1:200 dilution of
Protease Inhibitor Cocktail Set I11) and quantified using a Bradford assay (Bio-Rad
Laboratories Inc, Hercules, CA). Proteins were separated by SDS-PAGE. Galectin-1 was
detected using a 1:1000 dilution of anti-galectin-1 antibody (Ho0003956-D01P Abnova,
Walnut, CA). Galectin-3 was detected using a 1:1000 dilution of anti-gal ectin-3-antibody
(ab53082, Abcam). Blots were incubated with primary antibody overnight at 4°C. Blots
were then incubated with a 1:5000 dilution of goat-anti-rabbit-1gG secondary antibody
(Li-Cor Biosciences, Lincoln, NE) for 1 hour. Blots were imaged using an Odyssey
Imaging System and bands were quantified using the same system. Blots were normalize
to a-tubulin using a 1:5000 dilution of an anti-a-tubulin antibody (AbCam, Cambridge,
MA) followed by a goat-anti-mouse-1gG secondary antibody (Li-Cor Biosciences,
Lincoln, NE).
Quantitativereal-time PCR
Total RNA was isolated from five animals of each genotype (wild-type and dy"'-/-) at 4-
and 8-weeks of age using the Trizol method (Invitrogen, Carlsbad, CA). The
concentration of RNA was determined and pooled equally by genotype. cDNA was
prepared using random hexamers and Superscript 11 (Invitrogen, Carlsbad, CA) using

standard procedures and 3ug of pooled RNA. Quantitative rea-time PCR was performed
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using 50pg of cDNA using SY BR Green Jumpstart (Sigma-Aldrich, St Louis, MO).
Gapdh was used to normalize transcript levels.
Statistics

A students t-test was used for comparison of the different groups using GraphPad
Prism. For gRT-PCR experiments fold change in transcript over wild-type was
calculated using the AACt method. The average fold-change + s.e.m. was then
calcul ated.

Results

Quantitative Real-Time-PCR was used to determine changes in the transcription
of Igalsl and Igals3. Galectin-1 transcript was significantly elevated 9.2 fold in the 4-
week-old dy"-/- animals compared to age matched wild-type animals. Igalsl
transcription was reduced in the 8-week-old animals, however it was still significantly
elevated 1.7 fold compared to age matched controls (Figure 5.1.A). Four-week-old dy*-
/- animals also showed a significant increase in galectin-3 transcript (70-fold). At 8-
weeks of age the increase in transcript was 9.4 fold for galectin-3 which was still
significant (Figure 5.1.B).

Western blotting analysis reveal ed no significant difference in galectin-1 protein
levels at 4- or 8-weeks of age between wild-type and dy"'-/- animals (Figure 5.2.A and
5.2.B respectively). There was also no significant difference between the galectin-1
protein when comparing 4- and 8-week old dy"-/- animals (Figure 5.2.C). Together this
dataindicates that galectin-1 is probably not a good candidate for an MDC1A biomarker.

At 4-weeks of age the dy"-/- animal's had significantly more galectin-3 protein

than the wild-type animals (Figure 5.3.A). The 8-week old dy"-/- animals also had
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significantly greater galectin-3 levelsin their muscles when compared with the 4-week-
old animals (Figure 5.3.B). Together these results indicate that galectin-3 should be
further explores as a potential biomarker for MDC1A.
Discussion

Finding a biomarker to monitor disease progression and therapeutic effect for
MDCI1A is becoming more important as researchers find therapeutic agents and targets.
Currently the tests available for MDC1A include serum creatine kinase and fine needle
muscle biopsies. Serum creatine kinaseis not an ideal biomarker due to itsinherent
variability both in asingle patient and between patients. Fine needle biopsies are
invasive, painful procedures which are impractical to be done on aregular basis and thus,
are a poor technique for monitoring disease and response to therapy. Galectins-1 and -3
arereadily assayed in serum or urine when monitoring several forms of cancer and heart
disease, making them excellent biomarkers >3,
Galectin-1 plays arole in the modulation of the immune system, cell-growth,

al 4913910 Therole of

differentiation and repair of skeletal muscle, and cell surviv
galectin-1 in muscle differentiation and survival is due to its ability to dislodge laminin
from its binding sites on the o7 1 integrin which then allows for fusion of the myoblasts
or for satellite cells to come into the area to be repaired **3**!, Galectin-1 can also induce
apoptosis 2. Our resultsindicate that while galectin-1 transcript is significantly elevated
in the dy"-/- animal, however, this does not translate to an elevation in detectable

galectin-1 protein. Therefore, galectin-1 does not appear to be a good candidate as a

biomarker for MDC1A.
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Uniquely, galectin-3 can bind tightly with both glycosylated and nonglycosylated
proteins ***. Galectin-3 is up-regulated in multiple diseases associated with fibrosis such

143;144

asliver cirrhosis , idiopathic lung fibrosis **°, chronic pancreatitis **, and similar

animal models (Reviewed in de Boer et a *%).

Thefirst suggested use of galectin-3 asa
biomarker was made by van Kimmenade for heart failure, afibrotic condition *’.
MDCI1A isaso afibrotic condition which supports the further pursuit of galectin-3 asa
biomarker for MDC1A.

In this study we show that galectin-3 is significantly elevated at both the transcript
and protein levels and, therefore, might serve as an easily obtainable, objective, and
minimally invasive biomarker for MDC1A. This may be due to the ability of galectin-3
to regulate the cell cycle and apoptosis (both increasing and decreasing depending upon
the situation). Galectin-3 can also bind tightly with CD11b and collagen IV ***. Again
these can be directly associated with MDC1A. Galectin-3 is expressed by macrophages,
monocytes, and mast cells 1331341% |t js also associated with fibrosis. Inflammation,
particularly of the macrophage and monocyte line, and fibrosis are two of the hallmark
features of MDC1A *#. Galectin-3 can also bind tightly with fibronectin, and tenascin-C.
Tenascin-C was recently shown to be up-regulated in the dy"'-/- mouse model for
MDCI1A. Asdisease progresses so do these characteristics and along with them, we
would expect to see an increase in galectin-3.

Galectin-3 transcript and protein appear to be highest early in disease progression
(Figures 5.1 and 5.3). This pattern is true for gastrocnemius muscle. We need to
evaluate serum and other skeletal muscles (such as the Tibialis Anterior muscle whichis

afast-twitch muscle as opposed to the slow-twitch gastrocnemius muscle). Transcript
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and protein levels of galectin-3, as well as galectin-1, may aso go down because of the
increased disease in the muscle. One possible reason for the decline in protein and
transcript may be that the tissue is fibrotic enough at 8-weeks of age that it is no longer
actively producing collagen. Thiswould indicate the presence of fewer fibroblasts and
therefore, less galectin-3. We need to test more tissues (including serum) at more time
points to more accurately predict what the levels of galectin-3 protein are at different time

pointsin disease.
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Figure5.1. Transcription of lgalsl and Igals3 are altered in the dy"-/- mouse. (A)

The transcript for Igalsl (galectin-1) is significantly increased over wild-type in both 4-
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and 8- week old animals. (B) Galectin-3 transcript (Igals3) is adso elevated in both the 4-

and 8-week old animals compared to wild-type controls. **P<0.01, ****P<0.00001.
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Figure5.2. Western blotting for galectin-1in dy"-/- and wild-type mice at 4- and 8-
weeks of age. (A) Thereis no significant difference in galectin-1 protein in the muscles

of 4-week-old dy-"'-/- mice when compared to wild-type animals. (B) The level of



109

galectin-1 protein in the gastrocnemius muscle of 8-week-old dy"-/- animals compared to
wild-type are not significantly different. (C) There is no difference in galectin-1 protein

in dy"-/- mice at 4- and 8-weeks of age.



110

A 4-week-old animals
Wild-type dyW-/-
3 1 5 : ——
Galectin-3 - ’
L . - od .‘
Tubulin = B e e e el
£
=]
5
3
£
=
(L]

Comparison of4- and 8-week old dy"“-/- animals

4 week 8 week
Galectin-3 — B .
Tubulin ————
£:08 *
2
206
™
£
E 04
[
5 02
2
2
90
* *
b* 5"‘
Age in weeks

Figure 5.3. Immunoblotting experiments for galectin-3 protein in dy*/-/- and wild—
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increase in galectin-3 protein in 8-week old dy"-/- mice compared with 4-week-old dy"-

/- mice.
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Chapter 6

Conclusions and futuredirections
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The work presented in this dissertation explores the role of the a7 integrin in the
dy™-/- mouse model of merosin deficient congenital muscular dystrophy 1A (MDC1A).
While examining this role we also found a potential biomarker for MDC1A. We have
shown that the .7 integrin plays asignificant rolein MDC1A disease as shown by the
improvement seen with enhanced expression of the o7 integrin in the skeletal muscle of a
mouse model of MDC1A (the dy"-/-;itga7+ animals). The dy"-/-;itga7+ animals
display reduced muscle pathology at both 4- and 8-weeks of age, have increased
longevity, and maintain their strength over time. We have aso shown that these changes
can be attributed to a stabilization of the extracellular matrix. Even though the matrix is
abnormal in the dy"'-/-;itga7+ mice, allowing it to become stable can lend strength to the
myofibers attachment to the matrix and let alternative binding become possible (such as
o7 integrin with galectin-1 or -3). Part of the matrix stabilization can be related to
increased expression of tissue inhibitor of metalloproteinase 1 (TIMP1) and the decreased
expression of matrix metalloproteinase 2 (MMP2). TIMPL1 directly inhibits MM P2.

Theincreased longevity of the dy"V-/-;itga7+ animals can most likely be
explained by reduced diaphragm pathology. The most common cause of death in
MDCI1A patientsisrespiratory failure. The digphragm histopathology data from Chapter
3 and the plethysmography data in Chapter 4 help to support this conclusion. The
histology shows that the diaphragm muscle of the dy"/-/-;itga7+ animals has less
variation in fiber size and areduction in the pathol ogical appearance of the muscle. The
plethysmography data show that the respiratory function in the dy"-/- isimpaired, as
shown by increases in expiratory and inspiratory time, when compared with wild-type.

These parameters of pulmonary disease were not significantly different between the dy"-



113

/-:itga7+ animals and wild-type, with the exception of the 4-week-old dy"'-/-:itga7+
animals. More animals are needed to complete the statistical analysis of the
plethysmography data.

While determining the mechanism of a7 integrin’ s rescue of the dy*-/- mouse we
found that galectin-1 and galectin-3 were both elevated in the dy"/-/-:itga7+ animals.
These two proteins are already established biomarkers for several different types of
cancer and heart disease ***. Biomarkers are traceable small molecules which are used to
either diagnose a disease or monitor the progression of adisease. Galectin-3 can be
easily measured in either serum or urine. There are currently no biomarkers being used
for MDC1A. Patient monitoring includes serum creatine kinase, a byproduct of muscle
breakdown. Unfortunately, serum creatine kinase is highly variable both between
patients and within the same patient at different time points. Interestingly, galectin-1is
elevated by valproic acid, adrug that is generating interest as a therapeutic for muscular
dystrophy “.

Thiswork shows that enhanced expression of the a7 integrin in the skel etal
muscle of the dy*-/- mouse model of MDC1A increases longevity, reduces muscle
pathology, and allows for maintenance of strength. These beneficial effects are
attributable to stabilization of the extracellular matrix. This more stable matrix is able to
alow for more stabl e attachments between the muscle fibers and the extracellular matrix.
This enhanced attachment occurs in the skeletal muscle (due to the use of the muscle
creatine kinase promoter) which includes the diaphragm. Reduced pathology in the

diaphragm resultsin better diaphragm function over time. Thisis supported by the
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plethysmography results. Theimproved diaphragm function also explains at least a
portion of the increased life span noted.

We need to continue with the plethysmography data to continue evaluation of
Penh (which is not significantly different at this time but is trending towards being
elevated in the 8-week-old mice during methacholine stimulation), inspiratory time, and
expiratory time. We aso need to evaluate several parameters with the plethysmograph
monitors that were not reported here. The effect of the transgene on the NMJs should be
further examined aswell. Firstly, western blotting should be used as a second method of
determining numbers of NACHrs, similarly ligand-binding assays could be used. Itis
also possible to use a whole mount preparation of the diaphragm muscle sinceitisonly a
few cdll layersthick, this can then be incubated with o-bungarotoxin to determine
number, size, and location of NMJs.

The success of the transgenic approach towards overexpression of the a.7 integrin
has led us to begin adrug screen looking for compounds which up-regulate o7 integrin.
We are scanning several compounds in human cells (both normal control and two
different MDC1A lines) for their ability to up-regulate a7 integrin protein production.
These compounds were chosen because they have been shown to up-regulate o7 integrin
in mouse myoblast lines. This drug screen may lead to alarger scale screen to help
identify compounds that enhance o7 integrin expression.

Several therapeutic approaches have been tried in the mdx mouse, which have not

yet been tested in laminin a2 deficient mice. One of these approaches is the use of the
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antifibrotic drug halofuginone **. Halofuginone has also been associated by increased
grip strength and free-running ability with less damage seen after exercise °.

There are also a number of other transgenic approaches, which have been used to
evaluate therapeutic targets for muscular dystrophy. Transgenic upregulation of utrophin
has been used in the mdx model for DMD; it resulted in decreased CK and CLN as well
as causing arestoration of the DGC **. Similarly, upregulation of heregulin is beneficial
for the mdx; it acts by regulating the utrophin promoter A **!. Increasing nitric oxide
synthases is also beneficial in the mdx mouse by decreasing inflammation, CLN, fiber
size variation and CK*2.  Another approach in the mdx mouse that appears to work by

158 stimulation of calcineurin

increasing utrophin isincreasing cacineurin levels
signaling attenuates the dystrophic pathology in mdx mice.

At least one promising therapeutic target in the mdx mouse has been shown to
have a detrimental effect on dy" animals. Knockout of the protein myostatin improves
pathology in the mdx mouse by increasing muscle mass, decreasing muscle degeneration
and reducing fibrosis *>***>, However, myostatin blockade does cause weaker tendons
and impaired force generation *****’. This same approach in the dy"’ mouse leads to
earlier mortality. Itisbelieved that thisis dueto aloss of brown fat in the pups **,

Ovrexpression of ADAM12 (adisintegrin and metalloproteinase 12) also showed
promise in the mdx mouse by increasing muscle regeneration and alleviating skeletal
muscle pathol ogy; some of its success was attributed to enhanced expression of o7
integrin 1®**°, ADAM 12 was shown to not be beneficial to the dy" mouse.

Transgenic overexpression of Galgt2 has shown promise in both the mdx mouse

and the dy"’ mouse. In both models it improves histologic hallmarks of muscular
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dystrophy, increases agrin production and increases glycosylation of glycolipids .

Its effects on survival were not studied in the dy"¥ mouse !*. Other transgenic
approaches that have been found to alleviate disease in the laminin o2 deficient animals
include: expression of laminins a2 and a2, mini-agrin, and linker molecules

202982 104115119 7| inker molecules help to strengthen the association between laminin a4
and the dystroglycans. This helps to form amore stable attachment between the muscle
cells and the extracel lular matrix; agrin is one example of alinker molecule.

Omigapil is apharmaceutical agent, which has been tested in the dy"Y mouse. It
functions by inhibiting an apoptotic pathway (the Gapdh-siahl-cbp/p300-p53 pathway).
It reduces apoptosis, reduces weight loss, increases activity, and increases the lifespan of
experimental animals '*. Doxycycline is another pharmaceutical that has been
successfully tested in the dy"Y mouse 3. Girgenrath et al ™2 showed areduction in
inflammation, reduced Bax expression (a pro-apoptotic protein), reduced apoptosis,
increased Akt phosphorylation (anti-apoptotic) and increased lifespan. Doxycylcineis
known to have anti-apoptotic effects that are beneficial in the dy"Y mouse **2. Another
characteristic of the aminoglycoside antibiotics which makes them attractive therapeutic
strategiesistheir ability to induce read through of stop codons. Some of the more
common mutationsin MDC1A are premature stop codons. However, even though
gentamicin was shown to induce read through of a premature stop codon in patient cells,
it still did not lead to production of laminin o2 protein *°%,

Some of the most promising approaches to therapy in the dy" mouse have
included either replacing laminin o2 or re-introducing laminin a1. Transgenic

expression of laminin al chain using a universal promoter greatly reduces pathology in
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the dy* mice. It also significantly increases lifespan and is able to alleviate the

peripheral neuropathy by improving myelination

. Expression of laminin a2 chainin
the skeletal of both the dy"Y and dy® modelsimproves the muscular dystrophy of the
animals and the life span (in the dy"’ mouse) with no effect on the peripheral neuropathy
82.

The work presented in this dissertation builds upon previous work. It was
previously shown that enhanced expression of the o7 integrin could alleviate the
dystrophic phenotype seen in the severely dystrophic mdx/utr’~ mouse (which lacks both
dystrophin and utrophin). Along with improving both the skeletal muscle and cardiac
muscle phenotype, the overexpression resulted in at least a4-fold increase in lifespan
2% |n these animals the mechanism of action involves increasing the attachment of the
muscle cells to the extracellular matrix by increasing alaminin receptor (the a7p1
integrin). We propose that the effect of overexpressing the a7 integrin in the dyW mouse

involvesincreased a7bl integrin associated signaling (including the anti-apoptotic Akt

pathway) and stabilizing the extracellular matrix inits altered form (Figure 6.1).
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Figure 6.1 Proposed mechanism of action. In the presence of enhanced a7 integrin
expression, integrin activation occurs and signaling pathways lead to inactivation of Bad

and reduced apoptosis.
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APPENDIX A.1

INFLUENCE OF THE EXTRACELLULAR MATRIX AND INTEGRINS ON

VOLUME-SENSITIVE OSMOLYTE ANION CHANNELSIN C2C12

MYOBLASTS



121

Abstract
The purpose of this study was to determine whether extracellular matrix (ECM)
composition through integrin receptors modulated the V olume-Sensitive Osmolyte Anion
Channels (VSOACSs) in skeletal muscle derived C2C12 cells. CI” currents were recorded
in whole-cell voltage clamped cells grown on Laminin (LM), Fibronectin (FN) or in the
absence of adefined ECM (NM). Basal membrane currents recorded in isotonic media
(300 mosmol/kg) were larger in cells grown on FN (3.8-fold a +100 mV) or LM (8.8-
fold at +100 mV) when compared to NM. VSOAC currents activated by cell exposure to
hypotonic solution were larger in cells grown on LM (1.72-fold at +100 mV) or FN
(1.75-fold at +100 mV) compared to NM. Additionally, the kinetics of VSOAC activation
was = 27% quicker on FN and LM. These currents were tamoxifen-sensitive, displayed
outward rectification, reversed at Ec; and inactivated at potentials > +60 mV. Specific
knockdown of ; integrin by short hairpin RNA interference (shRNAI) strongly inhibited
the VSOAC CI" currentsin cells plated on FN. In conclusion, ECM composition and
integrins profoundly influences the biophysical properties and mechanisms of onset of
VSOACs.
Keywords
Extracellular matrix, Integrins, Volume Sensitive Osmolyte Anion Channels, CI” currents,
C2C12 mouse myoblasts, shRNAi knockdowns
Introduction

The mechanisms that link cell swelling to activation of volume-sensitive

outwardly rectifying ClI” channels (VSOACs) remain unknown even though a number of
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intracel lular signaling pathways have been implicated %%, Activation of these channels
is believed to beinvolved in cell volume homeostasis since they may contribute to
regulatory volume decreases (RVD) in response to cell swelling %, The actual

stimulus for channel activation may involve mechanical stretch of the membrane or
cortical actin cytoskeleton, rather than cell volume changes per se, and thus these
channels might be mechanosensitive. However, despite numerous attempts, direct
evidence supporting the hypothesis that V SOACs may represent a new class of
mechanosensitive anion channels has been lacking. Recently, new studies have
resurrected the mechanosensitive hypothesis by providing convincing evidence that
mechanical stretch of 31 integrin receptors can activate anion channels. Specifically, an
elegant study by Browe & Baumgarten has documented the activation of stretch-activated
anion channels (SAC) by mechanical stimulation of the B, integrin (see details below) on
rabbit ventricular myocytes *®. This integrin-mediated SAC current shared many
properties with VSOACSs: 1) areversal potential near Ec, 2) partial inactivation at
potentials > +10 mV, 3) atime course of activation that was similar to that of VSOACs
evoked by cell swelling, 4) sensitivity to block by tamoxifen (10 uM), and 5) sensitivity
to the PTK inhibitor genistein, and the Src and FAK inhibitor PP2. Subsequent work
showed that the B1 integrin-mediated activation of SAC involves a paracrine/autocrine
stimulation of type 1 angiotensin receptor (AT;R) by angiotensin 11 (All) that islocally
released by the myocytes during stretch (5). In addition, AT;R-induced stimulation of
SAC involves aredox pathway implicating NADPH oxidase and formation of superoxide
anion and H,O,. The nature of the integrin receptor(s) and their ECM ligands along with

the molecular identity of the anion channel activated remain undefined.
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Mechanical stress of myocytes, mediated by the extracellular matrix and
intracellular cytoskeleton, is an important determinant of muscle mechanics. In striated
myocytes, integrins are localized to costameres at Z-discs where they contribute to the
structural integrity of the muscle and are well positioned to sense mechanical stress
generated by muscle contraction. At this site integrin receptors link the ECM to the force
generating actin-myosin cytoskel eton viaa number of cytoplasmic proteins. In non-
muscle cells integrins have been shown to function as mechanotransducers **’. In
myocytes, integrins are proposed to function as bidirectional transducers of both
mechanica and molecular signals between the ECM and the cytoplasm. This
mechanotransduction regulates the activation of signaling pathways that alter myocyte
gene expression and cytoskeletal reorganization. Therefore, integrins are ideal candidates
for the role of mechanotransducers in myocytes.

Integrins are heterodimeric o/p glycoprotein receptors. The pairing of specific a
and 3 integrin subunits dictate the extracellular matrix (ECM) proteins the cell can adhere
to upon activation **®. Two of the integrin receptors expressed on skeletal myocytes are

169 Aside from playing astructural role, integrins can modulate

o7p1and asfy integrin
cell behavior and growth through the induction of intracellular signaling pathways. The
influence of ECM composition on myoblast phenotype is well documented. Attachment
of myoblasts to fibronectin through the osp; integrin promotes proliferation while

attachment to laminin through the o731 integrin promotes differentiation. Accordingly,

the laminin receptor, a3, integrin, must signal in a manner distinct from the fibronectin
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receptor, as31 integrin. Therefore, it isimportant to determine if VSOAC activation is
dependent on ECM composition and/or integrin receptor subtype.

Little work has been done to determine if the composition of the ECM to which
the integrins bind influence the activation of VSOACs. This study sought to better
understand the pathway(s) by which integrins regulate V SOAC activation and/or RVD in
myocytes. Specifically we examined if myoblast attachment to different ECM proteins
differentially regulated CI” channel activation and if channel activation could be blocked
in the absence of integrin attachment.

Materials and Methods
Céll culture and reagents

C2C12 mouse myoblasts are cultured in DMEM + 4.5¢g/L. D-glucose, L-
glutamine, 110mg/L sodium pyruvate, 10% heat inactivated fetal bovine serum, 100U/ml
penicillin and 100mg/ml streptomycin at 37°C in 5% CO,. Glass coverdlips were coated
with 10pg/ml human fibronectin (gift from J.A. McDonad) or mouse laminin
(Invitrogen) for 20 minutes.

Lentiviral transduction

Day 1, 1.6 X 10* C2C12 myoblasts (American Type Culture Collection,
Rockville, MD) were seeded on a 100 mm plate and grown at 37°C 5% CO.. Day 2,
lentiviral particles (TRCNO000066643, TRCN0000066644, TRCN0000066645,
TRCNO0000066646, Sigma-Aldrich, St. Louis, MO) that contained shRNAI’s specific to
1 integrin) were applied at an MOI of 25 and polybrene (Sigma-Aldrich, St. Louis, MO)

at 8ug/ml was added. Day 3, mediawas replaced with fresh complete media. Day 4,
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puromycin at 1.5ug/ml (Sigma) was added. Selection pressure was maintained for 10-12
days until single colonies were formed and cloned.
Protein extraction

Cells were scraped, homogenized in TNET (50 mM TrisHCI, pH 7.4, 150 mM
NaCl, 1 mM EDTA and 0.5% Triton X-100) containing 1X protease inhibitor cocktall
(Sigma, St. Louis, MO), sonicated (10 s) and centrifuged (13,000 rpm, 10 min, 4°C).
Protein concentration in supernatant was determined with BCA Protein Assay Kit
(Pierce, Rockford, IL).
Immuno-blot analysis

Immuno-blot analysis was performed as described previously (26). Specifically,
10-40 pg protein extract/gel lane was electrophoresed on a 4-12% NuPAGE Bis-Tris
gradient gel (Invitrogen, Carlsbad, CA) and transferred to Hybond-C Extra nitrocellulose
membrane (Amersham, UK). Antibodies used included, AB47 anti as integrin (gift from
Dr. John A. McDonald), AB1952 (Millipore) or MC229 (gift from Dr. John A.
McDonald) or AB1952 (Chemicon) anti 3, integrin, B2347 anti o7 integrin (gift from Dr.
Dean Burkin). Un-Scan-It software was used to analyze protein expression on the
immune-blots.
Microscopy and immunofluorescent staining

A laser-scanning confocal microscope (Olympus FluoView 1000) was used to
collect fluorescent images. Cells were fixed in 3.7% formal dehyde in phosphate buffered
saline for 10 minutes. Cells were permeabilized with 0.1% Triton X100, blocked with 1%
BSA than stained incubated with FITC-phaloidin, bis-benzamide and 9EG7 (1/20,

B1integrin specific antibody, gift of D.V. Weber). Primary rat antibody was detected with
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biotinylated donkey anti-rat (Jackson ImmunoResearch Laboratories, Inc.) followed by
an Alexa™ 594-streptavidin conjugate (Molecular Probes).
Electrophysiological methods

Proliferating C2C12 myoblasts were seeded on coverslips coated with fibronectin
(FN), laminin (LM) or in the absence of matrix and allowed to grow in a CO, incubator
(Thermo Scientific Heraeus, model Hera Cell 150, Waltham, MA) at 37°C for 12-16
hours. Coverdlips were set on the stage of an inverted 1X-71 Olympus microscope
(Center Valley, PA) and superfusion initiated with the isotonic solution described bel ow
at arate of = 1 ml/min. The cells were superfused for at least 5 min prior to any
recording. Macroscopic currents were recorded at room temperature in the standard
whole-cell configuration mode of the patch clamp technique using a patch clamp
amplifier (model PC-505B, Warner Instruments, LLC, Hamden, CT). Patch pipettes (=1
um in diameter; tip resistance was 2-4 MQ when immersed in the external isotonic
solution described below) were pulled from borosilicate glass capillaries (Sutter
Instrument Company, Novato, CA) with a Sutter P-57 puller (Sutter Instrument
Company). Pipette and stray capacitances as well as series resistance were compensated
for in all experiments. For most experiments, an Ag/AgCI pellet placed in the bathing
chamber was used as the reference electrode. In all ion exchange experiments carried out
to determine the relative permeability of the channels to iodide or aspartate relative to
chloride, a3M KCI agar bridge was used instead to minimize changesin junction
potential associated with external replacement of Cl” with I or Asp’. Voltage clamp
protocols were computer-driven using Digidata 1320 series acquisition system and

pPCLAMP 9.2 (Molecular Devices, Sunnyvale, CA, USA). Membrane currents were |ow-
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pass filtered at 1 kHz before being acquired at a sampling rate of 1 kHz. After gaining
whole-cell access, C2C12 cells were held at the standard holding potential —40 mV, and
cell dialysiswas alowed to proceed for at least 5 min before any voltage clamp protocol
was initiated. In most figures, current was expressed as current density (pA/pF) by
dividing the measured current by the cell capacitance, which was estimated by integrating
the mean of five consecutive capacitative current transients elicited by 20 ms test pulses
from —50 to -60 mV (with Clampfit 9.2, Molecular Devices, Sunnyvale, CA, USA). Cdll
capacitance was cal culated using the following equation: C = Q/4V, where C isthe
whole-cell capacitance (in pF), Q isthe amount of charge transferred (in fC), and AV is
the magnitude of the voltage clamp step.

The K*-free pipette and external solutions were designed to minimize the activity
of endogenous K™ channels by including cesium in the internal solution, and
tetraethylammonium chloride (TEA) and barium chloride in the superfusate. The external
isotonic and hypotonic solutions were made using a common base solution which
contained: 90mM NaCl; 0.66mM MgCl,; ImM CaCl,; 2mM BaCl,; 10mM TEA-CI;
10mM Hepes; 5.5mM Glucose; pH adjusted to 7.4 with NaOH. The osmolality of this
solution was ~ 220 mosmol/kg H,O as determined by a high precision osmometer (The
Advanced Micro Osmometer, model 3300, Advanced Instruments, Inc., Norwood, MA).
Mannitol was added to the base solution to make the isotonic solution with an osmolality
of 300 mosmol/kg H,0. The pipette solution contained (mM): CsCl, 90; TEA-CI, 18.0;
Hepes, 5.0; MgATP, 5.0; EGTA, 5.0; adjusted to pH 7.2 with CsOH. The osmolality of

the pipette solution was similarly adjusted to 300 mosmol/kg H»O by adding mannitol.
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All solutions had identical ionic strength. For al anion exchange experiments, NaCl was
replaced by an equimolar concentration of Nal or Na-Aspartate (90 mM).

After seal rupture and measurement of cell capacitance, a constant step protocol
was subsequently initiated to monitor current magnitude over ~ 5 min while the cell was
superfused with the isotonic solution. This alowed for stabilization of membrane current
during cell dialysis. For al voltage clamp protocols, the cells were consistently held at a
holding potential (HP) of —40 mV. The double-pulse protocol consisted of a 500 ms step
to +80 mV followed by areturn step to —80 mV applied every 10 s. The same protocol
was used to monitor the effects on membrane current of switching the external isotonic
solution to the hypotonic solution, or to examine the effects of tamoxifen on the VSOAC
current elicited by hypotonic medium. Current-voltage (I-V) relationships were obtained
by asingle pulse protocol consisting of 500 ms steps ranging from —100 to +120 mV (10
mV increments at 0.05 Hz). Finally, reversal potential measurements of the VSOAC
current in cells exposed to solutions of different anion compositions were carried out
using a2 s ramp protocol ranging from —100 to +120 mV (110 mV/s) imposed at a
frequency of oneramp every 10 s.

We used the following variant of the Goldman-Hodgkin-Katz equation to
determine the relative anion permeability of the VSOAC current under bi-ionic
conditions in which external CI” was partially replaced by |I” or aspartate”:

Px/Pci = { ((eXp(Vre X ZF/RT)) X [CI']}) — [CIo} [X]o
Where X represents |” or Asp, Ve isthereversal potential measured in the presence of

external iodide or aspartate, zF/RT has its standard meaning, [Cl]; and [Cl ], are the
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internal (107.32 mM) and externa (17.8 mM) CI” concentrations, respectively, and [X ],
isthe external concentration of I or Asp (90 mM).
Reagents

TEA and tamoxifen were purchased from Sigma-Aldrich (St. Louis, MO). TEA
was directly added to the externa solution in powder form whereas tamoxifen (Sigma-
Aldrich) was prepared as a 10 mM stock solution in DM SO and kept in small aliquots at
4°C. Each aliquot was diluted in the external solution at afinal concentration of 10 uM
immediately prior to the experiment. The final concentration of DM SO never exceeded
0.1%, a concentration that had no effect on the basal Cl” and VSOAC currents.
Statistics

Membrane currents were analyzed with Clampfit 9.2 (Molecular Devices) and
Origin 8.0 (OriginLabCorp). All pooled data are expressed as means + SEM.
Comparisons among multiple means were performed using one-way ANOVA with
Bonferroni post-hoc test. A P value of < 0.05 was considered to be statistically
significant.

Results
Influence of matrix proteinson C2C12 phenotype.

ECM composition has a profound influence on myoblast phenotype. C2C12 cells
were grown on uncoated coverslips (NM), laminin (LM)-coated or fibronectin (FN)-
coated cover slipsfor 12 hours display an altered distribution of B, integrin containing
focal adhesions and actin stress fibers. Figure A.1.1 illustrates the diverse phenotypes
observed. Cells plated on uncoated coverdlips lacked well-defined integrin containing

focal adhesions complexes at the cell periphery, had afew thin stress fibers and remained
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small and compact in shape (A). In comparison, cells grown on FN contained numerous
integrin-containing focal adhesions, an increase in distinct stress fibers and spread
extensively (B). In striking contrast, cells plated on LM spread in a manner similar to the
FN plated cells but contained numerous thick stress fibers and strong staining of
peripheral focal contacts (C). All images were collected with identical camera settings
and stained simultaneously. Immuno-blot analysis demonstrated that C2C12 cells grown
on uncoated tissue culture plates expressed all three integrin subunits examined in these
studies, B, as and a7 integrin (Figure A.1.1D).

Influence of matrix proteinson the properties of VSOAC currents.

Whole-cell macroscopic volume-sensitive osmolyte anion (VSOAC) currents
recorded from C2C12 cells were dlicited by reducing the osmolality of the K*-free
bathing solution from 300 to 220 mosmol/kg H,O. Figure A.1.2 shows the results of two
typical experiments, one from a cultured cell plated on cover dlipsin the absence of
matrix (NM; panel A) and the other plated on fibronectin (FN; panel B). The two graphs
in Figure A.1.2Aaand A.1.2Baillustrate the time course of changes in membrane current
density (holding potential = -40 mV) measured at the end of 500 ms steps to +80 mV
(filled squares) and at the end of 500 ms return steps to -80 mV (open circles). The
equilibrium potential for Cl” was purposely set to 0 mV to help visualize current
rectification when stepping to +80 and -80 mV. Figures A.1.2Ab and A.1.2Bb each
depicts sample traces recorded in isotonic (top) and hypotonic (middle) solutionsin
response to the voltage clamp protocol shown below. Measurements from these traces
areindicated by thefilled circle and filled triangles and reported in the corresponding

graph. Basal membrane current in isotonic solution was very small after 5 min of cell
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dialysisfor cells plated in the absence of matrix (Figure A.1.2A). In contrast, a small
outwardly rectifying membrane current was clearly detectable in the cell plated on
fibronectin (Figure A.12B). For both cells, switching the solution to hypotonic media at
time = 0 led to delayed activation of a current bearing properties consistent with VSOAC
displaying outward rectification (panels Aaand Ba) and voltage-dependent inactivation at
+80 mV (panels Ab and Bb), especidly the cell plated on FN. There were two notable
differences between the two conditions. 1) the time required for activation of the current
was significantly longer for the cell plated without matrix than the one grown on FN; 2)
the magnitude of the hypotonic-induced current in the cell grown on FN was larger than
NM. Figure A.1.2C reports mean + SEM times for half-maximal activation of membrane
current evoked by a switch to hypotonic solution for C2C12 plated on NM, FN and LM.
The data indicate that activation of the hypotonic-mediated current was faster for cells
grown on FN or LM when compared to NM.

We next sought to determine the voltage-dependence of membrane currents
recorded from C2C12 cells plated on NM, FN or LM, inisotonic and hypotonic
solutions. Figure A.1.3 shows representative families of current traces for each condition
elicited by the voltage clamp protocol displayed at the bottom center. All current traces
are expressed as current density in pA/pF. For each surface-coating condition, the
currents recorded in isotonic and hypotonic media were recorded from the same cell.
Currents registered in isotonic medium were very small in the absence of matrix (Figure
A.1.3Aa). However, plating the cells on FN led the appearance of abasal conductance
having signature features for V SOAC currents including outward rectification and

voltage-dependent inactivation (Figure A.1.3Ba). Such abasal conductance was aso
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apparent and even accentuated in cells plated on LM (Figure A.1.3Ca; notice the different
size of the calibration bar). Typical VSOAC-like currents were evoked by the hypotonic
solution. In addition to outward rectification and voltage-dependent inactivation at
positive potentials, voltage-dependent reactivation was a so observed following return to
the holding potentia (-40 mV) in the cells plated on matrix proteins (Figure A.1.3Bb and
A.1.3Cb). Similar to the currents recorded with the isotonic solution, the magnitude of
the elicited currents was much larger in cells plated on matrix versus no matrix (FN =~ LM
> NM; Fig. 3Ab, Bb and Cb). Figure A.1.4 shows pooled datafor similar experiments to
those described in Figure A.1.3. The graphs display the mean current-voltage (I-V)
relationships (HP = -40 mV) for the early instantaneous current (Early; panels A and C)
or late (Late; panels B and D) current measured at the beginning or the end of 500 ms
steps, respectively, which ranged from -100 to +120 mV in 10 mV-increments. For a
proper comparison, the |-V relationships recorded from cells plated on NM, FN or LM
were generated only in cells exposed to both isotonic (panels A and B) and hypotonic
(panels C and D) solutions. Currents recorded from all conditions reversed near the
predicted equilibrium potential for Cl” suggesting that this anion is the main charge
carrier of both isotonic- and hypotonic-induced currents. Whilst the early instantaneous
current displayed slight outwardly rectifying (LM and FN) or linear (NM) propertiesin
isotonic conditions, late current for cells plated on FN and LM showed clear signs of
inward rectification at potentials > +70 mV, an observation consistent with time- and
voltage-dependent inactivation. Both the instantaneous (Figure A.1.4A) and late (Figure
A.1.4B) currents were larger in cells plated on matrix; for example at +100 mV, late

outward current was 3.8-fold and 8.8-fold larger in cells grown on FN and LM,
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respectively, relative to those proliferating on NM (Figure A.1.4B). Matrix proteins also
had a profound influence on hypotonic-induced membrane currents. Both the early
instantaneous (Figure A.1.4C) and late (Figure A.1.4D) currents were similarly enhanced
in cells plated on either matrix protein vs. no matrix. For example, the late current in
hypotonic solution was 75% greater on FN and 72% greater on LM compared to NM.
Taken together, these results demonstrate that matrix proteins differentially stimulate a
basal ionic conductance in isotonic conditions as well as a membrane currents triggered
by hypotonic medium.

In order to establish that the hypotonic-induced membrane current isindeed
generated by VSOACsin C2C12 cells, we performed anion replacement experiments to
confirm that Cl™ is the main charge carrier and assessed whether matrix proteins alter the
anion permeability sequence of the induced conductance. Figure A.1.5 showsthree
typical experiments during which extracellular Cl” was sequentially replaced with 1" and
aspartate (Asp). All traces were recorded in the steady state after at least 15 min of
exposure to hypotonic medium. A 5 svoltage ramp ranging from -100 to +120 mV was
used to elicit each trace as explained in the Methods. For all three groups of cells, total
replacement of external Cl” with I” led to asmall leftward shift of the reversal potential
and increase in slope conductance at positive potentials, observations consistent with the
higher relative permeability of I" to Cl" of VSOACSs. In contrast and aso consistent with
this hypothesis, cell exposure to the less permeant organic anion aspartate consistently
caused a positive shift in reversal potential and a reduced slope conductance in the entire
voltage range analyzed. The relative permeability of externa ions (X) with respect to CI°

(Px/Pq)) was estimated by measuring the shiftsin reversal potential of the current under
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bionic conditions and cal culated using the Goldman-Hodgkin-Katz equation as outlined
in the Methods. Mean data pooled from several experiments with cells grown under the
three conditions revealed arelative permeability of I" and Asp over Cl that was
statistically indistinguishable among the three groups (Figure A.1.6A); Px/Pc were |:Cl°
‘Asp = 1.3:1.0:0.75. The I” > ClI" > Aspartate sequenceisidentical to the Eisenman “weak
field strength” lyotrophic series and supports the idea that hypotonic-induced current is
an anion current. We also analyzed the impact of ion replacement on the conductance of
the hypotonic-induced current in the three conditions (Figure A.1.6B). Linear regression
was used to cal cul ate the slope conductance in the negative (-100 to -50 mV) and positive
range (+20 to +80 mV) of membrane potentials. Asfor Px/Pg, the relative slope
conductances of the current in the two voltage ranges measured in the presence of 1™ or
Asp relativeto Cl™ (Gx/Gg) were aso similar between the three conditions. Whilst

Gi/G¢ was not significantly different from unity, Gas/Gc in both voltage ranges was
significantly smaller than one supporting the concept that ion permeation was partially
inhibited in the presence of aspartate.

VSOACs are very sensitive to block by the estrogen receptor modulator
Tamoxifen (TMX) %2, We thus tested the effects of TMX on currents from C2C12 plated
on different matrices and exposed to isotonic and hypotonic media. Figure A.1.7 depicts
experiments in which the effects of TMX were tested on hypotonic-induced currents
recorded in C2C12 cells plated on FN. Panel A shows sample recordings and
measurements from these traces are reported on the corresponding graph below, which
illustrates the time course of changes in magnitude of late current before and during the

application of TMX. The inhibitor potently blocked the hypotonic-induced current.
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Figures A.1.7B shows a graph illustrating mean + SEM percent block by TMX of late
current recorded in hypotonic solution in cells plated on NM, FN or LM. TMX produced
over 96% block of late current in hypotonic solution in cells grown on any of the
matrices. Taken together, these data support the notion that matrix proteins exert a
profound influence on the properties of a membrane current resembling the volume-
regulated chloride channel described in many cells types.

Role of B1 integrin in theregulation of VSOACSs.

One hypothesis to explain the influence of matrix proteins on VSOACs is that
C2C12 cells plated on FN or LM trigger integrin signaling, which somehow regulates the
activity and/or expression of VSOACs. Heterodimeric associations of 1 integrin with
multiple o integrins provide the molecular basis of the predominant receptors for the
extracellular matrix proteins laminin, collagen and RGD-containing proteins such as
fibronectin. asP1 and a7 are the major integrin receptors for fibronectin and laminin,
respectively, in muscle and both are highly expressed in C2C12 cells (see Figure A.1.1D
above) 1°. We used an shRNAI strategy to induce a selective knockdown (KD) of B,
integrin in C2C12 cells and to assess whether this intervention altered VSOACs in cells
plated on FN. Lentivira particles containing four independent target sequences specific
to B, integrin were used to transiently infect C2C12 cells. After screening for 31 integrin
knockdown by immuno-blot analysis (data not shown), two of the lentiviral constructs
were used to generate and clone two stable independent KD cell lines. Antibody specific
to By integrin identified a band at 130kDa consistent with 3, integrin. Figure A.1.8A isa

representative immune-blot that illustrates the expression level of Blintegrinin C2C12



136

cells (lane 1, 100%), cell line C-9 (lane 2, < 1%) and cell line B-7 (lane 3= 5%). Figure
A.1.8B and C respectively show I-V relationships of membrane currents recorded in
isotonic and hypotonic conditions in wild-type (WT) cells, or in thetwo KD cell lines.
For both the B-7 and C-9 cell lines, the basal Cl™ current in isotonic solution was not
significantly different from WT cells (Figure A.1.8B) although a clear tendency for the
C-9 cdl line (99% KD of B; integrin) to exhibit asmaller current is notable. The VSOAC
current activated by hypotonic solution was attenuated by a little more than 60% at all
voltagesin the B-7 cell line, and by > 87% in the C-9 cell line (P < 0.001). These
experiments demonstrate that integrins play an integral role in the activation of VSOACs
in C2C12 cells.
Discussion

Various classes of integrins have been shown to regulate a number of ion
channelsincluding hERG K* channels, large conductance Ca?*-dependent K* channels,
L-type Ca?* channels, stretch-activated non-selective cation, and CI” channels 67417,
There is aso evidence for activation of 3; integrin caused by the opening of the voltage-
gated K™ channel Kv1.3 in response to membrane depolarization in human T
lymphocytes . Most of the above studies examined the effects of various acute
interventions designed to alter key signaling components involved in integrin activation.
Similar to the study by Hofmann et a. on hERG in FLG 29.1 cells, a human leukemic
preosteoclastic cell line, we first investigated whether VSOACs in C2C12 murine
myaoblast cells would be influenced by having the cells adhere on fibronectin or laminin,

the major ligands for asB; and a7B1 integrins, respectively ™. Our data showed that

compared to cells plated on glass cover slips with no matrix (NM), cells cultured on FN
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or LM displayed abasal anion conductance in iso-osmotic condition that shared many
properties to those of VSOACs evoked by cell exposure to hypotonic solution. Cell
adhesion to FN and LM triggered structural reorganizations consistent with activation of
integrins manifested by the appearance of peripheral focal adhesions (FN and LM) and
the formation of thick stress fibers (LM). The hypotonic-induced VSOAC current
recorded from cells plated on FN or LM displayed an earlier onset and was larger after
reaching a steady state than that registered from cells growing on NM. Specific genetic
knockdown of B1 integrinin cells plated on FN suppressed both the basal CI
conductance recorded in isotonic solution as well as the VSOAC dlicited by hypo-
osmotic solution. These results support the concept that integrins are an essential
component of the signaling pathway triggering the activation of the volume-regul ated
chloride conductance in C2C12 myoblast célls.

Extracellular Matrix Proteins Stimulate ClI” Conductancesin C2C12 Cells.

When C2C12 myaoblasts are cultured on ECM, the nature of the ECM (FN or LM)
is known to influence cell phenotype. This responseis clearly demonstrated in our studies
by the pattern of Blintegrin clustering and stress fiber formation in the presence/absence
of ECM coating. It is at these 3; integrin containing focal adhesion points, that stress
fibers are anchored and that signals are generated to regul ate gene expression, cell
motility, cell differentiation and growth **1#%, At focal adhesions, integrins are thought
to serve as mechanotransducers. It islogical to assume that an integrin attached to the
ECM and anchored to stress fibers in the cytoplasm will sense alarger mechanical force
(such asthe force generated by cell swelling) than an integrin that is not attached to the

ECM (no opposing force). Therefore, we postulate a more efficient conversion of the
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mechanical force into achemical signal. This model correlates nicely with our
observations as follows. One interesting difference between C2C12 cells plated on NM
versus FN or LM was the increased induction of stress fibersin cells plated on NM < FN
<LM. These“progressive’ structural changes correlated well with the very small or
sometimes inexistent basal Cl” conductance in cells grown on NM, and the intermediate
and large basal Cl” conductance seen in cells plated on FN and LM, respectively.
Furthermore, reorganization of the cytoskeleton by the two ECM proteins accelerated the
time course of activation of the VSOAC current and increased the size of the maximally
activated hypotonic-induced current to asimilar degree suggesting that the ECM-induced
changes “primed” the volume sensing machinery leading to opening of the CI™ channel.
Whether stimulation of asp1 and o731 integrins by fibronectin and laminin converge to a
common pathway or are able to somehow cooperate synergistically in promoting the
activation of the VSOAC will require additional experiments.
Natur e of the CI" conductances influenced by ECM proteinsin C2C12 myoblasts.
Are the anion conductances detected in isotonic and hypotonic media generated
by the same channel? This cannot be answered unequivocally because the molecular
identity encoding for the volume-sensitive Cl” conductance is still unresolved %1%,
However, the basal conductance and current elicited by hypotonic solution have several
biophysical propertiesin common that allow usto at |east propose that they may be the
product of the sameion channel. With asymmetrical Cl™ gradient, both currents reversed
near the predicted Nernst potential of 0 mV, an observation consistent with Cl™ being the
main charge carrier. lon replacement experiments showed an identical anion

permeability sequence of I" > CI” > Agpartate for currents recorded in isotonic or
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hypotonic conditions in cells plated on NM, FN or LM, in accord with alow electric field
ion selectivity profile or Eisenman’ s sequence |; the magnitude of the permeability (P/Pg
and Pagy/Pci) conductance (Gi/Gg and Gag/Gai) ratios of the Cl™ currents recorded in all
groups were not significantly different from each other. The fully activated instantaneous
current measured in the different conditions displayed modest outward rectification. At
potentials positive to ~ +50 mV, currents inactivated in a time- and voltage-dependent
manner, which led to appearance of aflattening of the current-voltage relationship
(inward rectification) for the current measured at the end of the pulse. Finally, the

V SOAC current induced by hypotonic solution in cells plated on NM, FN or LM was
similarly and potently blocked by the estrogen receptor tamoxifen, acommonly used
organic inhibitor of volume-regulated CI” channels 104103184185 Although not
systemically studied in detail, the basal conductance in cells plated on all three matrices
was also sensitive to block by tamoxifen. Moreover, the over 97% block of the
hypotonic-induced VSOAC current in al groups is consistent with the idea that the basal
Cl” conductance apparent in isotonic condition is generated by the same channel since the
amount block achieved by tamoxifen surpassed the blocking of hypotonic-induced
current alone. Taken together, these results suggest that specific adherence of C2C12
myoblasts to matrix proteins may have shifted the set point for activation of VSOACsto
alower threshold or elevated the maximal response resulting in basal activation rather
than by eliciting the expression of another basal anion conductance superimposed with a
distinct VSOAC. This hypothesisis of course not in conflict with the possibility that

matrix protein interactions with the cell membrane may have enhanced the expression,
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turnover rate, trafficking and/or function of the pore-forming subunit or one of its
regulators.
B1integrin isessential for activation of the basal ClI" and VSOAC conductances.
Immunofluorescence and confocal imaging experiments showed that specific
interactions of FN and LM with C2C12 promoted clustering and in the case of LM, a
potent stimulation of stress fiber biosynthesis. These changes were paralleled by
induction of abasaly activated CI” conductance in isotonic medium and increased
VSOAC activation profile. Using alentivirus, ashRNAi gene knockdown strategy was
used to down-regulate 1 integrin protein. The B1a integrin isoform is the predominant
isoform expressed in undifferentiated myoblasts, and our immuno-blot analysis revealed
KD of aband at the appropriate molecular weight ***#8, Analysis of two independent
“stable” cell lines containing different sShRNAI constructs yielded atitrated inhibitory
effect on the magnitude of the basal CI and VSOAC currents; in one cell line (B7), KD
had no effect on the basal Cl™ current and partially inhibited the VSOAC current, whilein
the other (C9) both currents were strongly inhibited. Some of this variation could be due
to loss of suppression of Blintegrin by the shRNAI constructs over time. In fact, recent
immuno-blot analysis conducted after al the patch-clamp analysis revealed a progressive
increase in Blintegrin expression (~20% of wild type, data not shown) in both B7 and C9
cell lines after repeated freeze thaw cycles. Additionally, the large SEM seen on the |-V
plot (Figure 8B) for cell line B7 may indicate a mixed population of KD in this “stable”
cell line. Regardless of the mechanisms involved in these differences, the fact that two

distinct shRNAI sequences both inhibited the basal and V SOA C conductances strongly
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suggests that 1 integrin is not just amere regulator of channel function but is key for
activation of VSOACsin C2C12 myaoblasts.

Browe and Baumgarten provided evidence for involvement of thisintegrinin the
activation by stretch of an outwardly rectifying tamoxifen-sensitive CI™ current in rabbit
ventricular myocytes *®. Paramagnetic beads coated with a B1integrin antibody were
deposited on the cell surface and the beads were pulled upward by applying a constant
magnetic field to stretch the membrane. Similar to VSOACs, inhibitors of focal adhesion
kinase (FAK) and c-Src blocked the stretch-activated CI™ current. A subsequent study
from the same group showed that activation of this current occurred through an autocrine
mechanism whereby stretch would elicit the endogenous release of angiotensin 11 (All)
would bind to the AT, receptor subclass and trigger a cascade of biochemical events
leading to stimulation of sarcolemmal NADPH oxidase, production of reactive oxygen
species (ROS) and ultimately activation of the stretch-activated CI™ current *®. More
recently, these investigators reported that the All-ROS signaling pathway was also
involved in activation of VSOACs in rabbit cardiac myocytes, providing support to the
proposal that VSOACs and the B1p integrin-stretch-activated CI™ current are probably
generated by the same channel *®. Whether the B integrin is absolutely required for
activation of the ClI" channels in the heart is unknown. In preliminary experiments
(unpublished observations) and in contrast to the above studies, H,O, in the range of 100
to 500 uM failed to elicit aVSOAC current in C2C12 bathed in isotonic solution, which
suggests that the downstream signaling events are different.

The mechanism of activation of the volume-stimulated osmolyte and anion

channel is still unknown and thisisto alarge extent due to the lack of knowledge of the
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molecular identity of the pore-forming subunit of this channel °#'%. However, studies
performed by Walsh and Zhanghave shown that the magnitude and kinetics of VSOAC
(Ic1, sweit) activation in rat neonatal ventricular myocytes is regulated by FAK and Src *%.
FAK phosphorylation and activity is directly linked to integrin activation and
extracellular matrix composition. Our data showed that skeletal muscle myoblast cells
grown on specific matrix proteins triggers substantial remodeling of the cytoskeleton
altering the properties of a chloride channel that plays an important role in regulation of
cell volume, apoptosis, cell differentiation and growth. Furthermore, 1 integrin appears
to be central to this process. Future studies should be carried out to determineif the
actions of a1 (FN receptor) and o731 (LM receptor) integrins, al of which are
expressed in C2C12 cells, are coordinated or whether these two integrins work
independently in the regulation of VSOACs and the specific downstream signaling
pathways they trigger.
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Figure A.1.1. Immunofluorescent staining of C2C12 revealsthat ECM composition
has a profound influence on myoblast phenotype. C2C12 cells plated on uncoated
coverdips (A), fibronectin (B) or laminin (C) were stained with antibody 9EG7, to
identify 3, integrin containing focal adhesions (red), FITC phalloidin to detect actin
containing stress fibers (green) and bis-benzamide to detect nuclei (blue). Note the

profound differencesin focal contact distribution and stress fiber formation. All images



were stained simultaneously and collected with identical settings. The immune-blot
shown in panel D, illustrates the expression of B, as and a7 integrinsin C2C12 cells

grown on standard tissue culture plates.
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Figure A.1.2. Alteration in the time course of changesin membrane currents
elicited by switching from isotonic to hypotonic solutionsin C2C12 cells plated on
fibronectin. Panels A and B respectively show results representative of experiments
carried out in a C2C12 cell cultured in the absence of matrix and another one plated on
fibronectin. For both panels A and B, panel a shows a plot of the time course of changes
in membrane currents evoked by the voltage clamp protocol displayed at the bottom of
panel b. Asindicated, the holding potential was set to -40 mV. A repetitive double-pulse
protocol consisting of an initial 500 ms step to +80 mV followed by a 500 ms
repolarizing step to -80 mV was applied at afrequency of 0.1 Hz. The graph in panel a
plots current density measured at the end of each step to +80 (filled squares) and -80 mV
(empty circles) as afunction of time before and after exposure to hypotonic solution as
indicated by the arrow above the plots. Thefilled circle and triangle indicate when the
representative traces registered in isotonic and hypotonic solutionsin panel b were
recorded. Isotonic and hypotonic solutions were respectively set to 300 and 220
mosmol/kg H,0. C. Bar graph summarizing the mean + SEM half maximal time for
activation of the VSOAC current (T s) after switching from isotonic to hypotonic
solutions for cells grown in the absence of substrate (NM), on fibronectin (FN) or laminin

(LM). n: number of cells, * P < 0.05; n.s.: not significant.
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Figure A.1.3. Typical families of membrane current recorded in isotonic and
hypotonic conditions from C2C12 myoblasts grown in the absence or presence of
matrix proteins. All families of membrane current were evoked by the protocol shown
at the bottom, which consisted of 500 ms steps ranging from -100 to +120 mV applied in
10 mV increments from a holding potentia of -40 mV. Panels A, B and C show
membrane currents recorded expressed as current density in pA/pF from cells plated on
no matrix, fibronectin or laminin, respectively. For each of the three panels, panelsaand
b were respectively obtained in the same cell exposed initialy to isotonic solution and
after anew steady state was detected in hypotonic solution. All traces shown are

representative of mean data presented in Figure 3 (= £ 1 S.D.).
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Figure A.1.4. Voltage-dependence of membrane current recorded in isotonic and

hypotonic conditionsin C2C12 cells grown in the absence or presence of matrix

proteins. (A) Mean |-V relationships for the current measured at the beginning of steps

ranging from -100 to +120 mV from holding potential of -40 mV (see description of Fig.

2) in cells exposed to isotonic medium (Early Isotonic) and plated on no matrix (NM),

fibronectin (FN) or laminin (LM). One-way ANOV A test revealed significant differences

between the means with P < 0.005 (*). (B) The same as panel A except that the current
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was measured at the end of the 500 ms steps (L ate Isotonic; see Fig. 2). One-way
ANOVA test reveded significant differences between the means with P < 0.005 (*). (C)
The same as panel A except that the cells were exposed to hypotonic solution (Early
Hypotonic). One-way ANOVA test revealed no significant differences between the
means although the P value was just at the limit of significance (P = 0.0518). (D) The
same as panel B except that the cells were exposed to hypotonic solution (Late
Hypotonic). One-way ANOVA test revealed significant differences between the means
with P <0.05 (*). For al panels, the number in parentheses refers to the number of cells
and n.s.: not significant. Note the enhancement of membrane current in isotonic and
hypotonic solutions for cells grown on FN or LM vs. NM. Also, irrespective of the
presence or absence of matrix proteins, all currents recorded in isotonic and hypotonic

media reversed near the predicted equilibrium potential for ClI” (= 0 mV).
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show sample experiments from C2C12 cells plated respectively in the absence of matrix,
or on fibronectin or laminin. For all traces, membrane current was elicited by 5 s voltage
ramp protocols ranging from -100 to +120 mV (44 mV/s) and imposed at arate of 1 ramp
every 10 s. In each panel, the three traces were obtained in the same cell after a
sequential equimolar replacement of NaCl (solid line labeled ClI") with Nal (dotted line
labeled I") and then with Na-Aspartate (dashed line labeled Asp). Not eh small but
significant negative shift in reversal potential when external chloride is replaced with
iodide, and the large positive shift in reversal potential when the solution is switching to

the one containing Na-Aspartate.



153

1.6
0.8
5 1.2 013 0.6 T
o o8 % 04
o n=10 n=13 < n=7
0.4 o 0.2
0.0 4 0.0+
NM FN LM NM FN LM
Matrix Matrix
a O No Matrix n=10 b O No Matrix n=7
B Fibronectin n=14 B Fibronectin n=7
5 1:‘2‘ ® Laminin n=7 05 08] ® Laminin n=4
o
“\h 4
o 10 2 06]
O o3 ©) ]
Q 06 © 04
o 04 O 02/
w 02 N -
0.0+ 0.0
-100 to -50 mV +20 to +80 mV -100 to -50 mV +20 to +80 mV

Figure A.1.6. Selectivity and per meability profiles of hypotonic-induced VSOAC
currentsin C2C12 myoblasts grown in the absence or presence of matrix proteins.
(A) Bar graphs reporting the mean calculated relative permeability of iodide to chloride
(P/Pci; panel @) and aspartate to chloride (Pasy/Pci; panel b) for VSOAC currents
recorded in C2C12 cells plated on no matrix (NM), fibronectin (FN) or laminin (LM).
The shiftsin reversal potential measured from anion replacement experimentsidentical to
those shown in Figure 5 were computed to determine Pi/Pc; and Pasy/Pci using the proper
form of the Goldman-Hodgkin-Katz equation under bi-ionic conditions as described in
the Methods. There were no significant differences for Pi/Pc and Pasy/Pci of the VSOAC
current between the cells plated on the three different substrates. B. Therelative slope

conductance over two ranges of membrane potential for iodide over chloride (G,/G¢) and
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aspartate over chloride (Gasy/Ger) of VSOAC currents were measured in cells plated with
NM, FN or LM, and plotted in the bar graphs shown in panels aand b, respectively.
There were no significant differences for G,/G¢ and Gag/Gc of the VSOAC current
between the cells plated on the three different substrates. For panels A and B, there were

no significant differences noted between the means within each group of data.
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experiment showing the sensitivity to block by the anion channel blocker tamoxifen of
the VSOAC current recorded from a C2C12 cell plated on fibronectin. The traces above
the graph were obtained in isotonic solution, after a switch to hypotonic solution elicited
maximal stimulation, and after a steady state inhibition by adding 10 uM tamoxifen to the
hypotonic solution was observed. Each trace was evoked by an identical voltage clamp
protocol to that described in Figure 2. Measurements from each trace are
correspondingly labeled in the graph below with the symbol shown beside each trace.
The graph shows the time course of development of the VSOAC current after the switch
to hypotonic solution, and its suppression by tamoxifen. Measurements were made at the
end of 500 ms steps to +80 mV (one step every 10 s) from a holding potential of -40 mV.
(B) Bar graph reporting the mean % block by 10 uM tamoxifen of the VSOAC current at
+80 mV in cells plated on no matrix (NM), fibronectin (FN) or laminin (LM). No

significant differences were found between the means of the three groups.
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Figure A.1.8. Specific genetic B;integrin knockdown inhibitsthe basal and
hypotonic-induced VSOAC current in cells plated on fibronectin. (A) Immuno blot
analysis of 1 integrin expression in C2C12 cells (lane 1), KD C9 (lane 2) and KD B7
(lane 3). Note, lane 3 is added from a non adjacent lane of the same gel aslanes 1 and 2.
(B) Mean |-V relationships for the current measured at the end of steps ranging from -
100 to +120 mV from holding potential of -40 mV (see description of Fig. 4) in Wild-
type C2C12 cells exposed to isotonic medium (Late Isotonic) and plated on fibronectin,
and two cell lines (31 KD B-7 and 1 KD C-9) in which avariable degree of ; integrin
knock down was achieved by shRNAI. (C) Identical nomenclature to panel C except that
the results were analyzed from the same pool of cells after exposure to hypotonic
solution. One-way ANOV A test revealed significant differences between the means with
P < 0.001 (*). For panels C and D, the number in parentheses refers to the number of
cellsand n.s.: not significant. Note the significant inhibition of both the basal anion and
VSOAC currents in the B integrin knockdown C-9 cell line in which 99% of the protein

was successfully down-regulated.
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Influence of the extracellular matrix and integrins on volume-sensitive osmol yte anion
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