LIMB GIRDLE MUSCULAR
DYSTROPHY IN UNIQUE MANITOBA

POPULATIONS

by

Tracey Weiler

A Thesis Submitted to the Faculty of Graduate
Studies in Partial Fulfilment of the Requirements
for the Degree of
Doctor of Philosophy

Department of Biochemistry and Medical Genetics

University of Manitoba,
Winnipeg, Manitoba

© Tracey Weiler, August 2001



i~l

National Library Bibliothéque nationale
of Canada du Canada
Acquisitions and Acquisitions et )
Bibliographic Services services bibliographiques
335 Waellington Street 395, rue Wellington
Ottawa ON K1A ON4 Ottawa ON K1A ON4
Canada Canada
Your e Votre résérence
Our lie Noire rétdrence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibliothéque nationale du Canada de

reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

reproduire, préter, distribuer ou
vendre des copies de cette thése sous
Ia forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propriété du
droit d’auteur qui protége cette thése.
Ni Ia thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou autrement reproduits sans son
autorisation.

0-612-62676-8

Canadi



THE UNIVERSITY OF MANITOBA
FACULTY OF GRADUATE STUDIES

thhky

COPYRIGHT PERMISSION PAGE
Limb Girdle Muscular Dystrophy in Unique Manitoba Populations
BY

Tracey Weiler

A Thesis/Practicam submitted to the Faculty of Graduate Studies of The University
of Manitoba in partial fulfiliment of the requirements of the degree

of

Doctor of Philosophy
TRACEY WEILER ©2001

Permission has been granted to the Library of The University of Manitoba to lend or sell
copies of this thesis/practicum, to the National Library of Canada to microfilm this thesis and
to lend or sell copies of the film, and to University Microfilm Inc. to publish an abstract of this
thesis/practicuam. .

The author reserves other publication rights, and neither this thesis/practicam nor extensive
extracts from it may be printed or otherwise reproduced without the author's written
permission.



"ABSTRACT

Limb girdle muscular dystrophy (LGMD) is a clinically and genetically
heterogeneous group of disorders known to be caused by mutations at more than 12 loci.
The objective of this work was tc identify the genetic basis of the LGMD in two inbred
populations in Manitoba (aboriginal and Hutterite).

In the aboriginal population, 15 patients from two widely separated communities
were identified with either proximal LGMD or distal myopathy. Linkage analysis of
known loci in these families excluded all but LGMD2B. Haplotype analysis of the
LGMD2B locus on chromosome 2p13 revealed that individuals affected with either
LGMD or distal myopathy were homozygous for a single haplotype, suggesting that they
would also be homozygous for the disease-causing mutation. After dysferlin was
identified as the gene responsible for LGMD2B/MM, mutation analysis of the DYSF gene
confirmed this hypothesis, leading us to postulate that additional factors, either genetic or
environmental, must be causing the differences in the phenotype. Furthermore, the
identification of a single disease-causing mutation and surrounding haplotype in the two
distinct aboriginal communities suggests that these apparently unrelated communities
share common ancestry.

In the Hutterite population, 44 patients were identified with LGMD. Thirty-three
of these patients were excluded from linkage to all known LGMD loci. A genome scan
using a DNA pooling strategy resulted in the identification of a new locus for LGMD on
chromosome 9q31-q33 which received the gene symbol LGMD2H. Additional linkage

and haplotype analysis of more than 100 individuals using 25 microsatellite markers



refined the interval to an area flanked by D9S1126 and D9S737. Genetic recombination
analysis and physical mapping of the candidate interval by YAC and genomic sequence
contig analysis has allowed us to order the chromosome 9q32 loci and estimate the size of
the candidate interval to be less than 1 Mb. Three candidate genes located within this -
interval (PAPPA, ASTN2 and HT2A) are being evaluated for disease-causing mutations
in LGMD?2H patients.

Eleven of the 44 Hutterite patients did not show linkage to the LGMDZ2H locus on
chromosome 9q3. These results indicate that there are at least two loci causing LGMD

among the Hutterites.
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Chapter 1. INTRODUCTION

The aim of my PhD project was to identify the genetic bases for the forms of
LGMD over-represented in two distinct populations (First Nations and Hutterite) located
in the province of Manitoba, Canada. In 1994, at the start of this PhD project. although
several MD genes had been mapped, very few genes causing MD and none of the LGMD
genes were identified. Many other forms of MD were known to exist but the extent of the
genetic heterogeneity was not fully appreciated. Since that time, the genes for dozens of
other forms of MD have been mapped and/or cloned. In some cases, a positional cloning
approach was employed whereby linkage analysis was used in large consanguineous
populations to identify a chromosomal region containing the gene of interest. Ultimately,
positional candidate genes in the area of interest were tested for disease-causing
mutations in patients. In other cases, a functional cloning approach was used to identify
genes encoding proteins known to interact with proteins such as dystrophin. Patients with
myopathic phenotypes were then tested for disease-causing mutations in these functional
candidate genes. A comparative genomic strategy has also been employed whereby
known gene defects in dystrophic mouse models have been recognized in human MD
patients.

The identification of all of these MD genes has allowed for the precise clinical
diagnosis of many isolated MD patients. This accurate diagnosis has resulted in the
recognition of significant variation in disease severity caused by mutations in a single
gene (LGMD2C, LGMD2D (pp. 59 & 63 ). Furthermore, it has been recognized that

distinct clinical phenotypes can be caused by different mutations in the same gene, LMNA

-1-



(Emery-Dreifuss MD, LGMD 1B, familial partial lipodystrophy. and dilated
cardiomyopathy & conduction system disease (p. 16), the same mutation in the same gene
(LGMD2B/Miyoshi myopathy (p. 56) or even perhaps variations in the mode of
inheritance of a single gene (Welander distal myopathy/LGMD (p. 31) and tibial
muscular dystrophy/LGMD (p. 34). Thus, the distinctions between different disorders on
the basis of clinical phenotype are problematic.

[t is now evident that the many forms of MD have considerable phenotypic
overlap. More specifically, the LGMD’s themselves are not clinically distinguishable and
in some cases cannot be distinguished genetically from other distinct clinical phenotypes.
Therefore, the identification of disease genes in unrelated families, particularly small
families, is difficult. It is thus useful to study large, consanguineous families from
isolated populations in which the problem of genetic heterogeneity can be minimized.

We were fortunate to have the opportunity to study two forms of autosomal
recessive LGMD found in consanguineous families from relatively isolated populations.
The objective of this work was to identify the disease-causing genes in aboriginal and
Hutterite families. The short term objective was to be able to identify carriers and
patients, allowing us to offer genetic counselling to the communities. The long term
objective was to identify the disease gene which would allow us to better understand the
pathogenesis of the disorder and allow for the design of a rational form of therapy. Due
to the complexity of the MD’s, a positional and positional/functional cloning approach
was employed.

In the following chapter, I review the MD’s that are particularly relevant to my



research project. The chapter reviews the phenotype and the genetics of many MD’s and
concludes with a section on the pathogenesis of the MD"s as a whole. The literature
review is followed by a chapter discussing the Materials and Methods used throughout
the thesis. This is foliowed by three chapters detailing three aspects of the PhD research:
(i) Chapter 4 - Aboriginal LGMD;
(11) Chapter 5 - Hutterite LGMD linked to chromosome 9q32;
(iii)  Chapter 6 - Hutterite LGMD not linked to chromosome 9q32.
The last chapter (Chapter 7) is a general discussion of the results from Chapters 4 - 6 with

suggestions for future research.



Chapter 2. REVIEW OF THE MUSCULAR DYSTROPHIES
The muscular dystrophies are a group of inherited disorders characterized by
degeneration primarily of skeletal muscle, progressive weakness and often loss of

ambula[ion 1.79.127.128.142 228

. They are primary myopathies, i.e. the disease originates in the
muscle tissue. This differs from a secondary myopathy where the muscle tissue is
secondarily affected as a result of a neuropathy. Both muscular dystrophy and neuropathy
can be considered more generally as myopathies. The mode of inheritance, age of onset,
distribution of muscle involvement, degree of cardiac involvement and rate of
progression are variable in this group of diseases ™. This variation has resulted in the
development of a classification scheme based on inheritance patterns, age of onset and
muscle involvement 72128142195 Cyrrently, the MD's are divided into X-linked and
autosomal categories, with the X-linked forms including Duchenne MD (DMD), Becker
MD (BMD) and Emery-Dreifuss MD (EMD). The autosomal MD’s are subsequently
divided on the basis of the age of onset and type of muscle involvement, and include
congenital MD (CMD), distal MD, facioscapulohumeral MD, myotonic dystrophy,
oculopharyngeal MD. and limb girdle MD (LGMD).

Although there is extensive clinical and genetic heterogeneity within the MD’s,
most have a common underlying pathogenesis. The genetic mutation causes
sarcolemmal defects which result in a net influx into the cells of solutes such as calcium,
and an efflux out of the cell of components such as creatine kinase (CK) which ultimately

results in muscle cell necrosis **. Elevated serum levels of muscle enzymes such as CK

are therefore often diagnostic indicators of MD’s ”°. Other diagnostic indicators of MD
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include a myopathic pattern on electromyography (EMG) and a dystrophic muscle biopsy
. Dystrophic muscle biopsies are characterized by increased variation in myofibre size,
increased frequency of internalized nuclei, a pattern of degeneration/regeneration and an
increase in adipose and connective tissue '*>. The definitive proof of MD, however, is the
detection of disease-causing mutations in the gene of interest.
Duchenne/Becker Muscular Dystrophy

Duchenne muscular dystrophy (DMD) was initially described by Sir Charles Bell

in 1830 **'. It is a severe X-linked dystrophy with an age of onset between 1.5 and 5

79439 11,122,141, 272,562

years and an incidence of approximately 1/3500 boys . Progressive
wasting and weakness is evident in the pelvic and shoulder girdle muscles and
pseudohypertrophy is noticeable particularly in the calf muscles. Later in the course of
the disease, contractures of the elbows, ankles and hip flexors, scoliosis, and cardiac

79,109.439

involvement appear . Most children have delayed gross motor milestones. The

natural history of the disease results in loss of ambulation by the age of 12 7-#%°,
Disease progression in DMD is usually rapid, resulting in death due to cardiac or
respiratory failure in the third decade of life *¥*. Impairment of the intellect has also
been noted with the average IQ approximately one standard deviation below the mean
714249 [ aboratory symptoms include serum CK elevation >40 times normal and
electromyographic findings of short duration, low amplitude polyphasic action potentials,
fibrillation potentials and positive waves **°. Muscle biopsies exhibit the classic

dystrophic appearance of variation in fibre size, increased number of internal nuclei,

degeneration, regeneration and replacement of muscle tissue with connective tissue and



fat **°. Immunohistochemical analysis reveals little or no dystrophin staining at the
subsarcolemmal membrane **°. Furthermore, immunostaining of all the dystrophin-
associated proteins is drastically reduced '*#2%-%,

Becker muscular dystrophy (BMD), is also an X-linked dystrophy, allelic to
DMD, with a delayed age of onset and a more benign but still variable disease course '=.
The incidence of BMD is 1/30,000 boys '''2, approximately 10 fold less frequent than
DMD 2. BMD patients usually exhibit the onset of symptoms between 5 and 15 years of
age; however there are reports of earlier onset (detection on neonatal screening '7°"%) and
later onset (in the twenties and thirties *°). Although the pattern of muscle involvement
is similar to DMD **°, disease progression is slow and patients often survive into their
fifth decade **°. Cardiomyopathy is a major cause of death. The arbitrary distinction of
“ambulatory after 16 years of age™ has been made to distinguish between BMD and DMD
126.354.

Serum CK levels are typically not as elevated as those seen in DMD patients *%.
Muscle pathology is similar to DMD, however immunohistochemical studies usually
demonstrate reduced dystrophin staining when compared to normal controls and a
quantitative or qualitative abnormality in dystrophin expression on Western blots ***.
Immunostaining of dystrophin-associated proteins is moderately reduced *”.

Because there were no obvious candidate genes for DMD and BMD, a positional
cloning approach was initiated to identify the disease gene. Linkage studies performed by

Murray er al showed linkage between the DMD locus and an anonymous polymorphic

locus known as DXS9, detected by the probe RC8 °**. Additional linkage analysis carried
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out by Davies et al showed linkage between DMD and another polymorphic locus known
as DXS7. detected by the probe L1.28 ''7. The genetic distance between the DMD locus
and each of the markers which flank the DMD locus was estimated to be 15 cM.
Chromosomal localization of RC8 and I.1.28 was performed by hybridizing the probes to
Southern blots of somatic cell hybrids containing cytogenetically abnormal human X
chromosomes **. This work resulted in the identification of Xp21 as the location of the
DMD gene. Further confirmation of the genetic localization came from the identification
of a cytogenetically visible deletion at Xp21 in a patient affected with DMD, retinitis

162

pigmentosa, chronic granulomatous disease and the McLeod phenotype '** and reports of

female DMD patients exhibiting Xp21:autosome translocation events >***8_ Similar
linkage analyses performed by Kingston ef a/ demonstrated linkage between BMD and
the Xp21 sequences, L1.28 and RC8 5?7, Furthermore, Kingston et a/ showed similar
genetic distances between the disease locus and the marker loci, suggesting that DMD
and BMD were either very closely linked or were allelic 2%,

Two different approaches were used to identify the DMD disease gene. One
approach focussed on the patient with an Xp21 deletion. Using a subtractive
hybridization protocol, DNA from a normal control individual that was not present in the
patient was isolated and cloned. One of these clones, pERT87, failed to hybridize on
Southern blots prepared with DNA from some DMD patients, thereby identifying

239,294

submicroscopic deletions . The other approach concentrated on female patients with
Xp21/autosomal translocations. The breakpoint of one of these translocations was in the

block of ribosomal RNA genes on chromosome 21. Ribosomal RNA gene probes were
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used to identify the translocation breakpoint, which was subsequently cloned. One of the
sequences cloned from the DMD region, a probe known as XJ, also did not hybridize in
many DMD patients **%_ Partial cDNA clones were then identified in the Xp21 region
752%3 These clones detected a large cDNA transcript in muscle which was cloned by
cDNA library screening and chromosome walking >,

The DMD gene is extremely large, with 79 exons encompassing 2.5 Mb *°. Tt
encodes a 14 kb transcript that is expressed predominantly in skeletal muscle, cardiac
muscle and smooth muscle, with a lower level of expression in brain and retina.
Transcription is controlled by five independent promoters and the differential splicing of
C-terminal exons adds to the diversity of the protein products ''*'**%8, The main protein
product of the DMD gene is a 427 kDa protein named dystrophin '**. The 3685 amino
acid primary sequence of the protein suggests that it is a rod-shaped structure composed
of four distinct domains: 1) an N-terminal filamentous actin-binding domain with
homology to the actin-binding domains of a-actinin and spectrin; 2) a central rod domain
consisting of repeat units that assume an a-helical coiled-coil structure similar to those
found in a-actinin and the a- and B-spectrins; 3) a cysteine-rich region that is also similar
to that found in a-actinin; and 4) a C-terminal domain *’>**. Immunohistochemical
analysis of normal and dystrophic muscle indicates that dystrophin is localized to the
sarcolemmal membrane in normal muscle tissue (Figure 1), but that it is absent or
deficient in muscle samples from patients with DMD ****_ Specific regions of skeletal
muscle, including the myotendinous and neuromuscular junctions are also normally

enriched for dystrophin *®. The function of dystrophin will be discussed later in this
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chapter (p. 73).

The distinction between the DMD and BMD phenotypes is often expiained by the
reading frame hypothesis of Koenig et a/, made after examination of patients with
identifiable deletions or duplications (=60% of all DMD/BMD patients) =*'. Koenig
proposed that deletions that maintain the translational reading frame should resuitin a
partially functional dystrophin protein, causing a less severe phenotype (BMD).
Conversely, mutations that disrupt the reading frame and result in a severely truncated
form of dystrophin should cause a more severe phenotype (DMD). Support for this
hypothesis comes from analysis of dystrophin on Western blots from BMD patients,
which show a reduction in the size of the dystrophin protein, whereas Western blots from
DMD patients do not show any dystrophin protein at all. In 92% of cases, the correlation
between the type of mutation (in-frame deletion or severe truncation) and the phenotype
is in agreement with the reading frame hypothesis *'.

There are now reports of isolated cardiomyopathies **'¢>**7, X-linked myalgias

162331481 3150 being caused by

208373 ¥ _linked mental retardation * and retinitis pigmentosa
abnormalities in or deletions of the dystrophin molecule.
Emery-Dreifuss Muscular Dystrophy

Emery-Dreifuss muscular dystrophy (EMD) was described by Dreifuss and Hogan
in 1961 '**. It is now known to be a genetically heterogeneous group of clinically similar
dystrophies, with either X-linked recessive, autosomal dominant or autosomal recessive

) 52,935,157 285,551 42

modes of transmission (Table 1 2375 Age of onset is variable, with some

patients asymptomatic into their twenties while others exhibit difficulty walking and
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Table 1. Emery Dreifuss muscular dystrophy and associated diseases

Disease MIM # Inheritance Gene Chromosomal Protein
Location

EMD 310300 X-linked STA Xq28 Emerin
Recessive

AD-EMD 181350 Autosomal LMNA 1qll-q23 Lamin A/C
Dominant

AR-EMD 604929  Autosomal LMNA 1qll1-q23 Lamin A/C
Recessive

LGMDIB 159001 Autosomal LMNA 1qll-q23 Lamin A/C
Dominant

Familial 151660  Autosomal LMNA 1qll1-q23 Lamin A/C

partial dominant

lipodystrophy

(FPLD)

Dilated 115200  Autosomal LMNA 1qll-q23 Lamin A/C

cardiomyopathy dominant

and conduction
system disease
(CMDI1A)
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climbing stairs in childhood **'#7>#**_ Clinically, EMD is characterized by early
contractures of the ankles. elbows and spine, wasting and weakness of shoulder girdle and
distal leg muscles, and cardiomyopathy with cardiac conduction defects *">**.
Pseudohypertrophy is rarely observed and intellectual impairment is not detected ***.
Disease progression is slow and often benign, although early diagnosis and cardiac
pacemaker insertion is advocated to decrease the risk of sudden death from heart block
263531 T 0ss of ambulation is uncommon *7.

Serum CK is mildly elevated (<10 times normal). EMG studies reveal
predominantly myopathic features with a neurogenic component. and muscle biopsies
exhibit classical myopathic characteristics.

X-linked Emery Dreifuss Muscular Dystrophy

X-linked EMD was mapped to the distal end of the long arm of the X
chromosome at Xq28, between DXS352 /DXS15 and the gene encoding the Factor VIII
protein '°19345458 " Fioht genes localized within the region showing high levels of
expression in brain and/or muscle were then sequenced and searched for disease-causing
mutations >'. The disease-causing gene was identified to be S74, a 2.1 kb gene with six
exons forming an mRNA of 1.3 kb >'”%. The STA mRNA is ubiquitously expressed.
although the highest expression levels are found in skeletal muscle and heart *'.

STA encodes emerin, a hydrophilic, serine-rich protein of 254 amino acids with a
membrane spanning region at the C-terminus *'. The 34 kDa protein has two regions of
homology to thymopoietin/lamina-associated polypeptide (LAP2), an RGD amino acid

sequence (often important in extracellular matrix interactions), and a consensus bipartite
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nuclear localization sequence ***. Immunohistochemical analysis of human skeletal
muscle has indicated that emerin is localized to the nuclear membrane ***°°. Subsequent
studies indicate that emerin is located in the inner nuclear membrane ''® and protrudes
into the nucleoplasm. but is not a part of the nuclear pore complex '“****. Emerin is a
member of the type II integral nuclear proteins, along with proteins such as the lamin B
receptor '®°. It has been shown to interact with other integral nuclear proteins such as
lamin A/C. lamin B and actin '%-"*'. Confocal laser scanning immunofluorescent
microscopy of HEp-2 cells during mitosis has revealed that the distribution of emerin
staining changes during the cell cycle. During prophase. emerin is localized to the
nuclear membrane (Figure 2). In metaphase, emerin is located in cytoplasmic vesicles
and at the spindle poles. Through anaphase, emerin is located on the surfaces of
chromosomes and becomes concentrated in the area of the spindle poles. In early
telophase, emerin accumulates at opposite sides of the nuclear membrane close to the
microtubule apparatus and in the region of midbody formation. At the end of telophase
(beginning of G1), emerin relocates uniformly to the nuclear membrane ''. The function
of emerin in MD will be discussed later in this chapter (p. 78).
Autosomal Emery-Dreifuss Muscular Dystrophyv

The autosomal dominant form of EMD was mapped using a genome scanning
approach. Significantly positive lod scores showed linkage between EMD and DI1S498
on chromosome 1q11-q23 ¥7. LMNA, the gene encoding lamin A/C, was localized to the
EMD locus on chromosome 1, suggesting that it was a candidate gene for EMD *’. SSCP

analysis of the LMNA gene revealed mutations in EMD patients that were not present in

-
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_ Outer Nuclear Membrane

Figure 2. Nuclear membrane complex. The nuclear protein complex with lamins A, C
and emerin is indicated. Diseases associated with various proteins are indicated in red.
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control subjects, providing support for the hypothesis that mutations in LMNA can cause
autosomal dominant EMD in some individuals (Figure 3) °’. Analysis of other familial

and isolated cases of EMD has resulted in the identification of LMNA mutations in both

autosomal dominant and recessive forms of EMD (Figure 3) 3773835,

LMNA is a 24 kb gene composed of 12 exons that encodes two differentially
spliced proteins, lamin A and lamin C ®>. Exons 1 to 10 are common to both lamins,
whereas exons 11 and 12 are lamin A specific 2. Alternative splicing in exon 10 results
in pre-lamin A mRNA and lamin C mRNA 2 The resultant proteins, lamins A and C,
have the first 566 amino acids in common. Lamin C contains six additional residues
encoded by codons 567 - 572. The additional lamin A residues are encoded by the lamin
A specific exons 11 and 12 >2.

The N-terminal region forms a head domain, the middle of the protein forms a
central rod domain and the C-terminus forms a globular tail 252, Lamins A and C form
coiled-coil dimers through their central rod domains and interact with other proteins of

37482 Lamins A and C are

the inner nuclear membrane, histones and chromatin
intermediate filament proteins of the nuclear lamina, a protein meshwork located on the
nucleoplasmic side of the inner nuclear membrane (Figure 2). Lamins are also found in
nucleoplasmic foci distinct from the nuclear lamina **°. Most terminally differentiated
cells express lamins A and C >, whereas relatively undifferentiated cells show low levels
of these proteins 7°. Lamins are involved in organization of chromatin and the nuclear

pores, replication of nuclear DNA, growth of the nucleus and anchorage of the nuclear

membrane *'°. Recent studies have associated lamin A/C structures with intranuclear foci
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where DNA replication initiates ?'. These studies have led to the suggestion that lamins
A and C may be involved in organization of early S-phase replication sites **'.

It is interesting to note that LMNA has also been implicated in three other
diseases, namely Dunnigan-type familial partial lipodystrophy (FPLD) ***2, dilated
cardiomyopathy & conduction system disease (CMD1A) '*® and LGMD type 1B **°.

FPLD is an another autosomal dominant disorder. Patients are born with normal
fat distribution **. After puberty, adipose tissue from the extremities, trunk and gluteal
regions of FPLD patients is preferentially lost, in a situation similar to that which occurs
with muscle tissue in EMD patients *°. FPLD patients may also exhibit insulin resistance.
coronary heart disease. acanthosis nigricans, hirsutism. menstrual abnormalities and
polycystic ovarian disease. In 1998, FPLD was mapped to chromosome 1q 2'>**°. The
regional and progressive loss of adipose tissue so resembled the wasting of muscle tissue
observed in autosomal EMD that Cao and Hegele hypothesized that mutations in LMNA
may also result in the local deterioration of adipocytes seen in FPLD ¥. DNA sequencing
of the LMNA gene in five FPLD probands revealed a G- A transition in codon 482,
replacing arginine 482 with glutamine. One thousand normal control subjects tested were
R482 homozygotes. Further mutation analysis in fifteen other FPLD families revealed
four other LMNA alterations **. All LMNA mutations identified in FPLD families result
in changes in the hydrophobic C-terminal domain of the protein, affecting both lamin A
and lamin C, save one located in exon 11, resulting in a change in lamin A exclusively.

CMDIA is a primary myocardial disorder that perturbs atrioventricular

conduction and causes dilatation of cardiac chambers. Patients present with transient
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arrhythmias in their second or third decade and progress toward sustained arrhythmias by
the third to fourth decade. Progressive cardiomyopathy is evident by the fourth to fifth
decade *'°. An inherited form of autosomal dominant CMDI1A was reported in a large,
six generation family in 1994 *'°. Linkage was excluded between the CMD/A in this
family and seven candidate genes before a genome scan resulted in the identification of
linkage between the disease gene and chromosome 1q *'°. In 1999, it was recognized that
the cardiac phenotype of AD-EMD was similar to CMD1A and that the chromosomal
location of the AD-EMD gene was close to the location of the CMD 14 locus. Fatkin et al
hypothesized that distinct mutations in LMNA4 could cause CMD1A without the
accompanying MD ""°. DNA sequence analysis of the LMNA gene resuited in the
identification of five LMNNA mutations, none of which were found in 300 control
chromosomes '*°. Four of the variants result in changes to the N-terminal a-helical rod
domain of both lamin A and C peptides. The fifth variant results in a change to the C-
terminal tail of the lamin C peptide only.

LGMDI1B is an autosomal dominant form of LGMD associated with cardiac
conduction defects also caused by mutations in LMNA. Early contractures are not a
characteristic of this form of MD, distinguishing it from EMD **7. LGMD1B will be
discussed later on in this chapter (p. 45).

The existence of four distinct disorders caused by mutations in a single gene is an
interesting phenomenon. Although three of them (EMD, CMDI1A and LGMD1B) can be
conceived as gradations of the same disorder, FPLD is unique with respect to tissue

involvement. One might expect to find a clustering of mutations causing a particular
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disorder; however this is not seen in the primary protein sequence. The distribution of
Lamin A/C mutations among the four different diseases is illustrated in Figure 3. Itis
possible that the mutations causing particular disorders may cluster in three-dimensional
space. This hypothesis awaits the solution of the three-dimensional structure of both
lamin A and lamin C.
Congenital Muscular Dystrophy

Congenital muscular dystrophy (CMD) is a large group of disorders characterized
by autosomal inheritance and severe muscle weakness, wasting, hypotonia. and
contractures that begin in infancy '82%32%%37  CMD is estimated to affect 1:60,000
individuals at birth "*'. In most forms of CMD, disease progression is slow or static "°.
EMG studies are often normal, but muscle biopsies are consistent with a MD 2°, The
congenital MD"s are currently classified with respect to central nervous system
involvement **. Classical or “pure” CMD, occidental CMD. CMD with rigid spine
syndrome (RSMD), and CMD with secondary laminin-a2 deficiency do not exhibit
intellectual deficits, whereas Fukuyama CMD (FCMD), Walker-Warburg Syndrome
(WWS) and Muscle Eye Brain Disease (MEB) all exhibit CNS involvement associated
with structural brain abnormalities such as cobblestone lissencephaly (Table 2) .
Classical Congenital Muscular Dystrophv

Classical or “*pure”” CMD is a heterogeneous CMD category. Symptoms of
generalized muscle weakness and hypotonia are evident at birth. Although motor
development is delayed, visual and mental development is normal >%. Patients gain the

ability to sit up without assistance and approximately one third are able to stand ***. They
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Table 2. Congenital muscular dystrophies

Chromosomal Protein

Location

Disease MIM# [Inheritance Gene

WITHOUT CLINICAL CENTRAL NERVOUS SYSTEM INVOLVEMENT

Classical
iipur677
CMD

Occidental
Cerebro-
muscular
Dystrophy

Congenital
Muscular
Dystrophy
with Rigid
Spine
Syndrome

Congenital
Muscular
Dystrophy
with
Secondary
Laminin-a2
Deficiency

WITH CLINICAL CENTRAL NERVOUS SYSTEM INVOLVEMENT
Fukuyama CMD

Walker
Warburg
Syndrome

Muscle Eye
Brain
Disease

Congenital
myopathy

602771

604801

253800

236670

600536

Autosomal
Recessive

Autosomal
Recessive

Autosomal
Recessive

Autosomal
Recessive

Autosomal
recessive

Autosomal
Recessive

Autosomal
Recessive

Autosomal
Recessive

LAMA?2

RSMDI

MDCIB

FCMD

FCMD

MEB

ITGA7

1q42

-~

9q31-33

9q31-33

1p32-34

12q13

Laminin-
a2

Fukutin

Integrin-
a?
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- - - - - 743
die from progressive muscle weakness and respiratory failure in adolescence **®.

Laboratory findings include normal or slightly elevated serum CK levels, myopathic

248

EMG results and dystrophic findings on muscle biopsies “**. Immunostaining of laminins

a2. A, B1, B2, M, collagen IV, spectrin, dystrophin,. and the dystrophin-associated

proteins shows normal or near-normal distribution®™®. CT and MRI scans are usually

-

normal **®. Occasional observations include a deficiency of a-actinin-3 **°, ECG

abnormalities and congenital ptosis *’', severe central nervous system anomalies ''°,
Y

31 260262

mitochondrial depletion °*" and lack of arthrogryposis .

Laminin-a2-Deficient Congenital Muscular Dvstrophy

Laminin-a2-deficient congenital muscular dystrophy (also known as Occidental
CerebroMuscular Dystrophy) °' is the most common form of CMD in European
populations, comprising about 50% of all CMD cases ****_ Patients present soon after
birth with severe hypotonia and contractures of the ankles, knees and elbows **°. Muscle

65 Patients

weakness is symmetric and includes the face as well as the trunk and limbs
are eventually able to sit unaided, although most will be unable to reach that position
without help ***. Serum CK is considerably elevated, and muscle biopsies display typical
dystrophic features, with a significant increase in connective tissue '°>?%. Brain MRI
studies are abnormal (exhibiting white matter hypodensity *°**?), although the majority of
patients exhibit normal intelligence *'.

Tomé er af hypothesized that the increase in connective tissue in muscle biopsy
434.

specimens might indicate a defect in an extracellular matrix component

Immunohistochemical studies of normal muscle tissue using laminin-a2 antibodies
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displayed labelling around the muscle fibres that was absent in the muscle samples from a
CMD patient **. In contrast, laminin-a2 expression was normal when tested on muscle
biopsies from patients with seven other MD’s ***. Linkage analysis of four occidental
CMD families was performed using microsatellites linked to the laminin-a2 locus
(LAMA2) on chromosome 6q2. Linkage was found between the CMD locus in these four
families and LAMA2, supporting the suggestion that LAMA?2 is a candidate gene for CMD
2. Mutations were identified in LAMA?2 in two CMD families, providing confirmation
that this gene is disease-causing in this form of CMD '*°. Partial laminin-a2 deficiency
has been described in a patient with late-onset LGMD, demonstrating that significant
phenotypic heterogeneity exists within this disease entity *'%.

The LAMA?2 gene is a 260 kb gene containing 64 exons **°. Laminin-a2 is
expressed in placental villi. Schwann cells, and skeletal muscle, as well as the skin,
kidney, thymus, intestine, exocrine glands, testis and CNS blood vessels **®. The 9.5 kb
mRNA encodes a protein of 3110 amino acids **® with nine domains *%®. Domains I and II
form a triple coiled-coil structure with two other laminin subunits (B and y) forming the
long arm of the complex. Domains ITa, [IIb and V contain cysteine rich EGF-like repeats
that are projected to form rod-like arrangements. Domains IVa, IVb, VI and G form

globular structures 8

. The triple coiled-coil structure forms a cross-shaped heterotrimer
molecule that is localized to the basement membrane **®. Each of the short arms of the
cross is composed of a single laminin subunit, whereas the long arm is composed of all

three subunits '*. Laminin is a complex protein in which each of the three polypeptide

chains (a-, B-, y-laminin) has at least two isoforms **'. It interacts with itself and other
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extracellular matrix components, including a781D integrin and dystroglycan ****

(Figure 1), to regulate adhesion, migration, differentiation and polarity, proliferation,
apoptosis, and gene regulation **). The primary deficiency of laminin-a2 can result in a
secondary deficiency of the a7B1D integrin '*°, suggesting that the integrin complex may
be the major laminin-a2 receptor (Figure 1) *%.

Congenital Muscular Dystrophy with Rigid Spine Syndrome

Congenital muscular dystrophy with rigid spine syndrome (RSMD) is a relatuvely
rare form of CMD '®°*°'. Patients present with newborn hypotonia, impairment of the
neck musculature and poor head control. Muscle strength improves over time and is then
maintained or diminishes only slightly, however muscle bulk is dramatically decreased.
Contractures of the spine develop, resulting in rigidity. and skeletal abnormalities such as
scoliosis appear. Respiratory insufficiency occurs, usually before adolescence, requiring
nighttime ventilator support. These patients do not have intellectual deficits or cardiac
dysfunction, although there is some evidence for mild cardiac conduction defects. Serum
CK is normal, although muscle biopsies are consistent with a dystrophic process "',

A genome scan was performed to identify regions of homozygosity in one of the
affected families *'. The three patients in this family were homozygous for a region on
chromosome 1p35-36, whereas seven of the unaffected siblings were heterozygotes.
Thirteen other families with similar symptoms were tested for linkage to RSMD!. Only
three of the families showed evidence of linkage, suggesting that there is genetic
heterogeneity of RSMD. Nine more families were tested for linkage to RSMD!. One of

292

these families shows linkage to RSMD !, and eight other families have been excluded ~-.
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Additional linkage analysis has confirmed the localization of RMSD/ to chromosome
1p35-p36 and has refined the region to a 3 ¢M area flanked by DIS+458 and D/S2794 '%°.
Congenital Muscular Dystrophy with Secondarv Laminin-a¢2 Deficiency

Congenital muscular dystrophy with associated secondary laminin-a2 deficiency
looks like an early onset DMD. Patients present with proximai girdle weakness, achilles
tendon contractures, rigidity of the spine, and widespread muscle hypertrophy (although
wasting of the sternomastoid muscles is evident). Early respiratory failure is common
and patients are dependent on overnight ventilator support. Skeletal muscle deterioration
is minimal and intellect is normal. Serum CK is extremely elevated and muscle biopsies
are consistent with a dystrophic process. Immunohistochemical analysis reveals normal
patterns for dystrophin and associated proteins but laminin-a2 is deficient **.

Linkage analysis of the LAMA2 locus on chromosome 6q22 revealed that affected
siblings shared only one haplotype in common. Because the patieﬂts did not share both
6q22 haplotypes, it was likely that the disease in this family was not caused by mutations
in the LAMA?2 gene °®. Several other CMD loci were also tested and excluded as the
causative gene by linkage analysis ®. A genome scan and homozygosity mapping
resulted in the identification of a region of chromosome 1 (1q42) that was homozygous in
the affected children. Two marker loci in this region (D/S287/ and DI1S213) yielded
significantly positive lod scores %.

Fukuvama Congenital Muscular Dystrophy
Fukuyama congenital muscular dystrophy (FCMD) is a severe form of congenital

MD concentrated in Japan, where the prevalence rate compared to DMD is 1:2.1 '%°.
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However. in other parts of the world, FCMD is an extremely rare form of CMD. Onset is
early, usually before nine months of age and disease progression is slow '®°. Infants
exhibit hypotonia and bypokinesia similar to patients with myotonia congenita '®°.
Proximal upper body muscles and distal lower body muscles are affected *°. The peak
motor function achieved by most children affected with FCMD is usually sliding whiile
sitting on their buttocks ***. Some may be able to crawl, though few ever gain the ability
to stand or walk '**. Facial muscle involvement includes cheek pseudohypertrophy and a
tendency for the mouth to remain open **°. Joint contractures appear early in the disease

'3 and [Q scores average

process. Cognitive and speech deficits are very common
between 30 and 50 **°. Ocular changes include myopia, cataracts and retinal detachment
3%, Serum CK levels are elevated, and EMG studies show low amplitude, short duration
myopathic discharges '®. Muscle biopsy sections exhibit muscle fibre necrosis and
regeneration with fibrosis ***. Brain malformations include type II lissencephaly (cerebral
and cerebellar micropolygyria, pachygyria and agyria), focal interhemispheric fusion,
ventricular dilatation, cerebellar cysts and hypoplasia of the corticospinal tracts and pons

23

33 FCMD patients are often bed-ridden by 10 years of age and die by the age of 20 3%.
Analysis of FCMD patients revealed that dystroglycan expression is particularly
low *2. Furthermore, one FCMD patient from a consanguineous family was also affected
with group A xeroderma pigmentosum **>. Thus, the focus of the positional cloning
strategy was initially restricted to two chromosomal regions; chromosome 3p21 (the

region harboring the dystroglycan gene) and chromosome 9q (the region harboring the

group A xeroderma pigmentosum gene). Linkage analysis revealed positive lod scores
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between the FCMD locus and three markers on chromosome 9 (D95359, D9S58 and HXB)
432 Linkage disequilibrium was demonstrated between FCMD and D9S306, refining the
FCMD candidate region to a 100 kb region of chromosome 9q31 containing D9S2107
123431 Haplotype analysis revealed one haplotype spanning the candidate region
(D9S2105-D9S2170-D9S2171-D9S2107) in more than 80% of FCMD patients. The
existence of one predominant haplotype resulted in the hypothesis of a single disease
founder in the Japanese population. Furthermore, analysis of the haplotypes suggested
that this locus has been subject to eight mutational events in the 2000 - 2500 years since
the causative mutation was introduced ***. A cosmid contig of the candidate region was
created and used to screen DNA from FCMD patients for genomic rearrangements ~°. A
3 kb insertion was detected in most patient samples using the cosmid clone cE6 as a
probe. Using cE6 to screen cDNA libraries resulted in the identification of a composite
cDNA of 7.3 kb *°. Sequence analysis of the 3 kb insertion resulted in the identification
of a retrotransposon in the 3' untranslated region of fukutin >, the first observation of a
retrotransposal insertion causing human disease *¥°.

The FCMD gene extends over 100 kb of chromosome 9931 and is comprised of
10 exons. Northern blot analysis shows the presence of two transcripts of 6.5 and 7.5 kb
in a number of normal tissues, with the most abundant expression in brain, skeletal
muscle, pancreas, and heart 2°. Analysis of FCMD patient poly(A)” RNA indicates that
the fukutin transcript is almost undetectable ~°.

The FCMD mRNA encodes a 461 amino acid protein, fukutin, with a molecular

weight of 53.7 kDa **°. Fukutin does not have significant similarity to any proteins of
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known function in the database, although it contains a putative hydrophobic N-terminal
signal sequence and a putative N-glycosylation site ®°. Transfection studies revealed co-
localization of fukutin with the Golgi 58K protein in the perinuclear Golgi apparatus.
Over time, the signals become granular and cytoplasmic, suggesting that fukutin traverses
the Golgi apparatus to be packaged into secretory vesicles ®°. Fukutin was detected in the
culture medium of transfected cells, leading to the conclusion that fukutin is an
extracellular protein Z°. Decreased immunostaining of B-dystroglycan and laminin-«2
has been observed in FCMD muscle, lending support to the hypothesis that fukutin is
located in the extracellular matrix of normal muscle. Aravind et a/, have hypothesized
that fukutin is a phosphoryl-ligand transferase, modifying cell-surface molecules through
the attachment of phosphoryl-sugar moieties ® (Figure 1).
Muscle-Eve-Brain Disease

Muscle-eye-brain (MEB) disease presents at birth with hypotonia, ocular changes
and mental deficits. Muscle symptoms present within the first year as a typical CMD '*°.
Ocular symptoms include progressive myopia. retinal deterioration, low or isoelectric
electroretinogram and cataracts. Visual evoked potentials are abnormally high (>50
uV)*. Brain symptoms include brainstem atrophy, micropolygyria of the cerebral and
cerebellar cortices, progressive hydrocephalus, midline defects and a nodular cortical
surface '35, Serum CK levels are high, EMG studies are consistent with a myopathic
disorder and muscle biopsies exhibit dystrophic changes '. Immunohistochemical and
Western blot analyses indicate normal to slightly reduced expression of dystrophin, the

dystroglycans and the sarcoglycans. Laminin-a2 immunostaining was reduced whereas
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laminin-a3, B1 and B2 immunostaining was increased ~.

Linkage analysis was performed between the MEB locus and four marker loci
known to be linked to FCMD. Significantly negative lod scores were obtained.
suggesting that MEB and FCMD are not allelic disorders **>. A genome scan was
performed to identify regions of the genome shared between affected siblings. Four
markers on chromosome 1p32-34 proved to be linked to MEB. Homozygosity and
haplotype analyses refined the candidate region to a 9 ¢cM region flanked by D/S2// and
DI1S200 '.

Walker-Warburg Svndrome

Walker-Warburg syndrome (WWS) is a very severe autosomal recessive CMD
also associated with abnormalities of the central and peripheral nervous systems and the
eye *'*, similar to MEB. Convulsions and dyspnea are noticed soon after birth 2 and

symptoms of MD become evident within the first year >,

Multiple ocular abnormalities
are noticeable including microphthalmia, colobomas, retinal dysplasia and detachment,
glaucoma, and cataracts ***. CNS abnormalities include macrocephaly, profound mental
retardation and type II lissencephaly ***. Occasionally, patients gain the ability to roll
over and sit up, but the mean age of survival is only four months ***. Serum CK levels are
elevated but extremely variable (3 - 60 times normal), EMG traces are myopathic in
nature and muscle biopsy findings are consistent with MD **®. Lesions are evident in the
basal lamina of non-necrotic muscle fibres and the plasmalemma remains intact, similar

to that seen in FCMD and laminin-a2-deficient CMD *'. The localization of the lesions

is completely opposite to that seen in muscle fibres from DMD, LGMD2A and LGMD2C
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patients, where the basal lamina remains intact and the lesions are present in the
plasmalemma **'. The defective protein for WWS is therefore hypothesized to be
extracellular.

The genetic identity of FCMD, MEB and WWS is under considerable debate due
to the similar constellation of muscle, eye and brain symptoms. Distinct genetic loci have
been identified for both FCMD (9q3 1-fukutin) and MEB (1p32-34). Microsatellite
analysis of the FCMD region in a family with two patients (one affected with FCMD and
the other with WWS) revealed that the two patients carried the same haplotypes,
suggesting that WWS and FCMD are genetically identical ***. However, genetic analysis
of the FCMD region in other WWS families has excluded linkage to chromosome 9q31,
suggesting that WWS and FCMD are not allelic disorders *°. Identification of the
genotype of an additional family with one WWS patient showed that the patient did not
carry the FCMD founder haplotype, nor did she carry the common 3 kb insertion in the
FCMD gene *. SSCP analysis of the coding region of fukutin did not reveal any mobility
shifts, providing further support for the suggestion that Walker-Warburg syndrome and
FCMD are distinct . Furthermore, in most studies, immunohistochemical analysis of
FCMD and WWS muscle biopsies clearly differentiates between the two disorders, since

laminin-a2 expression is negative and positive respectively **!+¥.

Integrin a-7 Deficient Congenital Muscular Dystrophy
Integrin -7 deficient congenital muscular dystrophy is an extremely rare form of
MD, identified on the basis of immunohistochemical analysis of 71D integrin in

uncharacterized MD patients. a7B1D integrin was initially hypothesized to be involved
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in myogenesis, as it was known to be a receptor for laminin-o2 and the a7 subunit was
known to be expressed primarily in skeletal and cardiac muscle *”. To test this
hypothesis, a null allele of the integrin a7 gene (Itga7) was generated in the germline of
mice *”°. Mice homozygous for this null mutation exhibited an early onset progressive
MD, suggesting that /TGA7 would be a candidate for human MD *”. Analysis of 117
patients with an unspecified congenital myopathy or MD revealed seven with abnormal
integrin .7 immunostaining '*°. Three of these patients exhibited normal laminin a2,
dystrophin. a-sarcoglycan and $-dystroglycan expression, but slightly reduced levels of
B1D integrin '*. Mutations were detected in the /TGA7 gene on chromosome 12q13 in
the three patients (not found in 100 control individuals) supporting the view that the
integrin deficiency is the primary defect '*°.

[ntegrin a7 deficient patients have delayed motor milestones and do not achieve
the ability to run or jump '*°. One of the patients exhibited cognitive impairment, but it is
not clear whether it was caused by integrin a7B1 deficiency. Serum CK levels range from
normal to mildly elevated and muscle biopsies show fibre size variation '*’.

Distal Muscular Dystrophy

The distal MD’s (or myopathies) comprise another large heterogeneous group of
myopathies. They are characterized clinically by preferential involvement of the distal
muscles of the upper and/or lower limbs, in contrast to the majority of myopathies which
present with proximal weakness 2%, Classification is based on the age of onset, mode

of inheritance and pattern of muscle involvement °2%°'>_ At least five forms of distal

myopathy have been identified to date: Late Adult Onset Type [ - Welander distal
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myopathy; Late Adult Onset Type II - Markesbery-Griggs/Udd distal myopathy (tibial
muscular dystrophy); Early Adult Onset Type I - Nonaka myopathy (hereditary inclusion
body myopathy (HIBM) or quadriceps sparing myopathy); Early Adult Onset Type II -

Miyoshi myopathy (MM): and Early Adult Onset Type III - Laing myopathy (Table 3)

28,29.205,315

Late Adult Onset Type I - Welander Distal Mvopathy

Welander distal myopathy was the first form of distal myopathy to be described.

480

It was initially identified by Welander in 1951 in 72 Swedish families **°. This myopathy
is a late onset disorder inherited in an autosomal dominant fashion **°. The age of onset
varies from 20 to 77 years, typically in the fifth decade *#*. Patients present primarily

480

with weakness and clumsiness in the hands ™. In most cases, weakness and wasting is

confined to the extensors and small muscles of the distal upper and lower limbs *.
Sensory disturbances have been demonstrated, suggesting impairment. or loss, of both
myelinated and unmyelinated fibres ¢'. Occasionally, pseudohypertrophy is observed.
There is no evidence of proximal weakness, fasciculations, pain, cardiac involvement or
myotonic symptoms ~**° The disorder is slowly progressive and life expectancy is not
reduced %,

Serum CK levels are normal or only slightly elevated >*°, however EMG and
muscle biopsy studies are consistent with a myopathic phenotype *°. In addition, there is

%6223 Rimmed vacuoles and cytoplasmic

evidence of a neurogenic component
filamentous inclusions are present in many muscle biopsy samples >%. Immunostaining

for dystrophin, spectrin, and desmin was normal .
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Tabie fatiRitsatampisibexddyS ssepkivsss of the proximal muscles and the distal long

Disease MIM # Inheritance Gene Chromosomal Protein
Location

LATE ADULT 604454 Autosomal WDM 2pl3 -—

ONSET TYPE I Dominant

Welander

Distal Myopathy

LATE ADULT 600334 Autosomal TMD 2q31-q33 -

ONSET TYPE 11 .Dominant

Markesbery-

Griggs/Udd

Distal Myopathy.

Tibial Muscular

Dystrophy

EARLY ADULT 600737 Autosomal [BM2 9pl-ql —

ONSET TYPE 1 Recessive

Nonaka

Distal Myopathy,
Hereditary Inclusion
Body Myopathy,
Quadriceps

Sparing Myopathy

EARLY ADULT 254130 Autosomal DYSF 2pl3 Dysferlin
ONSET TYPE 11 603009 Recessive
Miyoshi Myopathy

EARLY ADULT 160500 Autosomal MPDI 14qll -
ONSET TYPE III Dominant

Laing Distal

Myopathy




In the initial study, Welander reported the existence of nine patients who
exhibited a more severe disease **. Approximately six years after the onset of symptoms,
flexors, in addition to more typical complaints **°. Welander considered these grossly
atypical patients to be homozygous for the disease-causing gene **°.

Mapping studies were initiated by testing chromosomes two and 14 for linkage to
the disease gene in six Swedish kindreds *. Significantly negative lod scores were
obtained with marker loci linked to MPDI on chromosome 14, suggesting that Welander
distal myopathy is not allelic to Laing distal myopathy >. Additional studies showed
significantly negative lod scores between the Welander distal myopathy disease locus
(WDM) and markers linked to the Nonaka distal myopathy on chromosome 9 and the
tibial muscuiar dystrophy (TMD) on chromosome 2q. Thus, Nonaka distal myopathy and
TMD were also excluded as disease-causing in these families >. A genome scan was then
performed using 391 microsatellite markers spaced throughout the genome *.
Significantly positive lod scores were obtained between the disease locus and marker loci
located on chromosome 2p13 *. One of the grossly atypical patients described by
Welander in 1951 was homozygous for the haplotype *, providing support for her
hypothesis that these patients would be homozygous for a dominant gene **°. The
chromosome 2p13 region harbors the dysferlin locus, D¥SF, implicated in LGMD2B and
Miyoshi myopathy (MM). Recombination events between the Welander distal myopathy
locus (WDM) and D2S291, a microsatellite marker closely linked to DYSF *, as well as
dysferlin intragenic markers **’, suggest that DYSF is not disease-causing in these

families. A search for disease-causing mutations was performed on other candidate genes



encoding dynactin, rabl and adducin. No mutations were detected *’.

Late Adult Onset Type II - Markesberv-Griggs/Udd Distal Myopathy (Tibial Muscular
Dystrophyv)

This autosomal dominant form of distal myopathy has been described
independently by a number of investigators in English *'*, French ''®, French-English *°,
and Finnish families ¥**°. The disorder is clinically variable, with differences in the age
of onset and distribution and extent of muscle involvement. In most cases, patients
present in the fifth decade **¢ with weakness of the distal muscles of lower limbs (anterior
tibial muscles). This weakness progresses to the muscles of the upper limbs. followed in
some cases by proximal muscle weakness 182931345 Regular walking is preserved *°.
Cardiomyopathy has been noted in a fraction of the patients studied ****°®. There is no
evidence for sensory loss. myotonia, fasciculation, scoliosis or facial weakness ''3256413++
Some patients have onset of symptoms in the hands and forearms which never progresses
to the lower extremities *'*>. Other patients have distal weakness but maintain normal
proximal muscle strength **. Yet other individuals are reported to be asymptomatic *°.
Moreover, Udd er al reported the existence of a proximal MD consistent with LGMD in a
kindred affected with TMD **. Udd suggested that the LGMD phenotype was caused by
the homozygous manifestation of the dominant gene, similar to the hypothesis proposed
by Welander *'.

In type II distal myopathy, serum CK levels range from normal to 14 times normal

4+ EMG and muscle biopsy studies reveal myopathic changes **-*%**# and in some

cases, rimmed vacuoles are evident **2%-3%%3_ Dystrophin immunostaining is normal **¢.
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Linkage analysis was performed in Finnish kindreds affected with TMD, to
attempt to map the disease gene. Significantly negative lod scores were obtained with
microsatellite loci linked to eight candidate loci including DAG !, FSHD, LGMDIA,
LGMD24, LGMD2C, LGMD2D, LAMA2 and MPDI, excluding them as disease-causing
in this kindred *"*. A genome scan was then performed using 279 microsatellite markers
spaced throughout the genome '*. Significantly positive lod scores were obtained with
markers linked to chromosome 2q31 '*¢ in Finnish families exhibiting only distal
myopathy, **° and the family exhibiting the distal myopathy and LGMD **. Multipoint
linkage analysis and haplotype analysis refined the candidate interval to a I ¢cM region,
flanked by D2S/48 and D2S2310 '*¢. Haplotype analysis confirmed Udd’s 1992
hypothesis ™! that the severely affected LGMD patients were homozygous for the disease
gene, whereas the less severely affected TMD patients were heterozygous for the disease
gene '*. Haplotype analysis of the chromosome 2q31 region in a French family
confirmed the localization of TMD and defined a new proximal marker (D2S300) ''®.

Linkage analysis of the French-English kindred initially reported by Markesbery et
al, confirmed that the disease gene in this kindred is linked to the 7MD locus on
chromosome 2q31. This linkage suggests that Finnish TMD and Markesbery/Griggs
distal myopathy may be caused by mutations in the same gene '*>***2, Mutation analysis is
currently focussed on 77N, the large (>100 kb) gene encoding titin '¢***3 TTNisa
good candidate gene for TMD, as it is differentially expressed in various muscles,
localized to the sarcomeric Z-line (Figure 4) and the protein has been associated with

calpain 3 (implicated in LGMD2A) *** and telethonin (implicated in LGMD2G) *%%3%,
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Earlv Adult Onset Tvpe I - Nonaka Distal Mvopathyv (Hereditary Inclusion Body

Mvopathy or Quadriceps Sparing Mvopathyv)

This early onset, autosomal recessive form of distal myopathy was initially
described by Nonaka e al, in the Japanese literature in the 1960's and 1970's ****-'7.
Subsequently, it has also been described in families of Jewish descent 22%°°". The age of
onset ranges from 135 - 48 years *267316316317367 with symptoms of gait disturbances,
difficulty climbing stairs and frequent falls *~'7%7_ [nitially. significant anterior tibial
318317 and biceps femoris *"* muscle involvement is noted, with relatively rapid (within
several years) progression of muscle weakness spreading to the thighs and then the hands

2231631738414 Neck muscles are also affected in advanced stages of the disease *'7°77%41%,

The quadriceps femoris muscle is less affected, or completely spared 26721688413,
Typically, ocular, facial, cardiac and pharyngeal muscles are spared *~'%*°"°%%_but facial
weakness has been reported in some patients '°. No dysphagia, dysarthria, dyspnea,
bladder or bowel dysfunction *'¥, myotonia, muscle tenderness, fasciculation *'¢,
pseudohypertrophy *", sensory deficits '***® or cardiac insufficiency *'®**” has been noted.
This disorder is progressive, leading to loss of ambulation within approximately twelve
years of onset 315,

The serum CK levels are normal to moderately elevated °'*°'” and the EMG is
myopathic *'¢2'72%73%  Muscle biopsies show variation of fibre size, a mild degree of
fibrosis, significant rimmed vacuole formation and type I fibre predominance 2267316

318385 Necrotic and regenerating fibres are not commonly seen *°267°%316318367  There is

no evidence of inflammatory cell infiltration %, nor is there evidence of a neurogenic
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process *!7718 3316

Linkage analysis was first performed in 1996 on nine families of Persian Jewish
descent affected with “quadriceps sparing myopathy” **’. A genome scan resulted in
positive lod scores between the disease locus (/BM2) and D951635, located on
chromosome 9p1 **’. Analysis of 27 additional microsatellite loci in the region localized

287

the disease gene to a 20 ¢cM region of chromosome 9p1-9q1 “°*’. Haplotype analysis
defined flanking markers D9S/65 and D9S273 **’. In 1997, linkage analysis was
performed on seven Japanese families affected with Nonaka distal myopathy to determine
whether the disease gene in these families also mapped to chromosome 9pl-q1 2%,
Significantly positive lod scores were obtained with three microsatellite markers located

202

on chromosome 9pl-ql . Multipoint linkage analysis and haplotype analysis of the
data obtained from the Japanese families delimited a 23.3 ¢cM candidate interval flanked
by D9S319 and D95276 **. Combining the results from these two studies refines the
region to 15 ¢M, flanked by D9S/65 and D9S276 **>. Additional confirmation of the
locus assignment was provided by Christodoulou et a/ *¢, Mirabella et al *¢ and Argov et
al *', who identified flanking markers D9S165 and FR7D. Eisenberg et al significantly
refined the candidate interval in 20 families of Middle Eastern Jewish descent. Haplotype
analysis refined the region to less than 5 ¢cM flanked by D9S779] and D9S887 and
linkage disequilibrium mapping further refined the region to 1 Mb (=1 cM), flanked by

D9S1791 and D9S50 *°. B-tropomyosin has been excluded as a candidate gene as it is

located telomeric of the /BM2 interval ¥



Early Adult Onset Type II - Mivoshi Distal Mvopathy
Miyoshi myopathy (MM), another autosomal recessive form of distal myopathy
with onset in the lower legs, was also initially described in the 1960's and 1970's in the

28.29

Japanese literature =*~°. Patients usually develop symptoms between 12 and 30 years of

age 30.290

. They present with a tendency to fall when walking, difficulty in running and
climbing stairs and difficulty standing on tiptoe '*’?%. In some cases, onset of weakness
is asymmetric '*7*®. Muscle atrophy is more noticeable in the legs than in the arms, with
prominent wasting of the gastrocnemius and soleus muscles, but normal anterior tibial
and peroneal muscles ****. Atrophy of the lower legs progresses to the thighs, hips and
arms; grip strength is reduced. with forearms becoming mildly affected, but there is no
atrophy of small hand muscles *°. Atrophy of the neck, sternomastoid, pharyngeal or
facial muscles or trunk muscles does not appear until very advanced stages of disease **°.
No abnormality of mental state, cranial nerves, or motor nerves or sensory system is
observed nor are there fasciculations or myotonia 2.

Serum CK is markedly elevated (25 - 100 times normal) ****¢ but decreases with
age **°. There are some reports of mildly elevated serum CK in heterozygotes 2%,
however this is not a consistent finding. Presymptomatic patients exhibit grossly elevated
serum CK levels '*’2****° that in some cases are associated with calf pseudohypertrophy
which progresses to atrophy at later stages ***°. EMG studies are myopathic **** and
muscle biopsies are consistent with a dystrophic process (variation in fibre size, extensive

fatty infiltration and fibrosis, splitting of fibres, central myonuclei, necrosis and

regeneration) although the extent of involvement is variable in different muscles 2*°7¢*,
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[Immunohistochemical analysis of dystrophin, a-, B-, y-sarcoglycan, spectrin and laminin-
a2 appears to be normal **. In some cases there is evidence of marked inflammatory
changes that mimic a primary inflammatory myopathy, similar to that seen in LGMD2B
276364 There is no evidence of neurogenic involvement **°.

Mapping studies initiated by Bejaoui ef a/ in 1995, revealed linkage between the
MM locus and markers linked to chromosome 2p12-p14 *'. This region of chromosome 2

35

is also the location of LGMD2B, a gene causing a form of LGMD **. Bejaoui et a/
recognized several similarities between MM and LGMD2B (age at onset, serum CK
levels. mode of inheritance) and suggested the possibility that these two disorders may be
allelic variants *'. In 1996, two reports of consanguineous kindreds (Canadian aboriginal
and Russian) affected with both LGMD2B and MM showed that the diseases in each
kindred segregated with a single haplotype %", These reports suggest that the two
diseases can be caused by mutations in the same gene. Studies of the Canadian aboriginal
kindred will be discussed in detail in Chapter 4. The MM/LGMD2B candidate region,
cloning of the gene and characterization of the gene product will be discussed later in this
chapter (LGMD2B, p. 56).

Analysis of additional families affected with Miyoshi myopathy has revealed
genetic heterogeneity *°. Three Dutch families showed no linkage to the chromosome
2p13 locus. Positive lod scores were obtained between the disease locus and a region on

chromosome 10p in two of these families, however they are not significant *°. One

additional family did not show linkage to either chromosome **.
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Early Adult Onset Type III - Laing Distal Myopathyv

Laing distal myopathy was initially identified by Laing et a/, in 1995 in an
Australian kindred of English/Welsh origin **. This autosomal dominant condition
presents at 4 - 25 years of age with weakness of the toe and ankle extensors and the neck
flexors. Over time, finger extensors become progressively weaker. Specific proximal
muscles, including the hip abductors and external rotators. and the shoulder abductors are
also slightly affected. Deep tendon reflexes are preserved and no myotonia, sensory
impairment or other neurological abnormalities are observed. Disease progression is
gradual.

Serum CK levels are mildly elevated (1 - 3 times normal **) and EMG and muscle
biopsies studies show a myopathic pattern **°. Rimmed vacuoles are not evident in
muscle biopsy samples **.

The disease gene was localized by performing a genome scan using 92
microsatellite markers. Positive two-point lod scores were obtained with several
chromosome 14q11 markers and haplotype analysis refined the candidate interval to a
large region flanked by D/4S72 and D14S49 **.

Limb girdle Muscular Dystrophy

The LGMD’s (LGMD) are another group of genetically heterogeneous MD’s.
Limb girdle muscular dystrophy was initially proposed by Walton and Natrass to describe
patients with late onset (in the first decade or later), muscle weakness beginning in the

pelvic or shoulder girdle, typically autosomal recessive inheritance, and a slow

progression *”2. This diagnosis was based on the exclusion of alternative diagnoses of
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MD 7680460 and thus has been challenged as a valid nosological entity %/70*47",

However, since 1992 the validity of LGMD as a separate disease entity has been
confirmed ***, with the identification of numerous loci causing various forms of
autosomal dominant and recessive forms of LGMD (Table 4). To date, four autosomal
dominant forms (LGMD1) and nine autosomal recessive forms (LGMD?2) have been
identified. Additional families have been identified but the responsible loci have not yet
been identified 7*%°*941°  The genetic heterogeneity of the LGMD's is mirrored by
clinical heterogeneity, although there are some common features.

Weakness typically presents in the pelvic and shoulder girdie muscles while
sparing the facial, extraocular and pharyngeal muscles ©#!'°. Age of onset is variable,
although typically is not congenital ®. Serum CK is usually elevated ", and muscle
biopsies exhibit variation in muscle fibre diameter, increased number of fibres with
internal nuclei, and increased adipose and connective tissue **.

LGMD1A

LGMDI1A was the first autosomal dominant form of LGMD identified. It was
originally described by Gilchrist ef al in 1988 '”. Only one family has been described
with this disorder, found in south-eastern West Virginia '’>. Age of onset ranges from 18
to 35 years, with the onset of weakness in the proximal muscles of the legs progressing to
the arms. Distal weakness is also evident, but is always noted in conjunction with more
significant proximal weakness. Ankle jerks are absent, heel cords are tight and there is a
characteristic dysarthric form of speech. Facial weakness is seen in less than 20% of

patients. The degree of muscle involvement is variable, as some patients are
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Table 4. Limb girdle muscular dystrophies

Disease MIM # Inheritance Gene Chromosomal Protein
Location
LGMDIA 159000  Autosomal 17D 5q22.3-q31.3 Myotilin
604103 Dominant
LGMDIB 159001  Autosomal LMNA Iql1-q21 Lamin A/C
Dominant
LGMDIC 601253  Autosomal CAV3 3p25 Caveolin 3
Dominant
LGMDID 603511  Autosomal - 7q -—
Dominant
CMDIF - Autosomal -— 6q23 -
Dominant
LGMD2A 253600  Autosomal CAPN3 15q15.1-q15.3 Calpain 3
114240 Recessive
LGMD2B 253601  Autosomal DYSF 2pl13.1-pl3.3 Dysferlin
Recessive
LGMD2C 253700  Autosomal SGCG 13q12-ql3 v-sarcoglycan
Recessive
LGMD2D 600119  Autosomal SGCA 17q12-q21.33 a-sarcoglycan
Recessive
LGMD2E 600900  Autosomal SGCB 4q12 B-sarcoglycan
Recessive
LGMD2F 601287  Autosomal SGCD 5q33-q34 d-sarcoglycan
601411 Recessive
LGMD2G 253700  Autosomal TCAP 17ql1-ql12 Telethonin
601954 Recessive
LGMD2H 254110  Autosomal - 9q32 ---
Recessive
LGMD2I --- Autosomal - 19q13.3 -
Recessive




asymptomatic, whereas others show only tightened heel cords and a lack of ankle jerks,
and some become wheelchair-bound approximately 20 years after the onset of symptoms.
Anticipation has been documented to occur in LGMDI1A, which suggested the
involvement of a trinucleotide repeat expansion in the pathogenesis of the disorder **.

Serum CK is elevated from (1.6 - 9 times normal). EMG studies were indicative
of a primary myopathic process; nerve conduction studies were normal and muscle
biopsies were consistent with MD '?, Although the dystrophin-associated protein
complex appears to be normal , LGMD1A muscle exhibits an unusual extent of Z-line
streaming '%8.

In 1992, linkage was established between the disease locus and four marker loci
located on chromosome 5q3 %. Refinement of the LGMD /A disease region to a 2 Mb
region flanked by markers D3S#79 and D3S59+ was achieved in 1998 . A positional
cloning approach was then undertaken, resulting in the identification of 28 unique EST’s
in the 2 Mb region of chromosome 5q31 '*7. A strong candidate gene was identified on
the basis of abundant expression in skeletal muscle. The genomic organization of this
candidate gene was determined and sequence analysis of the exons resulted in the
identification of a C~T mutation (450C>T) in affected individuals '**. Nineteen cDNA
clones were then isolated and assembled into a full-length cDNA. Database screening
identified this gene as 771D, encoding the novel sarcomeric protein, myotilin. This
protein was initially identified by two-hybrid screening using the spectrin-like repeats of
a-actinin *”*. Radiation hybrid mapping localized 77/D between the microsatellite

markers AFM350yb1 and D5S500 ™.
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TTID encompasses 10 exons and spans a region of more than 20 kb. Two
transcripts (2.2 kb and 2.5 kb) are found to be abundantly expressed in skeletal muscle
and less so in the heart. The 77/D gene contains a 1494 bp open reading frame that
encodes a protein of 498 amino acids (57 kDa). The N-terminal sequence is unique, rich
in serine residues and contains a 23 amino acid hydrophobic region. The C-terminal
region of the protein shows homology to the region of titin containing the Z-disk
associated Ig domains. It is thus predicted to form two Ig-like domains .
Intermolecular interactions have been identified between myotilin and a-actinin, between
myotilin and y-filamin **° and between pairs of myotilin molecules . Myotilin was
detected in the [-bands of striated muscle myofibrils, similar to the expression seen for a-
actinin (Figure 4).

The 450C>T mutation results in Thr 57 being changed to Ile (T571) '*, and
therefore does not appear to be a trinucleotide expansion. as initially hypothesized.
Immunohistochemical and Western blot analysis of patient samples demonstrated normal
levels of myotilin and no evidence of abnormal accumulation or ectopic expression of
myotilin "%

LGMDI1B

LGMDIB is the second form of autosomal dominant LGMD, originally described
by van der Kooi ef al in 1996 **7. Three families, located in the Netherlands, Surinam and
Curagao, have been reported with LGMDI1B, **’. One other family of Chinese descent.
described by Fang es al, may also be affected with LGMDIB '>%.

Patients present with a waddling gait, hyperlordotic posture, or difficulty in
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running in the first two decades of life. Wasting and weakness of the hip girdle or
proximal leg muscles is followed by weakness of the shoulder girdle, upper arms and
distal legs. Slight symmetrical facial weakness and calf hypertrophy is noted in some
patients. Disease progression is slow, with no patients becoming wheelchair-bound.
Contractures of the spine, elbows and Achilles tendons are minimal *3,

Serum CK levels are normal to 25 times normal and EMG and muscle biopsies
are consistent with a myopathic process **’. Cardiac involvement (conduction disorders
and atrial fibrillation) is present in 62.3% of the patients **"***, Two patients showed
signs of congestive cardiomyopathy.

Linkage was identified between the LGMD !B locus in three families and D/S303,
a locus linked to CMD14 *'**8_ in the same chromosomal region as autosomal EMD. A
search for disease-causing mutations was performed on the LMNA gene after reports that
it was disease-causing in autosomal EMD *’. Three mutations were identified in the
lamin A/C protein ** confirming the designation of the LMNA locus as disease-causing in
LGMDIB. Further discussion of the LMNA locus and its products, lamins A and C is
presented elsewhere in this chapter (Pp. 16 & 73).

LGMDIC

LGMDIC is the third form of autosomal dominant LGMD. The identification of
the molecular basis for LGMDI1C originated with the recognition that caveolin-3, a
muscle-specific protein, co-localizes and co-immunoprecipitates with dystrophin *>. This
discovery led Tang et al to hypothesize that mutations in caveolin-3 may cause MD %,

In 1998, Minetti er al identified a reduced intensity of caveolin-3 immunostaining
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on muscle biopsies from eight patients in two Italian families *°. This reduction (>95%)
was confirmed by Western blot analysis. Clinical features of these patients include mild
to moderate muscle weakness and calf hypertrophy. and non-specific myopathic changes
evident on examination of the muscle biopsy **’. The intensity of immunostaining for
other membrane proteins involved in MD including dystrophin, the sarcoglycans and
laminin-a2 is normal 2. |

After cloning the human CA V3 gene and mapping it to chromosome 3p25 by
screening YACs and performing fluorescence in situ hybridization (FISH) analysis, a
search for disease-causing mutations was performed **°. A 311C>T transition (P104L)
was identified in one family and a 9 bp deletion (nt 186-194, T63-T65del) was identified
in the other family. Analysis of the mutations in these families indicated that they
segregate as expected for an autosomal dominant trait >*.

Simultaneously, McNally et al reported results of their analysis of the CA¥3 gene
in 82 patients with MD of unknown genetic etiology *™*. The CAV3 gene was cloned,
mapped to chromosome 3p235 by FISH analysis, and genomic DNA primers were
designed for SSCP analysis **. Two patients had mutations in the caveolin-3 protein: one
patient was homozygous for G338, and the other was heterozygous for C71W >™. Both
patients displayed proximal weakness within the first decade, with the second patient still
ambulatory in her teens. These patients were the only ones affected in their families and
the mother and two siblings of the second patient also carried the C71W mutation. This

finding suggested that the disease in these two patients was inherited in an autosomal

recessive manner and that the assay for mutations had limited sensitivity that failed to
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identify the second disease-causing allele **. Kunkel subsequently suggested that the
mode of inheritance in the McNally study may in fact be consistent with autosomal
dominance with incomplete penetrance >,

Two additional studies reported novel mutations in caveolin-3 in children aged
four and six years. Two unrelated patients (male - aged 4; female - aged 6) presented
with persistently elevated levels of serum CK (6 - 9 times normal) in the absence of any
clinical symptoms of myopathy *. Sequence analysis of the CA V3 gene in both patients
revealed that they were heterozygous for a 77G>A transition. resulting in a R26Q
substitution in the caveolin-3 protein. Immunohistochemical analysis revealed significant
reductions in caveolin-3 levels in muscle fibres *. A 3.3 year old female patient of
german descent presented with elevated serum CK levels and developed myalgia and
cramps by the age of four years '*'. EMG and muscle biopsy studies showed myopathic
features. Genomic DNA analysis revealed a missense mutation (46A>T) in the caveolin-
3 protein "', These mutations (77G>A and 46A>T) were not found in the parents of the
patients, indicating that it appeared de novo in all three patients %'

CAV3 is a small gene containing two exons >”*. Physical mapping of the CAV3
region on chromosome 3p25 has indicated that CA V3 is located close to three
microsatellite markers, D3S18, D3S+4163 and D3S4539 and the human oxytocin receptor
gene *®. The 1291 bp ¢cDNA * is shorter than the 1.6 kb transcript * that is expressed in
heart and skeletal muscle #2285, A 151 amino acid open reading frame, that exhibits

greater than 95% similarity to both rat and mouse caveolin-3 >™, encodes a protein with

predicted mass of 17.2 kDa *.
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Caveolin-3 contains a scaffolding domain (amino acids 54-73) involved in homo-
oligomerization and a highly conserved. membrane spanning hydrophobic domain (amino
acids 74-106) *~*_ The P104L mutation affects the hydrophobic membrane spanning
domain and (T63-T65del. G55S and C71W affect the scaffolding domain of caveolin-3.
All four mutations are likely to alter the function of caveolin-3 '%%%3,

Caveolin-3 is the major component of the caveolae from differentiated skeletal
muscle cells *. Caveolae are bulb-shaped, 50 - 100 nm plasma membrane invaginations
that participate in membrane trafficking, sorting, transport, and signal transduction '¢3*™,
After synthesis. 14 to 16 caveolin-3 proteins oligomerize in the endoplasmic reticulum
via their scaffolding domains *****°. These oligomers form hairpin structures which then
interact with each other to form the caveolae vesicles located in the plasma membrane
2% Caveolin-3 has been localized to the sarcolemmal membrane of skeletal muscle
fibres, along with dystrophin *** (Figure 1). Co-immunoprecipitation studies show that
caveolin-3 specifically co-immunoprecipitates with dystrophin, B-dystroglycan and
neuronal nitric oxide synthase (nNOS) > however it is not an integral component
of the dystrophin-associated protein complex '"2. Although caveolin-3 co-purifies with
dystrophin. only a small portion of intracellular caveolin is actually associated with
dystrophin *7.

Heterologous expression studies of the P104L and the T63-T65del mutants show
high molecular weight aggregates (>443 kDa), much greater than those that occur with
wild type caveolin-3 '®. Furthermore, these aggregates are excluded from caveolae-

168

enriched membranes °°. They are instead localized to the Golgi complex, suggesting that
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the mutations may alter the stability of the protein '*®. In fact, the half life of wild type
caveolin-3 is approximately 5.25 hours, whereas the mutants® half life is 45 and 60
minutes '*8. Co-transfection studies indicate that both mutants act in a dominant negative
manner, inducing the retention of the caveolin-3 oligomers in the Golgi complex '%.
Furthermore, these high molecular mass aggregates are ubiquitinated and then degraded
through the proteosome pathway '®. Inhibition of this pathway through the use of
proteosome inhibitors results in the rescue of wild-type caveolin-3 from these high
molecular mass aggregates, allowing it to reach the cell membrane and function normally
'%°. The function of caveolin-3 and its role in the pathogenesis of MD will be discussed
later in this chapter (p. 73).

In 2000, Hagiwara et al reported the generation of caveolin-3 deficient mice, with
the objective of elucidating the pathogenic mechanism of this protein in MD '**, Mice
homozygous for an exon 2 mutation did not produce either CAV3 RNA or protein,
whereas in heterozygous mice the amounts of RNA and protein were reduced to half that
of wild type mice. The phenotype of these CAV3 ™ mice is relatively mild. with defects
noted in the soleus muscle and the diaphragm. Analysis of muscle biopsies showed
necrosis and regeneration as is typically seen in MD’s.

LGMDI1D

LGMDI1D is the fourth form of autosomal dominant LGMD, initially identified as
a unique entity by Speer er al in 23 patients from two families of American Caucasian
ancestry *%. Patients present in their third or fourth decade with progressive proximal leg

weakness, that may or may not be accompanied by proximal arm weakness, a lack of
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ankle deep tendon reflexes, and mildly elevated serum CK values (1.5 - 10 times normal)
% EMG studies are mildly abnormal and muscle biopsies show non-specific myopathic
features ***. Some patients may exhibit moderately severe dysphagia **.

Genomic screening yielded positive lod scores for microsatellite markers located
on the distal portion of chromosome 7q ***. Haplotype analysis of 16 microsatellite
markers in the region has reduced the candidate interval to a 9 cM region flanked by
D752456 and D782423 *%.

CMDIF

CMDIF was initially described by Messina et al, in 1997 **2. The nomenclature
of this disorder is confused, as in some reports it has been named LGMDI1C, whereas in
others it is called LGMDI1D '"*-32, The official designation of this locus as defined by the
HUGO (Human Genome Organization) nomenclature committee
(http://www.gene.ucl.ac.uk/nomenclature/) is CMDI F. Clinically, it resembles
LGMDIB as it is an autosomal dominant disorder involving cardiomyopathy, conduction

282

system disease and skeletal muscle myopathy ~°~. Patients present in their second or third

282

decade with first degree heart block or right bundle branch block “**. Four chamber

cardiac enlargement and proximal muscle weakness develops later in the illness, sparing
the muscles of the face **2. Patients remain ambulatory throughout the course of the
disease **2. In some cases serum CK is mildly elevated (2-4 times), however this is not a
consistent finding **%. Skeletal muscle biopsies show a dystrophic pattern ***.

Mapping studies excluded 12 loci known to be involved in dilated

282

cardiomyopathy and/or MD “*°. A genome scan was then performed and resulted in
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significant lod scores being obtained between the disease locus and microsatellite markers
located on chromosome 6q23 **>. Haplotype analysis refined the candidate interval to a 3
cM region flanked by D6S705 and D6S1656 >*.

LGMD2A

LGMD2A was the first autosomal recessive LGMD identified, described by
Beckmann er al in 1991. Twenty five affected individuals from 11 families were
identifiedwith a form of autosomal recessive LGMD in a highly inbred community on the
[sle de la Réunion *. Genealogical studies suggested that this population may have a
limited number of founders.

LGMD?2A patients present between ages three and 30, with a waddling gait and
difficulty in running and using stairs **'>**¢, They show wasting and weakness of the
shoulder and pelvic girdle muscles *, calf contractures '** and mild lordosis **¢. Neck and
trunk muscles are also involved, whereas facial, ocular, velopharyngeal muscles and the
heart are typically spared **2''*¢_ Calf pseudohypertrophy is present in a fraction of
patients. but is not a permanent feature *'**%*¢_ [ntellectual performance is normal '**.
Disease progression is relatively slow, with loss of ambulation at approximately 30 years
of age *°.

Serum CK is markedly elevated in pre-symptomatic individuals *'', moderately
elevated in patients (2 - 10 times normal) and below normal in end-stage disease '****°.

13*_ Muscle biopsies show dystrophic features *,

EMG studies show a myogenic pattern
specifically a large variation in fibre size and an increase in the number of lobulated

fibres in end-stage disease '*°. Dystrophin, utrophin, dystroglycan and sarcoglycan
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immunostaining is normal ‘>,

Eighty-five RFLP probes were used to conduct a scan of 30% of the genome.
Significantly positive two-point lod scores were obtained between the disease locus and
D15525 on chromosome 15 *°. Confirmation of the localization to chromosome 15 was
provided by Young er al/ who obtained lod scores of 4.65 at 6=0.076 between the disease
locus and D15S2 in a large Old Order Amish kindred from Indiana ***. Further
confirmation was provided by Passos-Bueno ef al in two Brazilian kindreds **’. A refined
cytogenetic location of the LGMD2A4 locus to chromosome 15q15.1-15q21.1 was
obtained by Fougerousse ef a/ using FISH analysis of YAC clones '®'. Haplotype analysis
of three kindreds (Isle de la Réunion, Brazil, France) resulted in the identification of
flanking microsatellite markers 2155129 and D/55143 '*'. Further refinement of the
candidate region was reported in 19935, by Allamand et al, to chromosome 15q15.1 to
15q15.3 5. Twenty-seven families were tested with fourteen new microsatellite markers
generated from the LGMD24 candidate interval. The smallest interval defined by
recombination events was 3 - 4 Mb, flanked by D/5S514 and D158222 6.

An expression map of the interval was then created to identify candidates *®. The
CAPN3 gene. one of four candidate genes from the region of chromosome 15 expressed
in muscle. was identified as a functional candidate. The genomic organization of the
gene was determined and screened for mutations in LGMD families from Brazil, France,
Isle de la Réunion and USA (Amish) . Fifteen mutations were identified, providing
evidence that mutations in this gene cause LGMD?2A . A scan for other mutations

within the CAPN3 gene by other investigators has resulted in the identification of more



than 100 missense, frameshift, nonsense, splice site, and in-frame deletion mutations
97.220,284.346.355.357436.H7_

The identification of several mutations causing LGMD2A in the small population
on Isle de la Réunion was a surprising finding, considering the consanguinity present in
that population **°. This finding has been named the Réunion Paradox ***. Attempts to
explain the paradox included the following: 1) LGMD2A is more prevalent than initially
supposed; 2) healthy heterozygotes have a selective advantage; and 3) LGMD2A may not
be a simple monogenic disorder, but perhaps may reflect a digenic inheritance model.
whereby mutations in two genes are required to express the phenotype -7 _[n the
digenic scenario, all LGMD?2A families from Isle de la Réunion would be homozygous
for a suppressor gene mutation and would also carry a mutation at the CAPN3 locus. One
therefore would expect to find individuals that are clinically normal carrying two CAPN3
mutations due to the absence of mutation at the suppressor locus ****%°. Pratt er al
searched for unaffected individuals in the Amish community that were homozygous for
the CAPN3 mutation without success. Furthermore, they also looked for a possible
mitochondrial influence to no avail **°. Zlotogora er al proposed an alternative model,
whereby the paradox may be explained by a high mutation rate in CAPN3 and a selective
advantage for the carriers in the [sle de la Réunion population, similar to the phenomena
observed in the Lower Galilée, where several mutations have been identified to cause
Hurler syndrome and metachromatic leukodystrophy **.

The CAPN3 gene contains 24 exons and spans approximately 40 kb **¢. A 3.4 -

395

3.6 kb transcript is detected predominantly in skeletal muscle °*, with levels 10 times
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higher than those of ubiquitously expressed calpains ***. The mRNA expression lévels
increase with stages of differentiation ***. CAPN3 encodes an 821 amino acid muscle-
specific calcium activated neutral protease 3 (EC 3.4.22.17) with a predicted molecular
mass of 94 kDa . LGMD2A is the first example of a MD caused by defects in an
enzyme, rather than a structural component of the cell **. It is a member of the
intracellular non-lysosomal cysteine protease family **2*, known to interact with protein
kinases, transcription factors and cytoskeletal proteins ***. It is active at physiological
calcium concentrations **3. Calpain 3 has four domains: Domain [ may be important in
the regulation of protease activity as a portion is autolytically cleaved during activation;
Domain II is a cysteine protease domain with homology to papain and cathepsins;
Domain III may regulate proteolytic activity **¢; Domain [V contains four potential
calcium-binding sites **. Calpain 3 also contains three unique inserted segments with no
similarity to known calpains: NS, located at the N-terminus of domain [; IS1, located in
middle of domain II contains three autolysis sites **; IS2, located between domains III
and IV %% contains a nuclear translocation signal *.

Calpain 3 exists as a homodimer ** and has been localized to the nucleus (Figure

348

2). cytoskeleton and cytosol 7%, in particular the Z-line of the sarcomere *** (Figure 4).

Calpain 3 is itself a substrate of calpain 3, as is titin ***, myotonin protein kinase, the

3% and IxBa *’. It has been shown to interact

protein implicated in myotonic dystrophy
with titin in at least two ways: the titin C-terminal M-line intervening sequence, M-is7,

interacts with the full-length calpain 3; the titin N, A region binds calpain 3's IS2 region.

Furthermore, the titin N-terminus may also bind calpain 3 at the Z-line %, Deficiency



of calpain 3 has been shown to result in decreased degradation of IkBa, which results in
sarcoplasmic accumulation of NF-kB. Excess IkBa translocates to the nucleus,
preventing transcription of additional NF-kB, thus sensitizing cells to myonuclear
apoptosis ¥’. An increased sensitivity to apoptosis may partly explain the mechanism of
LGMD?2A pathogenesis. Site directed mutagenesis experiments mimicking some
mutations found in LGMD2A patients revealed that the inability of calpain 3 to bind to
titin is not necessary for the LGMD2A phenotype nor is the loss of rapid autolytic
activity. However, the loss of proteolysis is necessary for the LGMD2A phenotype **%.
LGMD2B

Another form of autosomal recessive LGMD, LGMD2B, was identified by
Majhneh et al in a large inbred Palestinian family also affected with CMD %2, The onset
of symptoms begins in the second decade, with difficulty in running and climbing stairs
%! LGMD2B patients exhibit weakness and wasting of the pelvic girdle and two to ten
years later show involvement of the shoulder girdle muscles **'*%*. Early involvement of
the gastrocnemius is evident **' and calf pseudohypertrophy is common in the early stages
of the disease **'***. Decreased pulmonary function and contractures of all joints are
noticeable later in the disease **'. Cardiomyopathy and intellectual deficits are not seen,

261262
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nor is involvement of the scapular muscle Disease progression is typically slow,

with onset of wheelchair confinement ranging from 235 - 53 years '*"; however some
patients are still ambulant in their 70's *'.

Serum CK levels are extremely elevated during the active phase of the disorder

and fall with disease progression **. EMG and muscle biopsy studies are consistent with
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myopathy 2>?75%%_ Dystrophin and dystrophin-associated protein immunostaining is
normal 32226 McNally et al have reported a perivascular inflammatory process
associated with LGMD2B .

Mapping studies were initiated by testing families of Palestinian and Sicilian
descent for linkage to markers on chromosomes 13 (LGMD2C) and 15 (LGMD24) *.
After linkage to these loci was excluded, a genome scan was performed. Linkage was
obtained between the disease locus and two microsatellite loci (D2S/34, D2S136) on
chromosome 2p13-2p16 . Confirmation of the assignment of LGMD2B to chromosome
2p was provided by Passos-Bueno et al, who obtained significantly positive lod scores
with three more families (Brazilian and Palestinian) to chromosome 2p ***. Haplotype
analysis of these families refined the candidate region to a 4 cM interval flanked by
D2S5291 and D2S286 ***. During this process, a distal myopathy, Miyoshi myopathy
(MM), was mapped to chromosome 2p13 *'. Significantly positive lod scores were
obtained between MM and markers known to be linked to LGMD2B, suggesting that the
two disorders may be allelic variants *'. Bashir er a/ then initiated a large scale genetic
and physical mapping project to order the markers on chromosome 2p13, refine the
LGMD2B candidate region, and identify additional markers to help determine the
relationship between LGMD2B and MM **. Fluorescence in-situ hybridization (FISH) of
microsatellite markers known to flank the LGMD2B locus refined the region to
chromosome 2p13.1 to p13.3 **. A YAC contig was then constructed to aid in ordering
the microsatellite markers and identifying the candidate expressed sequences **.

Haplotype analysis of an additional family with 14 markers localized to chromosome
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2p13 refined the LGMD2B candidate region to an area flanked by D252//3 and
D252112/D2S145 **. In 1996, two reports of large consanguineous kindreds affected with
both LGMD2B and MM confirmed the localization of LGMD2B and MM and showed
common haplotypes between LGMD2B and MM patients. The discovery of common
haplotypes in LGMD2B and MM patients suggested that the two phenotypes were caused
by mutations in the same gene and that the phenotypic variation must be caused by other
factors %%*”7. The study of the Canadian aboriginal kindred affected with LGMD2B and
MM is part of this PhD project and is presented in Chapter 4 *’**”". Further refinement of
the LGMD2B interval was obtained by Illarioshkin et a/, who performed haplotype
analysis on the Russian LGMD2B/MM kindred with 15 chromosome 2p13 microsatellite
markers **. They reduced the size of the candidate interval to a 1 cM region flanked by
D2§327 and D252111°%. In 1998, a YAC contig ** and a high resolution PAC contig
were constructed to facilitate the cloning of the gene involved in LGMD2B/MM *%. The
gene causing both LGMD2B and MM was then identified by Bashir et a/, and Liu et al, to
be dysferlin, a gene with 27% identity to the Caenorhabditis elegans spermatogenesis
factor, fer-1 ***7. Additional mutations have been identified in a Yemenite Jewish
family affected with LGMD2B *” and families affected with both LGMD2B and MM
20204476

The DYSF gene spans over 150 kb ** and contains a 6243 bp ORF **’. Northern
blot analysis revealed mRNAs of 7 - 8.5 kb in skeletal muscle, heart, placenta and lung,
and =4 kb in brain ***’. RNA expression is readily detected in skeletal muscle, heart and

placenta with lower levels in the liver, lung, kidney and pancreas .
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Dysferlin is a 2080 amino acid protein >” with a molecular mass of 230 kDa ***#7.

[t contains a large hydrophilic region, a single transmembrane domain located at the C-
terminus, followed by a membrane retention sequence »’. Liu ef al have suggested that
dysferlin is a type II membrane protein with the majority of the protein including the N-
terminus located on the sarcolemmal side of the membrane 7 (Figure 1). The
intracellular portion of the protein contains motifs with homology to C2 domains
implicated in calcium and phospholipid binding 7. Western blot analysis of dysferlin
showed ubiquitous distribution: the most abundant expression was found in skeletal
muscle, heart, placenta and kidney, followed by stomach, lung, uterus, liver and spleen,
followed by nervous tissues '*~%°. It is also expressed during fetal development .
Immunohistochemical analysis revealed that staining of the sarcolemmal membrane was
greatly reduced or absent in samples obtained from both LGMD2B and MM patients '**7.

A natural mouse model of dysferlin deficiency was identified in 1999 by Bittner et
al **. SJL mice are described to have an autosomal recessive inflammatory muscle
disease that is accompanied by a susceptibility to autoimmune disease **. Examination of
muscle biopsies from SJL mice revealed dystrophic changes, including variation in fibre
size, presence of inflammatory foci and replacement of primarily proximal muscles with
connective tissue and fat. A search for disease-causing mutations resulted in the
identification of a 171 bp deletion near the C-terminus of the DYSF gene *°.
LGMD2C

A severe childhood autosomal recessive muscular dystrophy (SCARMD),

frequent in Tunisia, was initially described by Ben Hamida er a/ in 1983 *'. Age of onset
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is early, ranging from 3 - 12 years, with patients exhibiting symmetrical atrophy and
weakness of the girdle and truncal muscles, in addition to pseudohypertrophy of the
calves ***. Facial muscles become involved in later stages of the disease **. Cardiac
anomalies are frequently observed on ECG and echocardiography *. Intelligence is not
affected . The rate of progression is rapid, with patients confined to a wheelchair in
their teens and death by 20 years.

Serum CK levels are significantly elevated early in the disease, but decrease with
disease progression . Both EMG and muscle biopsy studies are consistent with
myopathy. Muscle tissue shows an increased degree of fibrosis . One study reported
the presence of delta lesions and sarcolemmal defects *°. Dystrophin, a-dystroglycan,
and syntrophin immunostaining of muscle biopsies is normal, whereas a-sarcoglycan
immunostaining is variable 23+3-#321627149

Although the majority of patients described to date exhibited a severe phenotype
comparable to that of DMD, some patients exhibited a milder phenotype more consistent
with a typical LGMD '#*""*3_ One group of Brazilian patients exhibited calf hypertrophy
and grossly elevated serum CK, but were essentially asymptomatic into their third decade
*77_ A group of Dutch patients exhibited the onset of symptoms in childhood, but were
able to walk until approximately 40 years of age **. Cardiac assessments were normal,
but the progression of the disease resulted in the patients need for overnight ventilation
455.

Mapping studies were initiated by Azibi et a/, and Ben Othmane er al, who tested

individuals from Algerian and Tunisian families for linkage to the utrophin locus on
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chromosome 6, and the LGMDIA and 24 loci on chromosomes 5 and 15 respectively ***.
When none of these loci showed linkage, a genome scan was performed using 135
microsatellite markers. The scan resulted in the identification of linkage of the disease-
causing gene to three markers (D/3S1135, DI13S143. DBS! 20). located in the
pericentromeric region of chromosome 13q *. Confirmation of linkage to chromosome
13q12 was provided by Azibi et a/ and El Kerch et a/, who showed linkage between the
LGMD2C locus and chromosome 13q markers, D/3S175, DI3822]. DI3S[15 in 19
Algerian and Moroccan families »"'*°. Refinement of the LGMD2C candidate interval
was then achieved by Ben Othmane et a/, who performed haplotype analysis of
chromosome 13q12 in 119 individuals of Tunisian and Egyptian descent . Two
recombination events defined the size of the candidate region to be approximately 5 Mb,
flanked by D/3SI15 and D135292*. A YAC and EST map spanning 8 cM of
chromosome 13q was then constructed '’®. During the construction of the physical map,
the sequence and map location of the 35 DAG, subsequently identified as y-sarcoglycan
was established *"°. Both rabbit and human cDNAs were obtained by screening skeletal
muscle libraries with the y-sarcoglycan antibody. Isolated clones were sequenced and
found to map to chromosome 13q12, the location of the LGMD2C locus *"°. Sequencing
of the y-sarcoglycan gene in LGMD2C patients resulted in the identification of two
mutations: a thymidine deletion at position 521 as well as a 73 bp deletion *'.
Additional mutations have been identified in many other families

123,134,174,174,242,250,275 277 5321,338,343,450.455

It is interesting to note the association of single mutations (521delT *7 and (923-
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924delTG ') with both mild and severe forms of gamma-sarcoglycanopathy and R284C
with both mild LGMD and asymptomatic hyperCKemia . The association of a single
mutation with two phenotypes suggests the involvement of other factors which modify
the clinical phenotype, similar to that seen in LGMD2B/MM **+7

The gamma sarcoglycan gene (SGCG) gene is composed of eight exons spanning
more than 100 kb *”’. Northern blot analysis reveals a 1.7 kb mRNA expressed in both
heart and skeletal muscle *'°. The protein is 291 amino acids with a molecular mass of 32
kDa *'*. Itis a type II transmembrane protein with a single transmembrane domain
(residues 36-60), an extracellular C-terminus containing an N-linked glycosylation site
and an EGF receptor-like cysteine-rich region; however it lacks an N-terminal signal
sequence "% Immunohistochemical analysis revealed a specific sub-complex
composed of the a-, B-, and y-sarcoglycans *'® (Figure 1). This finding correlates well
with the discovery that in many sarcoglycanopathies. the loss of a single sarcoglycan is
reflected by a decreased level of the other sarcoglycans >'¢.

The function of y-sarcoglycan and the sarcoglycan complex will be discussed later
in this chapter (p. 73).

The analysis of y-sarcoglycan deficient mice was reported by Hack er al, in 1998
'®2 These mice exhibit a relatively severe phenotype, characterized by
pseudohypertrophy, cardiomyopathy, degeneration and regeneration of skeletal muscle

'82  Apoptosis was noted early in the dystrophic process.

tissue, and fibrosis
Immunohistochemical analysis revealed the normal localization of laminin-a2, -

dystroglycan and dystrophin, suggesting that the connection between the extracellular
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matrix and the cytoskeleton has remained intact. The intact connection between the
extracellular matrix and the cytoskeleton raises the possibility that the pathogenesis of
LGMD2C and all MD’s may involve a cell-signalling component, rather than merely a
structural defect '*2.
LGMD2D

Another form of SCARMD. milder than LGMD2C, was reported by Romero et al
in 1994 from studies of a French family **. Patients with this form of SCARMD present
with difficulty walking, running, or climbing stairs in their first or second decade

149334344363 Clinical examination reveals predominant pelvic girdle weakness, scapular

9383 Distal muscle weakness is minimal and confined to

winging and calf hypertrophy
the tibialis anterior muscle,whereas facial. ocular and velopharyngeal muscles are not
involved '*. Contractures of the ankies, knees and hips develop later in the disease '*°.
Cardiac abnormalities are seldom observed and intellectual deficits are not seen
%0-14928034 " Disease progression and degree of severity is heterogeneous: in some cases,
patients are affected with a severe form of childhood progressive MD and are confined to
a wheelchair in their second decade, whereas in other cases, patients are affected with a
late onset mild form of LGMD with minimal muscle impairment %,

Serum CK levels are grossly elevated and in some cases elevation is noted in

149365 EMG studies reveal myopathic abnormalities '*°.

presymptomatic individuals
Muscle biopsies are consistent with a dystrophic process, showing a necrotic-regenerating

pattern with little fibrosis **>. Dystrophin and a-dystroglycan immunostaining is normal,

whereas immunostaining of y-sarcoglycan is reduced and immunostaining of a-
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sarcoglycan is usually completely absent, although traces have been noted in some patient
samples 33454363

Linkage analysis with microsatellite markers known to be close to the LGMD2C
locus on chromosome 13q resulted in negative lod scores, excluding the LGMD2C locus
as disease-causing in the large family of French ancestry ***. The a-sarcoglycan gene,
SGCA. was then cloned, sequenced and mapped in order to test it as a candidate gene **°.
Linkage analysis of chromosome 17q markers, including an SGCA intragenic marker,
yielded significantly positive lod scores, suggesting that the myopathy in this French
family was linked to SGCA. A search for disease-causing mutations resulted in the
identification of two missense mutations, confirming that SGCA was disease-causing in
this family **°. It is interesting to note that patients homozygous for a single mutation
(R77C) can be affected with either a relatively severe phenotype or a mild phenotype
334344

SGCA spans at least 12 kb and contains ten exons ****°. Northern blot analysis
reveals abundant expression of a 1.5 kb transcript in skeletal, cardiac muscle and
diaphragm, with lower levels in lung, bladder and small intestine **°. No expression of
the SGCA transcript was found in brain tissues **°. Alternative transcripts of 1 *'8, 3.5 and
7 kb ** have also been identified.

a-sarcoglycan is a 387 amino acid protein, with a predicted molecular mass of 43
kDa *’%. Tt is a type I transmembrane protein with a hydrophobic signal sequence, two N-

linked glycosylation sites, an EGF receptor-like cysteine-rich region located

extracellularly, and a single transmembrane domain *’***°_ In addition, an ecto-ATPase
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activity has been demonstrated, suggesting that a-sarcoglycan may buffer extracellular
ATP concentrations **. Immunogold labelliﬁg has localized a-sarcoglycan to the outer
face of the plasma membrane '** (Figure 1).

The function of a-sarcoglycan and the sarcoglycan complex will be discussed later
in this chapter (p. 73).

Duclos et al generated an a-sarcoglycan deficient mouse model in an effort to
clarify the mechanism of muscle fibre degeneration '**. These mice exhibited a
progressive MD. characterized by muscle weakness and persistent degeneration and
regeneration of muscle tissue, accompanied by significant patches of necrosis °. These
mice do not exhibit a cardiac phenotype, probably due to the lack of expression of a-
sarcoglycan in smooth muscle cells ™%,
LGMD2E

The existence of a second autosomal recessive LGMD affecting the
consanguineous Amish community in Indiana was first reported in 1995 by Allamand et
al when they excluded the LGMD2A locus as causing the disease in six southern Indiana
kindreds °>. Most LGMD2E patients present in the first decade with proximal wasting
and weakness of the limb and trunk muscles *°*°'; however some patients develop
symptoms in the second decade . Calf hypertrophy was evident, in contrast to the Amish
LGMD2A patients "**'. Cardiomyopathy is associated with LGMD2E in some affected
individuals *'. Loss of ambulation occurs in the second decade, although there is
significant intrafamilial variability .

Serum CK levels are elevated ®. Muscle biopsies are consistent with MD;
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dystrophin and B-dystroglycan immunostaining is normal, whereas sarcoglycan
immunostaining is reduced or absent 347

Attempts to identify the disease gene in the Amish families not affected with
LGMD2A began with the examination of microsatellite markers linked to seven
candidate loci °. Significantly negative lod scores were obtained, excluding each as the
disease locus °. A genome scan using 320 markers was then performed »'. Potential
linkage was obtained with D4S428. a microsatellite marker located in the pericentromeric
region of chromosome 4 *'. Twenty nine additional markers on chromosome 4 were
tested. of which the majority showed linkage to the disease locus in these families Z'.
Haplotype analysis refined the candidate interval to a 3 cM region flanked by D4S396 and
D4S51630 >".

During these studies, another gene encoding a dystrophin-associated protein was
cloned, sequenced and mapped ***'. The SGCB gene contains six exons and spans 13.5
kb of chromosome 4q12 ®>***!. The mRNA contains an open reading frame of 956 bp
with transcripts of 4.5, 3.0, and 1.35 kb ®*'. Size differences have been explained by
alternative splicing and polyadenylation **'. The pattern of expression is ubiquitous >',
with highest levels in the heart and skeletal muscles, lower levels in the brain and kidney,
and still lower levels in placenta, pancreas and lung .

B-sarcoglycan is a 318 amino acid protein, with a predicted molecular weight of
35 kDa ', It contains a single transmembrane domain near the N-terminus (amino
acids 64-90), followed by three putative glycosylation sites and an EGF receptor-like

cysteine rich region %', A discrepancy between the predicted size (34.8 kDa) and
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apparent size on SDS/PAGE (43 kDa) reflects glycosylation of the native protein .
The small N-terminal portion of the protein is predicted to be intracellular with the large
terminal portion located extracellularly 5°°', making it a type [I transmembrane protein
'8 Immunohistochemical analysis co-localized B-sarcoglycan to the sarcolemma with
other components of the dystrophin-associated protein complex ' (Figure 1).

A search for disease-causing mutations resulted in the identification of a missense
mutation in the southern Indiana Amish kindred (T151R)*' and two mutations in a young
girl of Italian descent (Y184X and an 8 bp duplication)®. Immunohistochemical analysis
of these patients revealed a large decrease in the intensity of staining of B-sarcoglycan
63331 Additional mutations have been identified in many other patients
31.66.67.132.134,153,1 74338450

The function of B-sarcoglycan and the sarcoglycan complex will be discussed
later in this chapter (p. 73).

An animal model of B-sarcoglycanopathy was generated by Araishi e a/ in 1999
'7. These mice exhibited a hypertrophic appearance after 8 weeks of age, accompanied by
a progressive MD, extensive degeneration and regeneration ‘7, and a cardiac phenotype .
LGMD2F

LGMD2F is a rare autosomal recessive DMD-like form of LGMD initially
described by Passos-Bueno et al, in 1996, in two negroid Brazilian families **>. Age of
onset is between one and a half and seven years, with difficulty climbing stairs *>. Calf

hypertrophy is evident in some affected individuals '*>*°. Patients are confined to a

~~~~~
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ranged from nine to 19 years.

Serum CK levels are grossly elevated in all patients (10 - 50 times normal) and
muscle biopsies are consistent with a typical myopathy '****°. Dystrophin
immunostaining is normal or slightly reduced, immunostaining of B- and y-sarcoglycan is
variable (from somewhat reduced to completely absent) '** and immunostaining of a-
sarcoglycan was negative. ECG analysis of one Brazilian patient showed cardiac
hypertrophy *%.

Linkage analysis was initiated by determining the genotypes of these families for
microsatellite markers linked to four candidate loci (dystroglycan, a-, B1-, and (32-
syntrophin) . After exclusion of linkage to these four loci. a genome scan was
performed using 310 markers. Evidence for linkage was obtained with D352/0 on
chromosome 5q33-q34 **°. Genotypes were then determined for the two families for 13
additional markers in the area ***. Haplotype analysis identified recombination events that
refined the interval to a 9 cM region, flanked by D3S2/0 and D35S+422 ***. This analysis
places LGMD2F distal to LGMDIA on the long arm of chromosome 3.

During these studies, a gene encoding a fourth member of the sarcoglycan
complex. §-sarcoglycan, was identified *'**'°. The gene. SGCD, is composed of eight
exons and spans more than 100 kb of chromosome 5q33 *'°. Several transcripts were
identified with abundant signals in skeletal muscle and heart 2'°*'® and a weaker signal in
smooth muscle *'°. The sequence encodes a protein of 290 amino acids with a molecular

mass of 32 kDa *'°. Analysis of 8-sarcoglycan indicates a significant degree of homology

to y-sarcoglycan (55%) °'°. The isoelectric points of the two proteins, however, are
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different (9 vs. 3), as is the expression pattern *'>-'°.

d-sarcoglycan is a type Il transmembrane glycoprotein with its N-terminus located
intracellularly, a single hydrophobic transmembrane domain spanning residues 35 - 59,
and a large C-terminal domain located extracellularly *'°. The extracellular domain
contains an N-linked glycosylation site and a cluster of cysteine residues similar to that
seen in all other sarcoglycan family members °'°. [mmunohistochemical analysis reveals
specific localization of &-sarcoglycan to the sarcolemmal membrane, with no staining of
any intracellular or interstitial components *'° (Figure 1).

A search for disease-causing mutations of 3-sarcoglycan was performed in four
Brazilian families that showed linkage to LGMD2F . A frameshift mutation that results
in an early truncation of the §-sarcoglycan protein, halfway through the extracellular
domain was identified (656delC), in all eight patients screened *%. Additional mutations
in §-sarcoglycan were identified in a few other individuals *°~*°. Mutations were also
identified in one family and two other individuals affected with pure dilated
cardiomyopathy **.

The function of 3-sarcoglycan and the sarcoglycan complex will be discussed later
in this chapter (p. 73).

A natural animal model of 8-sarcoglycanopathy was identified by Nigro ef al, in
1997 *®. The BIO14.6 hamster has been used as a model for hypertrophic
cardiomyopathy for decades. It is characterized by widespread skeletal and cardiac

muscle cell necrosis, followed by cardiomyocyte hypertrophy and heart failure **°. A

mutation in the sgcd gene was identified, resulting in the loss of almost all 8-sarcoglycan
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in both skeletal and cardiac muscle *®°. It is interesting to note the lack of
cardiomyopathy seen in most LGMD2F patients in contrast to that seen in the BIO14.6
hamster. However, the identification of individuals with pure dilated cardiomyopathy **
suggests that the phenotypic spectrum of SGCD mutations may range from an LGMD
without cardiac involvement, to an LGMD associated with a cardiac phenotype, to a pure
dilated cardiomyopathy.

LGMD2G

LGMD2G is a relatively mild autosomal recessive form of LGMD identified by
Moriera et al in a non-consanguineous [talian kindred **’**°. Patients present early in
their second decade with difficulty walking. running, and climbing stairs. Proximal and
distal wasting of the lower limb muscles is observed. whereas only proximal atrophy is
noted in the upper limb muscles. Tendon reflexes are absent but there is no
accompanying deficit in the sensory or cranial nerves. Neck muscles are minimally
affected and extraocular and facial muscles are spared. Patients typically become
confined to wheelchairs in their fourth decade, although variability does exist.

Serum CK levels are elevated (3 - 17 times) early in the disease but decrease to
normal in patients confined to wheelchairs. Analysis of muscle biopsies reveals round
fibres, necrotic and regenerating fibres, variation in fibre size, an increased number of
centrally located nuclei and evidence of rimmed vacuoles. a-sarcoglycan and dystrophin

l 297

immunostaining is normal <’. This phenotype shows significant similarity with
Kugelberg-Welander syndrome (spinal muscular atrophy type III), and it has been

hypothesized that the gene causing LGMD2G may also cause SMA-IIT #’.
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Mapping studies were initiated by testing for linkage between the disease locus
and 14 candidate loci (six autosomal recessive LGMD loci and eight other candidate
markers spaced throughout the genome *’. Significantly positive lod scores were
obtained with D/75250, located on chromosome 17q11-ql2. Genotypes were then
determined for 17 additional microsatellites in the region. Haplotype analysis revealed
recombination events which refined the candidate interval to a 3 ¢cM region flanked by
markers D/7S1867 and D17S1814 *". A physical map was then constructed and
additional polymorphic microsatellites were identified **®. Haplotype analysis of three
LGMD2G families with these additional markers refined the LGMD2G region to an area
flanked by D1751851 and D1751814 *%.

A candidate gene, TCAP. localized to chromosome 17q12 and expressed
predominantly in striated muscle was found to lie within the interval flanked by
D1751851 and D1751814 *°®. A search for disease-causing mutations in LGMD2G
families resulted in the identification of two mutations in TCAP >,

TheTCAP mRNA is 959 bp with an ORF of 501 bp **. It is the twelfth most
abundant transcript found in skeletal muscle ***. Northern blot and RT-PCR analysis
revealed that expression was limited to the skeletal and heart muscles **.
Developmentally, TCAP is not transcribed in undifferentiated cells, but rather is
transcribed in differentiated cells *®. TCAP encodes a 167 amino acid protein with a

molecular mass of 19 kDa, known as telethonin ****3_ It has been localized to the Z-

disks of striated and cardiac muscle, with the N-terminus of titin ***® (Figure 4).
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Immunohistochemical and Western blot analysis of patient muscle biopsies were negative
for telethonin *®. These results provide confirmation that mutations in telethonin are
responsible for LGMD2G in these families 3. Two-hybrid analysis indicated that
telethonin is a titin kinase substrate, whereby the Z1-Z2 region of titin interacts with and
phosphorylates the C-terminal domain of telethonin 3%,
LGMD2H

LGMD2H is an autosomal recessive form of LGMD originally described by
Shokeir and Kobrinsky *** and Shokeir and Rozdilsky ** in the Hutterites. This form of
MD will be discussed in detail in Chapter 3, as it is a part of this PhD project.
LGMD2I

LGMD2I is a mild autosomal recessive form of LGMD identified by Driss er al,
in a large consanguineous Tunisian family in 2000 '. The age of onset ranges from 1.5
to 27 years. Patients present with difficulty walking, and progress in a variable manner.
They exhibit symmetrical weakness and wasting of the proximal muscles, primarily of the
pelvic girdle followed by the shoulder girdle. Calf hypertrophy is evident in a majority of
the patients. Distal arm muscles, facial, velopharyngeal and ocular muscles are not
affected. Contractures are uncommon and cognitive and cardiac studies are normal.
Serum CK levels are moderately to grossly elevated. Muscle biopsies are consistent with
a myopathy '*.

Eighteen candidate genes were tested [eight autosomal recessive forms of LGMD
(2A - 2H) and ten loci encoding candidate muscle proteins] and excluded for linkage to

the disease gene in this family. A genome scan was then performed using 200 markers
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spaced randomly throughout the genome. Linkage was obtained to chromosome 19q13.3.
with microsatellite marker D/95606. Haplotypes were then constructed using ten
microsatellites spanning the region. Recombination events define a 9 cM candidate
region flanked by microsatellite markers D/9S+412 and D195879, and including D/95S606
115-
Protein Complexes and Pathogenic Mechanisms

The identification of multiple genes causing MD has revealed a small group of
pathogenic mechanisms that tie these disorders together. The products of the DYS
(DMD), SGCA (LGMD2D), SGCB (LGMD2E). SGCG (LGMD?2C), SGCD (LGMD?2F),
LAMA2 (CMD), ITGA7 (congenital myopathy) and CAV3 (LGMDI1C) genes form a
protein complex at the sarcolemmal membrane known as the dystrophin-associated
protein complex (Figure 1). Other proteins associated with this complex include the
dystroglycans (a and B), the syntrophins (a, B1 and 2), the dystrobrevins, sarcospan ''°,
F-actin, a-actinin-2, and neuronal nitric oxide synthase. These proteins are good
functional candidates for myopathies of unknown etiology. The dystrophin-associated
protein complex is composed of several sub-complexes, including the cytoplasmic sub-

complex, the dystroglycan sub-complex, and the sarcoglycan sub-complex °*!

(Figure
1).

The cytoplasmic sub-complex is composed of dystrophin, the syntrophins the
dystrobrevins ** and a-actinin-2 '*#. Dystrophin and dystrobrevin interact through

reciprocal coiled-coil domains and together bind two molecules of syntrophin *¢°.

Moreover, dystrophin binds a-actinin-2 '*, the dystroglycan sub-complex, through B-
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dystroglycan *'7, and the cytoskeleton, via F-actin . The syntrophins bind nNOS '**,
voltage-gated Na+ channels '”' and stress-activated protein kinase 3 '*’, through PDZ
domains *. In addition to its interaction with dystrophin, ¢-actinin-2 also interacts with
F-actin and B-1 integrin '*, a subunit of the a7B1-integrin molecule that has been

8% Thus, there is a second connection

implicated in a form of congenital myopathy
between laminin and the cytoskeleton, via the integrins '*.

The dystroglycan complex is composed of two proteins, a- and B-dystroglycan,
encoded by a single gene, DAG! **'. a-dystroglycan is a peripheral extracellular
membrane glycoprotein non-covalently linked to laminin (an extracellular matrix protein)
14417 and the transmembrane protein, B-dystroglycan '** which interacts with dystrophin
*!7_ caveolin-3 ** and Grb2 *’. These observations suggest that the dystroglycan complex
may provide a critical link between the extracellular matrix and the actin cytoskeleton .
Furthermore, the observed interactions with cellular signalling molecules implies that
dystroglycan may have a role in transmembrane signalling >”. In addition, mice deficient
in dystroglycan do not survive beyond the early egg cylinder stage due to lack of
formation of Reichert's membrane, suggesting that dystrogiycan may be a cellular
receptor essential for the assembly of basement membranes 2.

The sarcoglycan complex is composed of four proteins, a-, 8-, y-, and -
sarcoglycan, that are simultaneously synthesized and assembled into a complex that is
then localized to the sarcolemmal membrane by trafficking through the secretory

apparatus '*"'%_ The complex begins assembly in the endoplasmic reticulum, is finished

in the Golgi complex and then is inserted into the plasma membrane '*'. Most mutations
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in the sarcoglycan proteins prevent the assembly of the complex and its trafficking to the
membrane. Instead. the proteins are found localized to an area surrounding the nucleus
% The sarcoglycan sub-complex is associated with other members of the dystrophin-
associated protein complex including sarcospan ''!, dystrobrevin ** and filamin-2 %,
although all of their exact interactions have not been identified. The sarcoglycan sub-
complex does not seem to be directly linked to the dystrophin molecule itself; rather the
interaction is between §-sarcoglycan and B-dystroglycan.

The function of the dystrophin-associated protein complex is not yet completely
understood **'°'. The predominant theory is the “structural or membrane hypothesis™,
which suggests that it has an integral role in maintaining muscle membrane integrity. Itis
postulated that in the absence of a member of the complex. the cell cannot prevent rupture
of the plasma membrane caused by muscle contraction ¥-'°*!%+¥_ The rupture of the
plasma membrane would allow for the influx of calcium into the cell, resulting in muscle
cell necrosis **. This hypothesis is consistent with the observation of holes in the plasma
membrane, called delta lesions, early in the progression of the disease . However, it
has been discovered that membrane flexibility in dystrophin-negative muscle is greater
than that seen in dystrophin-positive muscle *°. Furthermore. it has been reported that in
some cases exercise does not accelerate disease progression. but in fact may be of benefit
136413 " The benefits of exercise may be due to a resultant decrease in contractures
(http://www.mdausa.org/publications/journey/4-4.html).

Given the diversity and elaborate nature of the complex and the observations

described above, it is unlikely that the maintenance of membrane stability is the only
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function of the dystrophin associated protein complex. It is more likely that the complex
serves multiple functions. An additional hypothesis for the function of the complex
suggests a role in signal transduction across the muscle cell membrane *-''**”>_ This
hypothesis is attractive, especially since the complex contains proteins known to be
involved in signalling, such as nNOS **, caveolin-3 and a7-integrin. and interacts with
signalling molecules, such as Grb2 **” and filamin-2 **’. nNOS is involved in regulation
of enzyme activity. protein targeting and the modulation of contractile force **.
Caveolin-3 is hypothesized to transiently interact with the dystrophin-associated protein
complex, suggesting it may have a regulatory role '>. It may be involved in the normal
functioning of nNOS ***¢? and also may mediate interactions of regulatory proteins with
the intracellular scaffolding network *'. a7-integrin is a member of a transmembrane
receptor protein family that modulates gene expression related to cell migration, adhesion
and apoptosis **’. Filamin-2 interacts with y- and 3-sarcoglycan at the sarcolemmal

427

membrane, but has also been localized to the Z-line of the sarcomere **'. The primary
function of filamin involves the polymerization of actin, critical for the regulation of cell
structure, membrane receptor organization and mechanoprotection **’ . As other filamin
proteins have been implicated in signal transduction, it is likely that filamin-2 is also
involved in the transduction of signals that function to maintain the integrity of skeletal
muscle **’. Furthermore, three members of the sarcoglycan complex (f, v, 8) contain EGF
receptor-like cysteine rich regions that may interact with an extracellular ligand 27°.

Further evidence for multiple functions of the complex come from studies of

laminin-a2 deficient CMD. Evans blue accumulation studies have revealed little
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accumulation of Evans blue in laminin-a2 deficient skeletal muscle, in contrast to that
seen in dystrophin deficient muscle 2*%. It is therefore hypothesized that the pathogenic
mechanism of CMD is different from that of DMD.

Another complex of proteins involved in MD is localized within the cytosol at the
Z-line (Figure 4). The Z-line is the location of the cross-linked anti-parallel actin
filaments. Proteins localized to the Z-line include titin (a candidate gene for TMD),
telethonin (LGMD2G), calpain 3 (LGMD2A) and myotilin (LGMD1A), a-actinin, y-
filamin, etc. Titin is a major component of the Z-line, functioning in muscle assembly
and elasticity **3. It is known to bind a-actinin and it contains a kinase domain that
phosphorylates telethonin *** which may be involved in signalling events during
myofibrillogenesis and myofibril turnover 3**%°. a-actinin is also known to bind myotilin
°72which binds y-filamin **°. The finding of filamin localized with both the sarcoglycans
at the sarcolemmal membrane and the proteins of the Z-disk suggests the possibility that
filamin may act to transduce signals between the sarcoglycan and Z-line complexes **’.
Finally, calpain 3 is hypothesized to be involved in the fasciculation of actin filaments
and their subsequent cross-linking within the Z-line **%. The development of A bands and
[ bands seem to be unaffected by calpain 3 deficiency, whereas Z-line organization is
incomplete, suggesting that calpain 3 is involved in the transition of premyofibrils to
myofibrils **. The localization of calpain 3 to the nucleus as well suggests that it may
control the level of muscle-specific transcription factors and regulate muscle cell

24

differentiation ***. It is also possible that calpain-3 may degrade specific kinases or kinase

domains resulting in the regulation of muscle cells 2*.
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A third complex of proteins involved in MD is localized to the nuclear membrane
(Figure 2). This complex includes emerin (X-linked Emery-Dreifuss MD), lamins A and
C (autosomal dominant and recessive Emery-Dreifuss MD) and nuclear actin '*'. The
function of these nuclear proteins has not been completely elucidated, although the
evidence suggests that emerin is involved in the proper attachment of the nuclear
membrane to the lamina and the reformation of the nuclear envelope after mitosis ''¢***.
The mechanism by which emerin deficiency causes MD (predominantly seen in the post-
mitotic skeletal and cardiac muscle tissues) is still under question. It has been
hypothesized that the cell regeneration required after necrosis is impaired due to defective
quiescent myoblasts, that cannot effectively re-enter the cell cycle to begin proliferation
''® It has also been speculated that deficiencies in lamins A and C result in inadequate
interactions with other proteins and chromatin, rendering the nuclei more susceptible to
physical damage during muscle contraction **2.

In summary, it is clear that the cardinal event of MD is premature muscle cell
death that is eventually not compensated for by cellular regeneration. Currently, three
protein complexes have been implicated in the pathogenesis of MD. However, the
functions of these complexes and the mechanisms by which MD arises are as yet not
completely clarified. It is clear that in many cases, the structure and/or function of the
sarcolemmal membrane is disrupted, resulting in the efflux of cellular solutes and the
influx of extracellular solutes. A mechanical linkage between the three complexes

through the cytoskeleton may therefore have a role in the pathogenesis of MD, either

structural or by mechanical signal transduction. In other cases, this mechanism does not
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explain the pathogenesis of the disorder. The role of apoptosis in the pathogenesis of the
dystrophic phenotype appears to be significant in some forms of MD. However, the
interaction between apoptosis and muscle cell necrosis, and their relationship to muscle
cell death is not yet well-understood. Perhaps similar mechanisms still not vet elucidated
may help explain the ultimate failure of regeneration in MD and result in the
identification of a common pathway for all MD’s. Currently, the preponderance of
evidence suggests that the causes of MD are divergent and a common pathway explaining

the pathogenesis of MD is not very likely.
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Chapter 3. MATERIALS AND METHODS

General methodology is outlined below. Specific information will be discussed in
relevant chapters (4. 5 & 6). General chemicals were obtained from Fisher Scientific
(Nepean, ON) or VWR Canlab (Edmonton, AB).

Clinical Assessments and Investigations

The affected individuals and some of their close relatives were interviewed and
examined by Dr. Cheryl R. Greenberg and consulting neurologists. In some cases,
patients and their families were seen at the Winnipeg Health Sciences Centre. In other
cases, assessments were performed in the patients’ communities. Significant effort was
made to ensure the confidentiality of the participants. Results of assessments were
forwarded by mail to each individual independently. Wherever possible, the anonymity
of individuals in pedigrees was maintained by representing both males and females with
the same diamond symbol. Approval for research was obtained from the University of
Manitoba Human Ethics Committee (Appendix 1).

The involvement of the communities was paramount to the success of this
research. During the studies, the participation of the communities was solicited. In some
cases, individuals from the community assisted with the identification of patients and the
dissemination of information (about the study and the results). These individuals also
provided useful feedback for further studies. We attempted to be sensitive to the issues
raised by the communities. Furthermore, we were careful to-ensure that the results of the
research were conveyed to each individual participant and the communities as a whole.

Following informed consent, patients and extended family members underwent a
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neuromuscular examination, determination of serum CK levels, and in some cases blood
group serology. Electrophysiological studies, open muscle biopsies and
echocardiographic assessments were performed where feasible. Blood was drawn for
DNA extraction and banking and in some cases for Epstein Barr virus transformation.
Genomic DNA Isolation

DNA was extracted from whole blood as previously described '>. Whole blood
(=8 mL/tube) collected in a 10 mL Vacutainer EDTA tube (Becton Dickinson, Franklin
Lakes, NJ) was transferred into a 50 mL disposable centrifuge tube and NH,Cl:Tris
(0.14M NH,CI, 0.017M Tris) was added to 45 mL. The tube was mixed and incubated at
37°C for 5 - 10 min to lyse the red blood cells. The sample was then spun at 3000 rpm in
a Sorvall RC2B centrifuge (SS34 rotor) (Ivan Sorvall, Inc., Norwalk, CN) orin a
Beckman J2HS centrifuge (JA17 rotor) (Beckman Instruments, Palo Alto, CA). After
discarding the supernatant, the pellet was resuspended in 10 mL of saline (0.85% NaCl)
and spun again at 3000 rpm. The supernatant was discarded and the pellet was
resuspended in 2 mL of High TE (100 mM Tris, 40 mM EDTA, pH 8). Blood lysis
solution (100 mM Tris, 40 mM EDTA, 0.2% SDS. 1 M NaCl, pH 8) was added to
approximately 5 mL and mixed 2-3 times with a 5 mL syringe and an 18 gauge needle.
An equal volume (=5 mL) of Tris-saturated phenol was then added and the suspension
was gently mixed for 10 min on an Orbitron shaker (Boekel Scientific, Feasterville, PA),
resulting in a milky emulsion. The sample was spun at 3500 rpm for 5 min and the
aqueous phase was removed to a clean tube. 2 mL of High TE were added to the new

tube and then the volume was doubled with the addition of Tris-saturated phenol. The
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solution was mixed for 10 min, spun and the aqueous phase transferred to a clean tube.
The aqueous phase was then extracted with an equal volume of CHCl;:isoamyl alcohol
(24:1) and then was again removed to a clean tube. 1/50th volume of 5 M NaCl was
added (=150 puL) and mixed. An equal volume of absolute ethanol was added to the tube
resulting in a 50% ethanol solution. The solution was mixed several times and =10 mL
of the mixture was removed. An equal volume of absolute ethanol was again added to
the tube resulting in =70% ethanol solution. After mixing, the supernatant was removed
and 5 mL of absolute ethanol was added to the tube and mixed. The DNA pellet was
removed and placed in a microfuge tube. The pellet was dried at room temperature until
translucent and then resuspended in 1 to 1.5 mL of Low TE (10 mM Tris, I mM EDTA,
pH 8). by mixing overnight at 4°C on the Orbitron shaker (Boekel Scientific, Feasterville,
PA).
PAC DNA Isolation

PAC DNA was isolated as suggested by Roswell Park Cancer Institute, Buffalo,
New York (now Children’s Hospital Oakland Research Institute) on the BACPAC
Resources website (http://www.chori.org/bacpac/). PAC clones were received in LB
stabs from the MRC Genome Resource Centre at the Centre for Applied Genomics,
Hospital for Sick Children (Toronto, ON). Clones were streaked to generate single
colonies on LB plates [2% LB Broth Base (Canadian Life Technologies, Burlington, ON),
1.5% agar] supplemented with 25 ug/mL kanamycin (Boehringer Mannheim, Laval, PQ).

Single isolated bacterial colonies were innoculated into 2 mL of Luria Broth [2%

LB Broth Base (Canadian Life Technologies, Burlington, ON)] + 25 pug/mL kanamycin
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(Boehringer Mannheim, Laval, PQ) in a 15 mL polypropylene tube. Cultures were
incubated overnight at 37°C with shaking at 225 - 300 rpm. For long term storage at -
70°C, 1 mL of saturated culture was mixed with 1 mL of glycerol storage solution (65%
glycerol, 0.1 M MgSO;, 0.025 M Tris, pH 8.0).

To isolate DNA, a 2 mL saturated culture (incubated overnight) was spun in the
Sorvall RC2B centrifuge (SM24 rotor) (Ivan Sorvall. Inc., Norwalk, CN) at 3000 rpm for
10 min. The supernatant was discarded. The cell pellet was resuspended in 300 uL P1
solution [15 mM Tris pH 8. 10 mM EDTA, 100 pg/mL RNase A (Sigma-Aldrich, St.
Louis, MO)]. 300 uL of P2 solution (0.2 N NaOH, 1% SDS) was then added and the
tube was shaken gently. The tube was incubated at room temperature for 5 min. 300 uL
of P3 solution (3 M potassium acetate, pH 5.5) was then added slowly while shaking.
The tube was incubated on ice for 5 min and then spun at 10,000 rpm for 10 min at 4°C
in a Micromax centrifuge (International Equipment Company, Needham Heights, MA).
The supernatant was transferred to a 1.5 mL microfuge tube containing 800 uL ice-cold
isopropanol on ice. The tube was mixed and then incubated on ice for 5 min. The
sample was then spun in a microfuge for 15 min at 4°C. The supernatant was discarded
and 500 pL of 70% ice-cold ethanol was carefully added to the tube. The sample was
spun for 5 min at 4°C and then the supernatant was discarded. The pellet was dried at
room temperature until translucent, and resuspended in 40 uL of Low TE.

YAC DNA Isolation
YAC clones were received from the MRC Genome Resource Centre in YPD agar

stabs (1% yeast extract, 2% peptone, 2% glucose, 2% agar). Each clone was plated on an
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AHC plate [0.17% veast nitrogen base (Difco Laboratories, Detroit, MI), 0.5% NH,SO,,
1% casein hydrolysate (United States Biochemical, Cleveland. OH). 0.002% adenine
hemisulfate (Sigma-Aldrich, St. Louis, MO), 2% dextrose, 1% agar (Difco Laboratories,
Detroit, MI), pH 5.8]. Yeast cells were then collected from half of an 80% confluent
plate, vigorously mixed in 1 mL of 20% glycerol and frozen for storage at -70°C.

YAC DNA was isolated using a crude boiling extraction method modified from a
protocol described by Walsh er a/, in 1991 *°. 2 mL of AHC medium ina 15 mL
polypropylene tube were innoculated with 100 puL of yeast cells from a frozen glycerol
stock. The tube was incubated overnight at 30°C, with shaking. The culture was
transferred to a 1.5 mL microfuge tube, spun in a microfuge for 5 seconds and the
supernatant was decanted. The pellet was resuspended in 500 pL of sterile distilled
water, transferred to a 500 nL microfuge tube and spun for 5 seconds. The supernatant
was decanted and 350 uL of 10% Chelex 100 (iminodiacetic acid, Sigma-Aldrich, St.
Louis, MO) was added to the pellet. The solution was vigorously mixed and the tube was
incubated in a PTC-100 thermocycler (MJ Research, Waltham, MA) for 5 min at 56°C
and 4 min at 100°C. The sample was then vigorously mixed and spun for 5 min. 100 uL
aliquots of the supernatant were removed to new microcentrifuge tubes for storage at -
70°C.

Restriction Enzyme Analysis of Genomic DNA

15 ug of human genomic DNA was cut in a total volume of 50 uL in the presence

of 1 times restriction buffer [330 mM Tris-Acetate (pH 7.9-8.0), 660 mM K-Acetate, 100

mM Mg-Acetate, 30 mM Spermidine (Sigma-Aldrich, St. Louis, MO), 1 mg BSA/mL
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(New England Biolabs, Beverley, MA) and 30 units of restriction enzyme (New England
Biolabs, Beverley. MA; Promega, Madison, WI)]. Samples were incubated overnight at
37°C. 5 uL of loading dye [15% Ficoll (Sigma-Aldrich, St. Louis, MO), 0.25%
Bromphenol Blue (Sigma-Aldrich, St. Louis, MO), 0.25% Xylene Cyanol (Sigma-
Aldrich, St. Louis, MO), 0.4% Orange G (Sigma-Aldrich, St. Louis, MO). IM Tris, pH
8.0] was added to each tube after restriction enzyme digestion.
Restriction Enzyme Analysis of PAC DNA

15 uL of PAC DNA was cut in a total volume of 50 uL in the presence of 1 times
restriction buffer and 20 units of restriction enzyme (New England Biolabs, Beverley,
MA; Promega, Madison, WI). Samples were incubated at 37°C for 5 - 6 hrs. 5 uL of
loading dye were added to each DNA sample after restriction enzyme digestion.
Agarose Gel Electrophoresis

DNA fragments were separated in 1% - 1.5% agarose (Canadian Life
Technologies, Burlington, ON) gels buffered with 0.5 times TAE (25 mM Tris, 10 mM
Na-Acetate, 0.5 mM EDTA, pH 8.1) by electrophoresis (100 - 120 V). In some cases,
ethidium bromide (Sigma-Aldrich, St. Louis, MO) was added to the gel prior to
electrophoresis at a concentration of 0.25 ug/mL, whereas in other cases the gels were
stained with ethidium bromide after electrophoresis. DNA was visualized under UV
light.
Pulsed Field Gel Electrophoresis

One to two mm of low-range and mid-range PFG markers (New England Biolabs,

Beverley, MA) were loaded into wells of a 1.5% agarose gel (Canadian Life
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Technologies, Burlington, ON) in 0.5 times MTBE (0.065 M Tris base, 0.022 M Boric
Acid, 0.001 M EDTA). 60 uL of restriction enzyme digested PAC DNA were loaded
into each well. The DNA fragments were separated using a CHEF DR II Electrophoresis
cell, Pulsewave 760 and Model 200 power supply (Bio-Rad Laboratories, Hercules, CA)
with 0.5 times MTBE buffer cooled to approximately 12°C. Settings were as follows:
Initial time - 3 secs; Final time - 8 seconds; Start Ratio - 1; Run Time - 16 hrs; Voltage -
200 V. After separation, gels were stained with ethidium bromide and DNA was
visualized under UV light.
Southern Blotting

The Southern blotting protocol is a modification of the original protocol described
by E.M. Southern in 1975 **'. Gels were rinsed in deionized water and then incubated in
10 volumes of depurination solution (0.25 N HCI) for up to 30 min. The gels were then
rinsed again in deionized water and incubated in denaturation solution (1.5 M NaCl, 0.5
M NaOH), twice for 20 min. After rinsing, the gels were then incubated in neutralization
solution (1.5 M NaCl. 0.5 M Tris-HCI, pH 7.0), twice for 20 min. The gels were then
placed in a blotting apparatus (sponge. paper towel, Whatman filter paper, gel, Hybond N
nylon membrane (Amersham Pharmacia Biotech, Baie d*Urfe, PQ), Whatman filter paper
(Intersciences Inc., Markham, ON), paper towel, 300 g weight with 500 mL of 10 times
SSC (1.5 M NaCl, 0.15 M Na,Citrate). DNA was allowed to transfer from the gel onto
the Hybond N nylon membrane overnight. After completion of the transfer, the apparatus
was disassembled, and the membrane was washed in 2 times SSC (0.3 M NaCl, 0.03 M

Na,Citrate), allowed to dry, and then baked for 30 min at 80°C in a gel dryer (DryGel Sr.
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Slab Gel Dryer, Hoefer Scientific Instruments, San Francisco, CA). The membrane was
then UV irradiated on a Fotodyne Fotoprep I UV-transilluminator (New Berlin, WI) for 1
- 2 mins. Membranes were wrapped in plastic wrap and stored at 4°C.
Hybridization
Oligonucleotide End-Labelling and Hyvbridization

The oligonucleotide hybridization protocol was obtained from Current Protocols
in Molecular Biology, Chapter 6.4 '*'. 20 - 40 pmols of oligonucleotide (Research
Genetics. Huntsville, AL; Integrated DNA Technologies, Coralville, IA) were end-
labelled with 0.5 - 1.0 uCi y’P-ATP (5 x 107 cpm/pug) (ICN Biomedicals, Costa Mesa,
CA; NEN Life Science, Boston, MA) in the presence of 1 times kinase buffer (60 mM
Tris, 10 mM MgCl,, 200 mM KCl) and 5 units of T4 polynucleotide kinase (Canadian
Life Technologies, Burlington, ON) in a final volume of 30 uL.. Reactions were
incubated for 30 min at 37°C, followed by 10 min at 65°C and then placed on ice. 10
mM Tris, 15 mM NaCl was added to a final volume of 100 uL. The probe was then
purified using a Sephadex G25 column (Boehringer Mannheim, Laval, PQ) and counted
on a liquid scintillation counter (Model LS3801, Beckman Instruments, Fullerton, CA).
After heat denaturation of the labelled probe, a minimum of 10° cpm/mL of the labelled
probe was mixed with 25 mL prewarmed SSC hybridization solution {6 times SSC (0.9
M NaCl. 0.09 M Na,Clitrate); 1 times Denhardt’s [0.02% BSA (New England Biolabs,
Beverley, MA)), 0.02% Ficoll (Sigma-Aldrich, St. Louis, MO), 0.02%
polyvinylpyrrolidone]; 100 ug/mL yeast tRNA (Boehringer Mannheim, Laval, PQ); and

0.05% sodium pyrophosphate} and mixed.
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25 mL of SSC prehybridization solution {6 times SSC (0.9 M NaCl, 0.09 M
Na,Citrate); 5 times Denhardt’s [0.1% BSA (New England Biolabs, Beverley, MA), 0.1%
Ficoll (Sigma-Aldrich, St. Louis, MO), 0.1% polyvinylpyrrolidone]; 0.05% sodium
pyrophosphate; 100 ug/mL denatured salmon sperm DNA (Sigma-Aldrich, St. Louis.
MO); and 0.5% SDS} prewarmed to 37°C was incubated with Hybond N nylon
membrane (Amersham Pharmacia Biotech, Baie d*Urfe, PQ) for 1 hrat37°C ina
Robbins Scientific Model 2000 Micro Hybridization incubator (Sunnyvale, CA). The
SSC prehybridization solution in the hybridization tube was discarded and the SSC
hybridization solution containing the labelled probe was added. The membrane and
hybridization solution were allowed to incubate for 14 - 48 hr (14 bp oligo ~ room
temperature, 17 bp oligo — 37°C, 20 bp oligo ~ 42°C, 23 bp oligo — 48°C).

After incubation, the membrane was removed from the hybridization solution and
washed 3 - 5 times for 5 - 15 min in 6 times SSC (0.9 M NaCl, 0.09 M Na,Citrate)and
0.5% pyrophosphate at room temperature. This was followed by a 30 minute wash in the
same solution at 30°C. Following each wash step, the membranes were monitored for
radioactivity. Once membranes exhibited background radioactivity readings, they were
mounted on a solid support and exposed to Kodak Biomax MR X-Ray film (Eastman
Kodak, Rochester, NY) at -70°C for 24 to 72 hrs.

Random Primed Labelling and Hybridization

DNA was labelled by random priming using the Random Primers DNA Labelling

System kit obtained from Canadian Life Technologies (Burlington, ON). 50 ng of

denatured DNA was incubated with 1 pmol each of dCTP, dGTP, dTTP, 15 uL of
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Random Primers Buffer mixture [0.67 M HEPES, 0.17 M Tris-HCI, 17 mM MgCl,, 33
mM 2-mercaptoethanol. 1.33 mg/ml BSA, 18 OD260 units/ml oligodeoxyribonucleotide
primers (hexamers), pH 6.8], 5 uL (=50 uCi) of a-*P-dATP (1-2 x 10° cpm/pug) (ICN
Biomedicals, Costa Mesa, CA; NEN Life Science, Boston, MA) and 3 units of Klenow
fragment, in a final volume of 50 uL for 3 hrat 25°C. 5 uL of 0.5 M EDTA, pH 8.0 was
added to stop the reaction. The probe was purified on a Sephadex G50 column
(Boehringer Mannheim, Laval. PQ) and the counts per minute were determined on a
liquid scintillation counter (Model LS3801, Beckman Instruments, Fullerton, CA).
Hybridization was performed as described by Dyson et a/ ™'*?. Hybond N nylon
membranes (Amersham Pharmacia Biotech, Baie d*Urfe, PQ) were moistened in 6 times
SSC (0.9 M NaCl, 0.09 M Na;Citrate) and then placed in a 50 mL polypropylene tube
with 1 mL prewarmed APH solution 5 times SSC (0.75 M NaCl, 0.075 M Na,Citrate); 5
times Denhardt’s Solution; 1% SDS; and 100 pug/mL denatured salmon sperm DNA
(Sigma-Aldrich, St. Louis, MO)] per 10 cm® of membrane. Membranes were incubated
in a Robbins Scientific Model 2000 Hybridization Incubator (Sunnyvale, CA) for 15 min
to 3 hrat 68°C. After incubation, the APH solution was discarded and replaced with the
same volume of APH solution to which a minimum of 10° cpm/mL of labelled probe was
added. The membranes were allowed to incubate at 68°C overnight. Afier incubation,
membranes were removed from the hybridization tubes and washed twice with 2 times
SSC (0.3 M NaCl, 0.03 M Na,Citrate), 0.1% SDS for five min at room temperature,
followed by two washes with 0.2 times SSC (0.03 M NaCl, 0.003 M Na,Citrate), 0.1%

SDS for another five min at room temperature, followed by two washes with the same
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solution for fifteen min at 42°C, followed by two washes with 0.1 times SSC (0.015 M
NaCl, 0.0015 M Naj,Citrate), 0.1% SDS for fifteen min at 68°C. Following each wash
step. the membranes were monitored for radioactivity using a Geiger counter. Once
membranes exhibited background radioactivity readings, thev were rinsed in 2 times SSC
(0.3 M NaCl, 0.03 M Na,Citrate) at room temperature, blotted, mounted on a solid
support and exposed to Kodak Biomax MR X-Ray film (Eastman Kodak, Rochester, NY)
at -70°C for 24 to 72 hrs.
Polymerase Chain Reaction

PCR amplifications were performed using 1 uL - 5 uL of template DNA (=200
mg/mL) in the presence of 1 times PCR buffer (10 mM Tris-HCI pH 8.3, 50 mM KCLI. 1.5
mM MgCl,, 0.01% gelatin), 200 uM dATP, 200 uM dCTP, 200 uM dGTP, 200 uM
dTTP (Promega, Madison, WI; Sigma Aldrich, St. Louis, MO; Boehringer Mannheim,
Laval, PQ). 300 - 400 nM forward and reverse primer (Research Genetics, Huntsville,
AL; Integrated DNA Technologies, Coralville, IA) and 0.225 units of Taq DNA
polymerase (Canadian Life Technologies, Burlington, ON; Sigma-Aldrich, St. Louis,
MO). The PCR reactions were carried out in a PTC-100 thermocycler (MJ Research,
Waltham, MA) as follows: an initial denaturation step at 95°C for 3 min; 35 cycles of
95°C for | minute, Tm for 1 minute, 72°C for 1 minute; a final extension step at 72°C
for 8 min. Reaction products were stored at 4°C or -20°C. The melting temperature
(Tm) of each primer was determined using the following equation: [(# of G/C bp)(4) +
(#A/T bp)(2) + (#G/C bp surrounded by G/C) - (#G/C bp surrounded by A/T)]. The

lower temperature of the two primers was used as the Tm of the primer pair.
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In some cases, reaction conditions were optimized by performing PCR
experiments with MgCl, gradients (0.5 mM - 3.0 mM), formamide gradients (0% - 5%),
DMSO gradients (0% - 10%) and glycerol gradients (0% - 20%) final concentration in the
PCR reaction mix.

Microsatellite Genotypes

Oligonucleotide primers designed to amplify microsatellite loci (MapPairs) were
obtained from Research Genetics, Inc. (Huntsville, AL). Genotypes were determined
according to protocols reported elsewhere **'°*” with minor modifications. Prior to
amplification, the forward primer was end-labelled using 0.5 units of T4 polynucleotide
kinase (Canadian Life Technologies, Burlington. ON) in the presence of kinase buffer (60
mM Tris-HCI, 10 mM MgCl,, 200 mM KCl) and 0.5 - 1 uCi [y-*P]JATP (ICN
Biomedicals, Costa Mesa, CA; NEN Life Science, Boston, MA) in a final volume of 40
uL. PCR amplification was performed as described above using | uL of genomic DNA
and the labelled forward primer. The PCR reactions were carried out in a PTC-100
thermocycler as follows: an initial denaturation step at 95°C for 3 min; 35 cycles of 95°C
for 1 minute, Tm for I minute, 72°C for 1 minute; a final extension step at 72°C for 8
min. Reaction products were stored at 4°C or -20°C. The melting temperature (Tm) of
each primer was determined as indicated above. After amplification, PCR products were
denatured with the addition of 0.5 volumes of stop solution (98% formamide, 10 mM
EDTA, 0.1% bromphenol blue, 0.1% xylene cyanol), and incubated at 95°C for 5 min
followed by snap cooling on ice. 3 uL of the PCR products were then separated on a 6%

denaturing polyacrylamide gel (Model S2, Life Technologies, Rockville, MD)(19:1
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acrylamide : N-N" methylenebisacrylamide, 7M urea, 1 times MTBE (0.13 M Tris base,
0.044 M Boric Acid. 0.002 M EDTA) at 65 watts for 1.5 - 3 hr. After separation, the gel
was transferred to filter paper, fixed in 15% methanol / 10% acetic acid, dried and
exposed to Kodak Biomax MR X-Ray film (Eastman Kodak, Rochester, NY) overnight.

Alleles for each microsatellite locus were sized with respect to CEPH individuals
1331-01, 1331-02, 1347-01, and 1347-02. Where possible CEPH genotypes were
obtained from the CEPH database (http://www.cephb.fr). Map locations were obtained
from the Genome Database (GDB (http://gdbwww.gdb.org/), the Genetic Location
Database (LDB (http://cedar.genetics.soton.ac.uk/public_html/) and relevant
publications.

Genotype data in base pairs, generated for each Hutterite individual at each locus,
were stored in a Microsoft Visual FoxPro version 3.0a database (Redmond, WA). To
maintain confidentiality, the identifying patient information was stored in a separate table
from all genotypes and clinical data. The database was stored on a single computer and
password protected. When necessary, the two separate tables in the database were
distributed by email after encryption using PGP (Pretty Good Privacy, version 6.5.1,
http://www.pgp.com/, Network Associates, Santa Clara, CA).

Data Verification

The accuracy and authenticity of genotypes were established in several ways.
CEPH DNA with a known genotype was loaded onto each side of the sequencing gel to
serve as a sizing control, and DNA samples of representative individuals were run on the

same gel as their untyped family members. Genotypes were initially written on the film
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and then transcribed onto a marker report generated from the FoxPro database. All
previously generated genotypes were then checked against the newly generated genotypes
to maintain consistency. Films and marker reports were then provided to the database
administrator for validation. Interpretation of genotypes and transcription of genotypes
from the film to the report were examined. Once in agreement, the database
administrator entered the genotypes into the FoxPro database. Entries in the database
were validated further by exporting the data in a Linkage format file ** which was then
used to run Pedraw '*’ (to check for pedigree structure errors) and PedCheck ** (to check
for errors in the genotypes). If no errors were found, a new marker report was generated,
and the transcription of the data from the report to the database was proofread by the
individual who ran the experiment.

In some cases, slippage events in the replication of the marker resulted in the
generation of a new allele in a family. After repeating the PCR and electrophoresis to
confirm the discrepancy, the genotype was recorded correctly on the film, an annotation
was made on the film regarding the non-Mendelian inheritance and the genotype was
recorded as “0 0" in the database.

Two Point Linkage Analysis

Linkage analysis was performed using the LINKAGE programs (versions 5.1 and
5.2) ¥ and the FASTLINK version (3.0P, 4.0P and 4.1P) of the LINKAGE programs
108377578 MLINK was used for two-point analysis of an autosomal recessive trait
exhibiting complete penetrance. ILINK was used to determine the maximum likelihood

estimate of the recombination fraction and estimate marker allele frequencies where
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necessary, considering the marker locus to be unlinked to the disease. Inferred genotypes
were not included in any calculations.
Multipoint Linkage Analysis

Multipoint lod scores were computed using the GENEHUNTER program (version
1.1) 7 and SimWalk2 *'. One cM was assumed to be equivalent to one Mb. Data was
converted from Linkage format into Simwalk2 format using Mega2
(http://watson.hgen.pitt.edu/docs/mega2_html/mega2.html)™'.
Haplotype Analysis

The most parsimonious haplotypes are presented, under the assumption that a
minimal number of recombination events had occurred. Some missing genotypes were
inferred. where possible. All haplotypes were generated manually and in some cases,
were confirmed using the Simwalk2 program *°'. Data were converted from Linkage
format into Simwalk?2 format using Mega2
(http://watson.hgen.pitt.edu/docs/mega2_html/mega2.html)*".
Bioinformatics Methodology
Primer Design

Oligonucleotide primers were designed to amplify specific loci using the Primer3
server located at the Whitehead Institute for Biomedical Research
(http://www-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi)**>. DNA sequence was
entered into the form, optimum primer size was selected to be 20 bp and the optimum Tm

was selected to be 60°C. Calculated primer pairs were used that netted the largest

possible PCR product with minimal differences in the melting temperature using the Tm
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calculation described above (p. 90).
Sequence Similarity Analysis

Sequence similarity searches were performed using the BLAST (Basic Local
Alignment Search Tool) tools 3° located at the National Centre for Biotechnology
Information (NCBI - http://www.ncbi.nlm.nih.gov/BLAST/) and at the UK Human
Genome Mapping Project (HGMP) (http://www.hgmp.mrec.ac.uk/). Gapped BLASTN
was performed using the BLOSUM 62 matrix without masking for repeats (filtering was
turned off). Significant alignments were defined as those with expect values less than le-

100.

Sequence Alignment

Sequences were aligned using the BLAST 2 sequences server located at the
National Centre for Biotechnology Information (NCBI -
http://www.ncbi.nlm.nih.gov/BLAST/) and CLUSTAL W ** at the UK HGMP
(http:// menu.hgmp.mrec.ac.uk/menu-bin/MAGI/magi) and the Canadian
Bioinformatics Resource (CBR -
http://www.cbr.nrec.ca/newdocs/services/clustalw_form.html). When aligning long
sequences (>50 kb) using BLAST 2 Sequences, word-size was increased and low
complexity and human repeat filtering were activated .
Electronic PCR Analysis

Electronic PCR was performed at both NCBI
(http://www.ncbi.nlm.nih.gov/genome/sts/epcr.cgi) and GDB

(http://www.gdb.org/gdb/seqEpecr.html). Accession numbers corresponding to large
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genomic sequences of interest were submitted to each server. The resulting list of STS’s
returned from each server was compared and a master list of STS’s present in each large

genomic clone was compiled.
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Chapter 4. LIMB GIRDLE MUSCULAR DYSTROPHY AND MIYOSHI

MYOPATHY IN TWO CANADIAN ABORIGINAL KINDREDS

Most of the data presented in this chapter were published in the following two papers:

Weiler T, Greenberg CR, Nylen E, Halliday W, Morgan K, Eggertson D, and Wrogemann
K. (1996) Limb girdle muscular dystrophy and Miyoshi myopathy in an aboriginal
Canadian kindred map to LGMD2B and segregate with the same haplotype. American

Journal of Human Genetics 59;: 872-878

Weiler T, Bashir R, Anderson LV. Davison K. Moss JA, Britton S, Nylen E, Keers S,
Vafiadaki E, Greenberg CR, Bushby CR, and Wrogemann K. (1999) Identical mutation
in patients with limb girdle muscular dystrophy type 2B or Miyoshi myopathy suggests a

role for modifier gene(s). Human Molecular Genetics 8: 871-877
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Introduction/Overview

In the early 1990s, nine individuals from a large Canadian aboriginal (Saulteaux)
kindred were identified with either early onset autosomal recessive LGMD or later onset
distal myopathy *”’. The majority of the patients in this kindred (Figure 5) resulted from
consanguineous matings. Therefore, we hypothesized that the two diseases were caused
by the same mutation in the same gene and that all patients would be homozygous by
descent for the chromosomal region harbouring the disease-causing mutation. Analysis
of eight candidate genes revealed that the disease gene in this kindred was linked to the
LGMD2B/MM locus on chromosome 2p13 *”’. Initial coarse haplotype analysis spanning
20 cM revealed the same haplotype segregating with both LGMD and distal myopathy
phenotypes, but three patients affected with LGMD were heterozygous for that disease-
associated haplotype. We therefore revised our hypothesis to suggest that LGMD2B and
MM could be caused by the same mutation in the same gene and that there were probably
two separate founder mutations in the disease gene in this kindred.

After completion of the haplotype analysis, a physical map of chromosome 2p13
was constructed. Four PAC clones containing the microsatellite marker D2529/, one of
the markers closely linked to the LGMD2B/MM locus, were used to create a small
physical contig. However, during construction of the contig, the LGMD2B/MM disease
gene was identified by Bashir er al, and Brown et al to be DYSF, a homologue of the
Caenorhabditis elegans spermatogenesis factor, fer-1 ***’. Bushby er al from the
University of Newcastle-upon-Tyne screened genomic DNA from two of our Canadian

aboriginal LGMD?2B patients (one homozygous and one heterozygous for the coarse
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Figure 5. Pedigree of a large aboriginal Saulteaux kindred in which LGMD and MM are
segregating. Patients #1 and #2 are affected with MM, Patients #3 - #9 are affected with
LGMD, Patient #10 is presymptomatic (Table §). Arrows indicate the two parents who
cannot be linked to the founder couple. The subset of this pedigree that was used in
linkage and haplotype analyses is indicated with brackets. The pedigree has seven
consanguinity and marriage loops. Consanguinity is indicated by double lines 75477
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disease-associated haplotype) for mutations in the dysferlin gene. Both patients were
homozygous for a 2745C>G transversion (P791R).

While the mutation was being identified in Newcastle-upon-Tyne, one additional
patient from the original large Saulteaux kindred and five patients from two other
aboriginal Chipewyan kindreds affected with LGMD were identified. Investigations into
five of these additional patients (Figure 6) also revealed linkage to the LGMD2B/MM
locus *¢. Furthermore, refined linkage analysis, using a set of markers within and
surrounding the disease gene, DYSF, indicated that all 14 patients, both classical LGMD
and MM, were homozygous for a small region spanning a portion of the dysferlin gene
including the mutation 2745C>G *. This analysis confirmed our initial hypothesis that
all patients would be homozygous by descent for the chromosomal region surrounding the
disease-causing mutation. PCR analysis of the PAC contig using primers designed to
amplify exon 52 of DYSF revealed that three of the four PAC clones within this 230 kb
contig contain at least one of the DYSF exons.

Results

Patients and Pedigrees

Three aboriginal kindreds with fifteen individuals manifesting features of either
LGMD or MM were identified in two distinct communities (Saulteaux and Chipewyan)
in the province of Manitoba, Canada (Figure 7) ¥**”". Detailed pedigrees (Figure 5,
Figure 6) were constructed from genealogical information ascertained from multiple
sources. These included interviews with the families and elders of the First Nations

communities and the Grand Chief of Manitoba First Nations as well as extensive review
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Figure 6. Pedigree of two small aboriginal Chipewyan kindreds in which LGMD is
segregating. Patients #11 - #14 are affected with LGMD (Table 5). Numbers inside the
shapes indicate the number of offspring. Diagonal slashes indicate deceased individuals
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Figure 7. Map of Manitoba indicating the locations of the two aboriginal communities
affected with LGMD/MM.
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of Anglican and Catholic diocese records, Government of Manitoba and Hudson's Bay
Company of Canada Archives.

The largest kindred (Saulteaux), showing ten affected individuals, is presented in
Figure 5. It has been modified to maintain confidentiality. Two smaller families
(Chipewyan) with five affected individuals are shown in Figure 6. Segregation of the
disease in the three pedigrees is consistent with autosomal recessive inheritance. Seven
consanguineous matings were identified in the large kindred (Figure 5), with one or both
parents of every affected individual confirmed as a descendant of one founder couple,
seven generations back *”°. It was not possible to establish a link to this founder couple
for two carrier mothers (Figure 5) or the two other small families (Figure 6) *75*7".
Patient assessments were performed as described in Chapter 3 (p. 80) and clinical data
from all affected individuals are presented in Table 5 *5*77. DNA was extracted from
whole blood as described in Chapter 3 (p. 81).

All patients noted the onset of weakness in their teens and at presentation
demonstrated features of either predominantly proximal or distal wasting and weakness.
Extraocular and facial muscles were spared in all Two of the patients (#1 and #2)
manifested predominantly the MM phenotype with distal wasting, distal weakness,
grossly elevated CK and slow progression of disease to involve proximal muscles
(Chapter 2, p. 39). Eleven patients (#3 - #9, #11- #14) presented with predominantly
proximal wasting and weakness, grossly elevated serum CK and all, with time, have
shown distal involvement consistent with LGMD2B (Chapter 2, p. 56). All were

wheelchair bound by their mid-twenties. Patient #10 presented at 12 years of age with
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painless asymmetric calf hypertrophy and a grossly elevated serum CK. She was
otherwise asymptomatic *®. Muscle biopsies all demonstrated dystrophic changes of
varying degrees, and findings were similar in LGMD and MM patients. Some
inflammatory changes were evident in the muscle biopsy of patient #10, in addition to
dystrophic changes. No cardiac disease was evident in affected individuals, although
only three have had formal assessments with ECG and echocardiography. Most of the
obligate carrier parents were available for study and all had normal muscle strength. The
obligate carrier mothers studied had CK levels ranging from 45 - 131 UL (N=25-110
U/L) with a median of 90 U/L and a mean of 73 U/L. The obligate carrier fathers studied
had CK levels ranging from 105 - 350 U/L (N =52 - 175) with a median of 195 U/L and
amean of 218 U/L. CK levels of siblings of patients studied ranged from 75 - 372 U/L
and all were asymptomatic.
Linkage Analysis

The process of identifying the disease gene in this kindred was initiated by
determining the genotypes of the patients and their families for microsatellite markers
known to be linked to candidate genes and then performing linkage analysis.
Oligonucleotide primers designed to amplify 43 microsatellite loci linked to eight
candidate genes including FCMD (Chr 9) **%, LAMA?2 (Chr 6) '*>, LGMDIA (Chr 5) ¥ 406,
LGMD24 (Chr 15) ¢, LGMD2B (Chr 2) **%*2, LGMD2C (Chr 13) *, LGMD2E (Chr 4) »'
and MPDI (Chr 14) > were used (Figure 8). Genotypes were determined and linkage
analysis was performed as described in Chapter 3 (Pp. 91 and 93). Disease allele

frequency was assumed to be 0.05, marker allele frequencies were initially assumed to be
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equal and all ancestors were assumed to be unaffected. To search for linkage, two-point
linkage analysis was initially performed on a subset of the large kindred without any
consanguinity or marriage loops (Figure 9). Linkage was excluded for seven candidate
regions with two-point lod scores less than -2.0 for at least one of the markers in each
region (Table 6).

Two-point linkage analysis of the disease versus 19 microsatellite markers linked
to LGMD2B/MM *'"°7* using the three subsets of the large pedigree under the
assumption of equally frequent marker alleles. gave lod scores suggestive of linkage for
several markers, but greater than 3.0 only for D2S286 (Table 7). Two-point lod score
analysis using the three-locus haplotype (D2S5291-D2S145-D2S286) as a single marker **’
gave a maximum lod score of 4.26 (6 = 0.0).

The additional genealogical information present in the large aboriginal kindred
(Figure 5) was then used to calculate two-point lod scores for the chromosome 2p loci *7°.
In order to minimize false-positive results for linkage of the disease to the LGMD2B
locus *#, the marker allele frequencies were estimated (described in Chapter 3, p. 93) for
both the subset of the pedigree (Figure 9) and for the complex pedigree with seven
consanguinity and marriage loops (Figure S, K Morgan & TM Fujiwara) . To assess how
conservative this approach was, the maximum lod scores were computed by estimating
allele frequencies as nuisance parameters *> (Table 7, K Morgan & TM Fujiwara). The
numerator of the likelihood ratio was computed for maximum likelihood estimates of
theta (8) and estimated allele frequencies, and the denominator was computed for 6=0.5

and estimated allele frequencies. These maximum values of the lod scores using marker
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Table 6. Lod scores from two-point linkage analysis between the aboriginal
LGMD/distal myopathy and markers linked to seven candidate loci.

Chr Candidate Locus Marker Locus Recombination Fraction

0.00 0.0 0.05 0.10 020 0.30
4 LGMD2E D4S1536 - 463 -232 -136 -0.55 -0.20
D4S1547 < -004 042 144 025 0.09

D4S1594 - -047 0.07 0.18 0.15 0.07
D45396 - 203 -1.08 -066 -031 -0.15
5 LGMDIA CSFIR -« -639 -295 -1.59 -0.63 -0.15
IL9 - -1.61 -0.63 -0.22 004 0.07
D3S107 -~ 271 -138 -0.85 -0.38 -0.19
D3S8207 - -2.13 -1.29 -0.87 -043 -0.22

D58210 - -048 0.10 026 026 0.15
6 LAMA2 D6S292 - -6.82 -3.69 -246 -1.32 -0.62
D6S413 277 206 -1.23 -0.78 -0.34 -0.13

D6S+457 s -558 -296 -190 -095 -0.48

9 FCMD D9S127 1.13 1.10 098 0.83 0353 0.26
D9S306 - -460 -230 -133 -049 -0.15

D9S58 - -821 -394 -224 -0.83 -0.28
I3 LGMD2C DI3S115 -0 2732 -339 -190 -0.70 -0.24
DI13S120 -0 =556 -262 -141 -042 -0.05

14 MPD! MYH7 -o =369 -1.24 -045 -0.02 0.01
DI145283 -0 -3.67 -1.74 -093 -0.28 -0.06

D14550 = -139 -022 025 041 0.27

DI14564 - -1.51 -0.28 0.09 0.22 0.12

15 LGMD24 FBN1 - -1.81 -096 -0.58 -0.25 -0.11
THBS - -1.17 -0.52 -0.27 -0.09 -0.03

DI58132 - -822 -401 -231 -0.89 -0.30

Disease allele frequency was assumed to be 0.05
Marker allele frequencies were assumed to be equal
Map locations and genetic distances are shown in Figure 8
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Table 7. Lod scores for linkage of aboriginal LGMDY/distal myopathy to chromosome 2p
markers for the subset of the pedigree (SP) without loops and the pedigree (P) with seven

loops
Locus Genetic Pedigree” Recombination fraction
Distance 0.00 0.01 0.05 0.10 0.20 030 Z@®) 06*
D2Si136 SP 2.13 2.14 2.08 1.88 1.34 0.76
6 cM p 306 340 342 3.02 203 1.11 4.60 0.025
D2§327 SP 2.55 2.50 227 197 135 0.72
) 0 cM P 489 476 421 3.55 233 127 3543 0.00
D25292 Sp —= 137 1.78 3 1.32 0.80
2cM P — 298 320 292 212 1.29 341 0.033
D2S145 SP 1.37 134 120 1.02 0.65 0.31
4cM P 3.28 3.17 2.75 2.26 1.37 0.68 3.65 0.00
D2S286 SP 3.05 298 267 2.29 1.54 0.86
8 cM P 403 391 345 290 1.89 1.04 4.11 0.00
D28329 Sp - 228 258 239 1.70 0.95
P -~ 396 4.10 3.67 2.52 139 4359 0.030
(®) Thirteen other microsatellite markers were also examined on chromosome 2p

(®)
(®)

(®)
(®)

(D2S337, D2S386, D2S147, D2S166, D2S380, D2S13+4. D25290. D25379, D2S282,
D2S5285, D2S338, D25291, D2S169) but are not included in this table because they
had maximum lod scores less than 3.0 (lack of informative meioses) for linkage to
LGMD/MM for the pedigree with seven loops.

Map locations and genetic distances are shown in Figure 8

“Marker allele frequencies were estimated for the SP (subset of pedigree) and P
(pedigree) data with the marker locus considered to be unlinked to LGMD/MM.
"Genetic distance from the previous marker; map order and genetic distances were
taken from GDB 5.6 (Map Symbol C2M59)

#Values were computed by estimating the allele frequencies as nuisance parameters



allele frequencies that were estimated at 6=0.5 will be underestimates when there is
linkage **. The incorporation of additional information on linkage phase and identity by
descent in the complex pedigree (Figure S) resulted in six markers (in an interval of 20
cM) with maximum lod scores greater than 3.0 (Table 7).
Coarse Haplotvpe Analysis

To determine the smallest interval containing the disease gene, initial coarse
haplotype analysis was performed on the subset of the large kindred comprised of 9
patients as illustrated in Figure 9. Seven microsatellite markers closely linked to the
disease locus were used in haplotype construction: D28327 - D28292 - D25291 -
D2S145 - D2S286 - D2S169 - D2S329. Haplotypes were constructed as described in
Chapter 3 (p. 94). Results of the coarse haplotype analysis indicate that six patients (MM
patients #1, #2 and LGMD patients #3, #4, #5, #9) were homozygous for a three-locus
core haplotype (D25291 - D2S145 - D2S286 ) spanning 4 cM. The three other LGMD
patients (#6, #7, #8) were carriers for this core haplotype on their paternal chromosome
and carry a different haplotype on their maternal chromosome. The mothers of patients
#4 - #8 cannot be linked to the founder couple. No unaffected individual in this kindred
studied to date is homozygous for or carries both core haplotypes shown to be linked to

LGMD2B/MM (Figure 9).

Physical Mapping

Once all the available patients’ genotypes had been determined for all available
microsatellite loci linked to LGMD2B/MM, we began construction of a physical map as a

prerequisite to identifying the LGMD2B/MM disease gene. As all patients tested were
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homozygous for the D2S29/ locus and communications with Dr. K. Bushby indicated
that D2829] was located in close proximity to the disease gene (Figure 9). we decided to
centre our physical map around this locus. Primers were designed to amplify the D2S29]
locus without the CA repeat region as described in Chapter 3 (p. 94). The polymerase
chain reaction was performed as described in Chapter 3 (p. 90) using D2529/-CA primers
(D2S291-CA(F): TIGGATCTGGGATGCCTAGG; D25291-CA(R):
CCTTAAAGAGTTTTITCCACCTGC). PCR amplification of genomic DNA from a
normal control individual using the D2529/-CA primer pair resulted in a 262 bp
fragment. The PCR product, when used as a probe on a genomic Southern blot (as
described in Chapter 3, p. 86), hybridized to a single band indicating that the D2S29/-CA
probe recognized a single copy sequence. The D2S29/-CA PCR product was then used to
screen three segments of the RPCI PAC library (segments 1, 3 and 4) at the MRC
Genome Resource Centre.

PACs obtained from segments 1, 3 and 4 of the RPCI PAC library are cloned in
the PAC vector. pPCYPAC?2 (Figure 10)”. The pCYPAC?2 vector was constructed from
the pAD10SacBII vector *** and a pUC plasmid. It is 18,754 bp and contains a bacterial
origin of replication, a neomycin phosphotransferase II gene conferring kanamycin
resistance, a B. subtilis SacB gene interrupted by the cloning site and a pUC-LINK
sequence. During the cloning process, the pUC-LINK sequence is removed by a
restriction enzyme digestion with BamHI and Scal, resulting in a vector fragment of
approximately 16 kb. Genomic DNA is inserted into cloning site between the SacB

promoter and gene, preventing the production of levansucrase, synthesized by the intact
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E. coli promoter- - T7

Noti (18720) .

Eagl (18720) -
Eagl (18389) = ° PUC-LINK

Nrul (18358) - - -,

Eagl (2778)
- Notl (2778)

SP6
- Nruf (2947)
-SacB

Miut (16563)
P1 Lytic Replicon —

pCYPAC2

18754 bp

Nrul (13930) - - -
NPT-lII

Nrul (12656) -

Mlut (11923) -
Nrul (11860) -

-P1 Plasmid Replicon

Figure 10. Cartoon drawing of the PAC vector, pCYPAC2. The pCYPAC?2 vector
contains a marker gene, SacB, interrupted by a PUC-LINK sequence. The PUC-LINK
sequence is removed and genomic DNA is cloned between the promoter and the SacB
gene. Genomic DNA is flanked by Mo/l sites and SP6 and T7 oligonucleotide primer
sites. The vector also contains a neomycin phosphotransferase II gene (NPT-II) for
selection in bacteria. :
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SacB gene. The hydrolysis of sucrose by levansucrase results in levans which are lethal
to the E. coli cell, thus providing a mechanism for selecting against those clones without
inserts **. The two Nofl restriction enzyme sites present in the pPCYPAC?2 vector flank
the genomic insert, thus allowing easy size identification of genomic DNA inserts.
Remote T7 (5'-TAAGTGCGGCGACGATAGTC-3"), nested T7
(3'-CGGTCGAGCTTGACATTGTAG-3"), remote SP6 (5'-
GTGGCTTGTTTTACAATTTTTTTG-3") and nested SP6
(3-GATCCTCCCGAATTGACTAGTG-3') primer sites also flank the genomic insert,
furnishing a means for orienting the insert with respect to the vector (Figure 10) **°.

Four PAC clones were positive on the screen performed by the MRC Genome
Resource Centre with D2529/-CA and were sent to Winnipeg: 733d1; 428el1; 427i14;
465p16. The four PAC clones were cultured and DNA was isolated. Each PAC was
sized by repeated restriction enzyme digestions with NotI followed by pulsed field gel
electrophoresis as described in Chapter 3 (p. 85). Sizes of the genomic inserts are as
follows: 733d1 ~ 135 kb; 42811 - 143 kb; 427114 - 179 kb; 465pl6 - 97 kb (Figure 11,
Figure 12).

Restriction enzyme analysis of two different DNA isolations of PAC 427i14
resulted in the identification of a contaminant in the original LB stab. NoI restriction
enzyme digestion of the first isolation of PAC 427114 resulted in 3 bands: an =135 kb band
corresponding to the vector and two bands of =35 kb and =73 kb corresponding to the
genomic insert. The restriction enzyme digestion pattern obtained with this isolation of

PAC 427114 did not correlate with patterns obtained from the other three PACs, as would
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PAC733d1 PAC428et1 PAC427i14 PAC465p16

SR NoW/SR  Noé S Not/SE ___No#t SM__ Nof#i/SA

12 3 456 7 8 9101112131415

Figure 11. Pulsed field gel electrophoresis of 4 PAC clones. Each PAC clone was
restriction enzyme digested with Notl, Sfil and Notl/Sfil. Lanes 2-4 contain PAC733d1,
lanes 5-7 contain PAC 428el1, lanes 9-11 contain PAC 427114, lanes 12-14 contain PAC
465pl16. Lanes 2, 5,9 and 12 contain PACs digested with Norl. Lanes 3, 6, 10 and 13
contain PACs digested with Sfil. Lanes 4, 7, 11 and 14 contain PACs digested with both
Notl and Sfil. Lanes 1, 8 and 15 contain molecular weight markers (New England
Biolabs, Beverley, MA). Marker sizes are indicated in kb.
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D28291

DYSF
Exon 52 A

M ESM E ME
]

SSPUUPIRRONP | § ISP,

SP6 ESM E NE N L] 8 NoE T7
733d1 (150 kb) oot ——e———
SP6 ] E&M E ME T7
428e11 (143 kb) s ————————
SP6 E8M E ME Nr L] 8 NoE L] T7
427i14 (179 kb) S —————————————————— e
SP6 ME N M 8 T7

465p16 (97 kb) ——————— S

Figure 12, Cartoon image of the chromosome 2p13 PAC contig. The long shaded box represents chromosome 2p13, Each PAC is
represented by a thick black line flanked with boxes indicating the orientation of the genomic insert within the vector, Yellow boxes
indicate the SP6 end of the vector, blue boxes indicate the T7 end of the vector, Small tick marks indicate the location of restriction
enzyme sites within the contig. E - Eagl; M - Miul; S - Sacll; No - Notl, Nr - Nrul, The approximate location of D25291 and exon 52

of dysferlin is indicated.
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be expected from overlapping clones. DNA was re-isolated from PAC 427i14. Notl
restriction enzyme digestion of DNA from the second isolation also resulted in three
bands: =15 kb band corresponding to the vector and two bands of =31 kb and =124 kb
corresponding to the genomic insert. Further restriction enzyme analysis of the second
isolation of PAC 427i14 with Eagl. Mlul, Nrul, Sacll did correlate with restriction
enzyme patterns obtained from the other three PAC clones. A restriction enzyme map
was created of the 4 PAC clones by digestion with five restriction enzymes (Eagl, Mlul,
Notl, Nrul, Sacll). The total genomic area spanned by the contig is 235 kb (Figure 12).

Southern blots of the PAC clones were probed with the D2529/-CA PCR product
(labelled by random hexamer priming as described in Chapter 3, p. 88) to identify the
location of D2529] in each PAC clone. The D2S29] microsatellite marker was located on
a 50 kb Eagl/Mlul fragment (Figure 12, Figure 13). The blots were also probed with
remote and nested T7 and SP6 oligonucleotides (end-labelled with y->*P as described in
Chapter 3, p. 87) to determine the orientation of the clones within the vector, and which
restriction enzyme fragments contained pCYPAC?2 vector sequence (Figure 12, Figure
14). The genomic DNA inserts in the four PAC clones were all oriented in the same
direction with respect to the vector.

During the construction of the physical map, the LGMD2B/MM disease gene was
identified to be DYSF ***%. Exon 52 of DYSF (179 bp) was PCR amplified using primers
17F (TCCCTGCAGCTCGATCTCAACC) and 17R (TCCCCCATGCCCTCCACTG)
using template DNA from the clones of the PAC contig. This analysis revealed that exon

52 of dysferlin was present in PAC clones 733d1, 428el1 and 427i14 (Figure 15).
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PAC733d1 PAC428e11 PAC465p16

Nofl  MIA  NofuMil  Nof Mt No/Mi Not MU NotMid
S o :

i)
ik,

125 kb

" 85 kb

60 kb
45 kb
40 kb

12345678 9101112 13

Figure 13. Southern blot of PAC pulsed field gel electrophoresis probed with D2S291-
CA. Each PAC clone was restriction enzyme digested with Notl, Miul and Notl/Miul.
Lanes 1-3 contain PAC733d1, lanes 4-6 contain PAC 428el1, lanes 8-10 contain a
contaminating PAC instead of 427114, lanes 11-13 contain PAC 465p16. Lanes 1,4, 8
and 11 contain PACs digested with Nozl. Lanes 2, 5, 9 and 12 contain PACs digested
with Mlul. Lanes 3, 6, 10 and 13 contain PACs digested with both Nofl and Miul.
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PAC733d1 PAC428e11 PAC427i14 PACA465p16

Mui_ Sacil/Miul _Sacl! M Saci/AMul Sadll M Saci/Miul  Saclt MiA - SacliMiat

© 112kb
- 80 kb

25 kb
18 kaZkb

15 kb
-

Figure 14. Southern blot of a PAC pulsed field gel electrophoresis probed with T7
oligonucleotides. Each PAC clone was restriction enzyme digested with Sacll, MIul and
Sacll/Miul. Lanes 1-3 contain PAC733d1, lanes 4-6 contain PAC 428¢l1, lanes 8-10
contain PAC 427i14, lanes 11-13 contain PAC 465p16. Lanes 1, 4, 8 and 11 contain
PACs digested with Sacll. Lanes 2, 5,9 and 12 contain PACs digested with Mlul. Lanes
3, 6, 10 and 13 contain PACs digested with both Sacll and Mlul.
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1353 bp
1078 bp
872 bp

603 bp

310 bp
281/271 bp

1 23456

Figure 15. Detection of exon 52 of DYSF in the PAC contig. Lanes 1-4 contain PAC
DNA: lane 1 - PAC733d1; lane 2 - PAC465p16; lane 3 - PAC428el1; lane 4 -
PAC427i14. Lane 5 contains control genomic DNA. Lane 6 contains a molecular weight
marker. The exon 52 PCR product amplified from primers 18(F) and 18(R) is
approximately 280 bp in size.
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Dysferlin Mutation Detection

During the process of identifying the LGMD2B/MM disease gene, we shared DNA
from two aboriginal LGMD patients (#8 - heterozygous for disease haplotype and #9 -
homozygous for disease haplotype, Figure 9) with Bushby et al at the University of
Newcastle-upon-Tyne. During their process of identifying mutations using SSCP of
many unrelated LGMD2B and MM patients, they identified a mobility shift in DNA from
our two patients. Sequencing revealed a C to G transversion at position 2745 of the
dysferlin gene *’*. We then developed a PCR and restriction enzyme based approach for
mutation detection. To detect the DYSF 2745C>G mutation in exon 24, intronic primers
62.2F (’GGCCTTATGTTGGGAAAAATACGA3") and 62.2R
(5'AGTCAGAGGTCAGCTCACGGTGTG3") were used to amplify a 292 bp product
using the following conditions: 1) 94°C for 4 min, 2) 30 cycles of 94°C for 30 sec, 55°C
for | min and 72°C for 1.5 min, 3) 72°C for 10 min. The DYSF 2745C>G mutation
abolishes one of the two Hpall sites in this fragment, thus allowing for easy detection of
the mutation (Figure 16). The first Hpall site is located 10 bases downstream of the
intron 23/exon 24 boundary at nt 2745 and includes the 2745C>G mutation. The second
Hpall site is located 90 bases downstream of the intron/exon boundary at nt 2824, and
serves as a convenient internal control for complete digestion. The 292 bp PCR product
was digested with Hpall and fragments were separated on an 8% acrylamide gel and
stained with ethidium bromide. After digestion, 3 fragments of 80 bp, 100 bp and 112 bp
were detected in DNA from normal controls; 4 fragments of 80 bp, 100 bp, 112 bp and

192 bp were detected in DNA from carriers; 2 fragments of 100 bp and 192 bp are
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C27456

E;

B. 5 ' AACAGCCTGOCGGACATCGTCATCTGGATGCTGCAGGGAGACAAGCGTG

TGGCATACCAGCGGGTGCCCGCCCACCAAGTCCTCTTCTCCCGGCGGGGTG

CCAACTACTGTGGCAAGAATTGTGGGAAGCTACAGACAATCTTTCTGAAA 3

Figure 16. Mutation identification in DYSF. A) ¢DNA schematic with location of exon
24 containing the 2745C>G mutation (I) B) Sequence of exon 24 harbouring the DYSF
2745C>G mutation (grey box) and location of Hpall sites (underlined and italicised). C).
Detection of the DYSF mutation (2745C>G). 292 bp fragment containing exon 24,
amplified from intronic primers and cut with Apall. Lane 1, pGEM DNA marker
(Promega, Madison, WI); lanes 2 and 3, DNA from an unaffected individual that does not
carry the mutation (paternal grandfather of patient #2, Figure 5); lanes 4 and 5, DNA
from a carrier (first sibling of patient #2, Figure §); lanes 6 and 7, DNA from an LGMD
patient (#8, Figure §). DNA in lanes 2, 4 and 6 is uncut; DNA in lanes 3, 5 and 7 is cut
with Hpall . Marker sizes are indicated in bp.
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detected in DNA from patients homozygous for the 2745C>G mutation. Base pair
numbering of the DYSF ¢cDNA (GenBank Accession #: AF075575) is as reported in Liu,
etal >, |
All individuals from the two affected communities whose DNA was available

were tested for the DYSF 2745C>G mutation. The 14 patients studied from the three
kindreds were homozygous for the mutation, which segregates in an autosomal recessive
fashion (Figure 17) *°. It was not found in 100 unrelated control chromosomes from
individuals located in the Newcastle area of England *"°, nor has it been identified in six
individuals tested outside the two affected communities in Manitoba. No other disease-
causing mutation was identified by SSCP/sequencing analysis of the 55 exons of the
DYSF gene (data not shown).

A multiple sequence alignment of four protein sequences with homology to the
human dysferlin sequence was created using CLUSTALW as described in Chapter 3 (p.
95). The Pro791 residue of the Homo sapiens dysferlin is conserved amongst Homo
sapiens and Mus musculus dysferlin, Homo sapiens myoferlin and Caenorhabditis
elegans FER-1 (Figure 18).
Refined Haplotype Analysis

Once the disease-causing mutation and two DYSF intragenic repeats were
identified, it became possible to determine whether the disease in all 14 patients resulted
from a single founder or multiple foﬁnders. To answer this question, the 10 patient subset
of the large Saulteaux kindred and the two small Chipewyan kindreds were used to

construct refined haplotypes using four microsatellite loci surrounding the DYSF gene,
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D25292
D25443
Cy172-+32
C2745G
104-sat
D2s297
D2s2110

D25292
D25443
Cy172.432
C2745G
104-eat
D25291
D252110

D25292
D2S443
Cy172-H32
C2745G
104-sat
D2S297
D2s2110

D2s5292
D25443
Cy172-H32
C2745G
104-sat
D2s291
D2s2110

188
231
183

156
184
135

131

190 186
247 239
199 198
+ -
156 156
184 184
139 131

Figure 17. Segregation of the DYSF mutation and the surrourxding haplotype in three kindreds (A) La
the large kindred with four LGMD patients. Patients #1 and #2 have MM (striped symbols), patients #
presymptomatic (checked symbol). Double lines indicate consangumeous matmgs. This refined mark
illustrated in . Map locations and genetic distances are given in . Numbers in the haplotype indicate th
2745C>G mutation in the DYSF gene, +/- indicates that the individual is heterozygous for the mutatiot
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184
235
199

158
186
139

186 190
239 223
195 199
+ o+
156 156
184 184
131 135

3

184 180
243 227
195 183
+ o+

156 156
184 178
139 13§

e in three kindreds (A) Large kindred with ten LGMD and MM patients. (B) Two.small kindreds unrelated to
triped symbols), patients #3 - #9 and #11 - #14 have LGMD (black symbols) and patient #10 is
atings. This refined marker set includes two markers (D2S292 and D2S291) used in the coarse haplotypes
n the haplotype indicate the sizes of alleles in base pairs. +/+ indicates that the individual does not have the
erozygous for the mutation and -/- indicates that the individual is homozygous for the 2745C>G mutatlon.
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ref |NP_003485.1|dysferlin (HS) LI\LKAQCS‘I‘EDVDSLVAQLTDEJLIAGCSQPLGDIHE'I‘PSA'I‘HV;D’QYLYQL
emb|CAB63111.1|dysferlin (MM) LALKAQCSSEDVDALVAQLTDELLADCSQPLCDIHEIPSATH "D‘QYLLRL
gb|AAB02243.1|FER-1 (CE) RIGNKAIDHVSSVGMEALBCIJE}QQI DSASKYLGRINPVSSNI\;\D'RHILDY
gb|AAF27176.1 |myoferlin (HS) S(‘IQGKIPANQLAELWLKLIDQVIEDTRYTLPLTEGKANVTV 4DTQIRKL

ALALKLGHSELPAATIEQAEDWL _ LRLRﬁ;H_EPTN

ref|NP_003485.1|dysferlin (HS) qTHHLSQIQ‘

emb|CAB63111.1|dysferlin (MM) RTRHLSQI : ALALKLGHSELSTALEQAEDWL_LHLRAL
gb|AAB02243.1|FER-1 (CE) KEKILKLREHFEKERAFSIDYSDGEVDAKLLRMLLKIRSMTLELA
gb|AAF27176.1|myoferlin (HS) SRSLSQIHE __ ARVRMRSEATDVKSTLAEIEDWL_DKLM

v Homo sapiens DYSFERLIN Proline 791
ref|NP_003485.1|dysferlin (HS)  SLEDIVE ‘ PAHQVLFSRRGANYCEKNEG KLQTﬂ:LKY

emb|CAB63111.1|dysferlin (MM)  SLEDII RVAYQRVEAHEVLFSRRGPSYCGRNOGKLQTIIFLKY
gb|AAB02243.1|FER-1 (CE) TIRPVLT KLIGFAKIBISEI FQSDDEAQS_EW]RTRAi IOW
gb|AAF27176.1|myoferlin (HS) SMBDI I[WMIRGEKRLAYART PAHQVL Y STSGENASEKYCAKTQTIFLKY

ref|NP_003485.1|dysferlin (HS)
emb|CAB63111,1{dysferlin (MM)
gb|AAB02243,1|FER-1 (CE)
gb|AAF27176.1|myoferlin (HS)

JLSVDEKEFNQ FAEGKLSVE
LSVDEKEFNQ FAEGKLSVE
RTDQLTKWKEHVQPADIRRE

LSAVEKKFNS FAEGTFTVE

PMEGMPGARMPVOTRI __ KLHFG
B TLYDORNRKREHVAVLIAK i
QEKNNGPKVPVELRV __ NIHL

:QEKVPGARMPVQIRV___KHN

Figure 18. Multiple sequence alignment of dysferlin related protein sequences. The four sequences include Homo sapiens (HS)
dysferlin (accession #: NP_003485.1), Mus musculus (MM) dysferlin (accession #; CAB63111.1), Caenorhabditis elegans (CE) FER-
1 (accession #: AAB02243.1) and Homo sapiens (HS) myoferlin (accession #: AAF27176.1). The conserved proline is indicated with
an arrow.
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two DYSF intragenic microsatellite markers and the DYSF mutation at nt 2745: D25292 -
D2S5443 - Cy172-H32 - DYSF 2745C>G - 104-sat - D9S291 - D2S2110 (Figure 17) *5.
These haplotypes indicate that the 14 patients studied from both communities, including
LGMD2B and MM patients, were homozygous for a three locus core haplotype ([Cy172-
H32]-[DYSF 2745C>G]-[D2S291]) that surrounds the DYSF gene (Figure 17). Alleles of
the DYSF intragenic marker, /04-sat, located between DYSF 2745C>G and D2S29]
differ between Patients #1 - #10 and Patients #11 - #14 by two bp. No unaffected
individual studied to date in these kindreds is homozygous for the three-locus core
haplotype shown to be linked to LGMD2B.
Discussion

The two different phenotypes observed in these patients, one with predominantly
distal muscle involvement and the other with more proximal muscle involvement, are
consistent with diagnoses of Miyoshi myopathy and LGMD respectively. Patients #1 and
#2 presented in their teens with distal wasting and weakness of the lower extremities, gait
disturbances, and grossly elevated serum CK, but the disease progressed to involve the
proximal muscles. The pattern of inheritance is consistent with an autosomal recessive
disorder. This constellation of signs and symptoms is consistent with a diagnosis of
Miyoshi myopathy (Chapter 2, p. 39) and excludes all other forms of distal myopathy (see
Table 3) *7°. Patient #10 was asymptomatic at presentation, with a grossly elevated
serum CK and painless asymmetric cglf hypertrophy. Both asymmetric involvement and
early calf hypertrophy have been reported to be associated with Miyoshi myopathy

20167236390 patients #3 - #9 and #11 - #14 ali presented in their teens with grossly elevated
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serum CK levels and proximal wasting and weakness of the lower limbs, which
progressed to involve the distal muscles. The pattern of signs and symptoms in these
patients is compatible with LGMD?2B, particularly the degree of CK elevation and the
progression of weakness from proximal to distal muscles (Chapter 2, p. 56) #%0-2¢!,

Microsatellite markers linked to LGMD2B/MM were tested for linkage to the
myopathies in this kindred. Two-point linkage analysis performed on the subset of the
kindred resulted in insignificant lod scores (-2.0 <z < 3.0) for chromosome 2p13
markers. Therefore, markers linked to seven other candidate loci including LGMDIA,
LGMD2A4, LGMD2C, LGMD2E, CMD, FCMD and MPD! were tested. Each showed
significantly negative lod scores (<-2.0) on the subset of the kindred excluding each
candidate locus as the disease gene in this kindred. Further examination of the
chromosome 2p13 genotypes revealed that the lack of significantly positive lod scores
was primarily due to few informative meioses for most of the chromosome 2p markers.
Consequently, a haplotype of the three markers closest to the LGMD2B/MM locus
(D25291-D25145-D2S286, spanniné approximately 4 cM) *'**2, was used as a single
locus for two-point linkage analysis. The three-marker haplotype improved the power of
the linkage calculation **’ by increasing the number of informative meioses. A higher
lod score (2(6) =4.26 @ 6 = 0.0) was obtained for this haplotype in the three subsets of
the pedigree, thereby showing linkage between LGMD2B/MM and the disease locus in
this kindred. In addition, further evidence for linkage was obtained for loci linked to

LGMD2B/MM by using the additional information from genealogical reconstruction to

one founder couple and by using marker allele frequencies estimated from the pedigree.
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Our findings of significantly positive lod scores between LGMD/MM and six
chromosome 2p13 loci provide strong evidence that the myopathies in this kindred map
to this region of chromosome 2p and that they are likely LGMD2B and Miyoshi
myopathy.

[nitial coarse haplotype analysis of the large kindred indicated that most
LGMD2B and all MM patients are homozygous for a single haplotype. This finding
suggested that LGMD2B and MM can be caused by the same mutation in the same gene
*77_in contrast to the hypothesis of Bejaoui ef al who who proposed that these two
diseases were caused by allelic variants of the same gene *'. Shortly after the report by
Bejaoui et al, lllarioshkin et al described another large kindred also affected with
LGMD2B and MM located in Russia **. Both LGMD2B and MM patients in this
kindred are homozygous for a common haplotype, similar to the situation seen in the
Canadian aboriginal kindred. Illarioshkin er al >% also suggested that these phenotypes
may represent allelic disorders, consistent with the hypothesis of Bejaoui et al *'.
However, the presence of patients with differing phenotypes homozygous for a single
haplotype suggests that the chromosomal region surrounding the disease gene is identical
in both types of patients, and furthermore that the disease-causing mutation is identical in
these patients as well. These observations do not correlate with the hypotheses of both
Bejaoui ef a/ *' and Illarioshkin er al .

The coarse haplotype analysis also revealed that three LGMD?2B patients (#6 - #8,

Figure 9) were heterozygous for the disease-associated haplotype. This finding led us to

hypothesize that there were two disease alleles of independent origin segregating in this
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family. However, mutation analysis of the dysferlin gene revealed that all patients (both
MM and LGMD2B patients homozygous and heterozygous for the coarse haplotype)
studied from all three Canadian aboriginal kindreds were homozygous for the 2745C>G
transversion *®. Furthermore, fine mapping of the chromosomal region surrounding
dysferlin revealed that they were also homozygous for a three-locus haplotype
surrounding the mutation, with the exception of the intragenic microsatellite /04-sat.
Patients #11 - #14 were homozygous for a 158 bp allele at /04-sat, two base pairs
different from the disease-associated allele in the remainder of the kindred at that locus.
As the alleles flanking /04-sat are identical to those on the disease-associated haplotype,
and the 158 bp allele differs from the disease-associated allele at that locus by only 1
repeat unit, it is most likely that a mutation of the /04-sat microsatellite occurred. The
finding of a single mutation and haplotype segregating with the disease in both LGMD2B
and MM patients confirms our initial hypothesis that a single mutation in the disease gene
can result in either LGMD2B or MM, and refutes the hypothesis that LGMD2B and MM
are allelic disorders *'. Instead, the most likely explanation is that the phenotypes differ
as a result of additional genetic and/or environmental factors. This explanation has since
been confirmed in the Russian LGMD2B/MM family by our lab ** and in Libyan
families by Argov er al . The existence of a single mutation causing variable
phenotypes is somewhat reminiscent of that seen in LGMD2C '#*"7 and LGMD2D
33454450 In these disorders, a single mutation can cause both SCARMD and a milder
late-onset LGMD. However, these are both examples of variation in severity rather than

variation in distribution of muscle involvement. Variation in the distribution of muscle
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involvement (ie. distal myopathy and LGMD) caused by mutations in a single locus is

seen in both Welander distal myopathy and TMD. Both of these forms of distal

myopathy/LGMD are postulated to be the homozygous manifestation of a dominant gene

*+1%_ The definitive proof of this hypothesis awaits the identification of the gene and

disease-causing mutation. As both LGMD2B and MM are recessive disorders, the

mechanism underlying the differences in the distribution of muscle involvement must

have a different explanation.

We have evidence supporting the Pro791 Arg mutation as the cause of disease in

our Canadian aboriginal patients. This evidence includes:

@)

(iD)

(iii)

(iv)

v)

the mutation segregates correctly for an autosomal recessive disease in the
three families studied;

the mutation was not seen on 100 control chromosomes or any of the
aboriginal individuals tested;

MM and LGMD2B patients homozygous for the 2745C>G mutation show
an identical reduction of dysferlin protein (data not shown)*’s;

the proline to arginine change may have an effect on the conformation of
the protein;

this proline residue is conserved amongst four dysferlin-related proteins

including dysferlin from both Homo sapiens and Mus musculus, Homo

sapiens myoferlin and Caenorhabditis elegans protein FER-1 (Figure 18).

The finding of a single mutation and haplotype segregating with the myopathies in

two distinct communities suggests that all patients in these three kindreds have common
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ancestry. The suggestion of common ancestry is surprising, as the two communities are
reported to have originated from two different tribes. The southern community is a
Saulteaux band that seems to have derived from the Ojibwa **’. The northern community
is a Chipewyan tribe that belongs to the Northeastern Athapaskan dialect group **°. In
addition, the finding of the same mutation in the two mothers from the Saulteaux kindred
that do not link up to the founder couple (Figure S) suggests that they also share common

ancestry with the rest of the Saulteaux community.



Chapter 5. LIMB GIRDLE MUSCULAR DYSTROPHY TYPE 2H IN

MANITOBA HUTTERITES

Most of the data presented in this chapter were published in the following papers:

Weiler T, Greenberg CR, Nylen E, Morgan K, Fujiwara TM, Crumley MJ, Zelinski T,
Halliday W, Nickel B, Triggs-Raine B, and Wrogemann K. (1997) Limb girdle muscular
dystrophy in Manitoba Hutterites does not map to any of the known LGMD loci.

American Journal of Medical Geneti’c_s 72: 363-368

Weiler T, Greenberg CR, Zelinski T, Nylen E, Coghlan G, Crumley MJ, Fujiwara TM,
Morgan K, and Wrogemann K. (1998) A4 gene for autosomal recessive limb girdle
muscular dystrophy in Manitoba Hutterites maps to chromosome region 9q31-q33:
evidence for another limb girdle muscular dystrophy locus. American Journal of Human

Genetics 63: 140-147
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Introduction/Overview

In addition to our studies on the LGMD affecting Manitoba aboriginal kindreds.
we have been studying a relatively mi_ld form of autosomal recessive LGMD commonly
seen in Manitoba Hutterites. This disorder was first described by Shokeir and Kobrinsky
in 1976 *** (MIM# 254110). The LGMD seen in the Manitoba Hutterites is one of over
35 recessive traits that have been identified in the contemporary Hutterite population.

The Hutterites are a group of Anabaptists that originated in Switzerland, Germany
and the Tyrol in the sixteenth century. They have four core beliefs that include adult
baptism, communal property, non-resistance, and separation of church and state. These
beliefs resulted in many rounds of persecution, causing the Hutterite population to
relocate frequently, eventually settling in central North America in the late 1870's '8. The
ancestry of almost all of the contemporary Hutterites can be traced back to 89 founders
(Fujiwara, Crumley, and Morgan, unpublished data); thus, the contemporary population
of >30,000 can be considered as one extended kindred. When the Hutterite brethren
immigrated to North America, they established 3 endogamous subdivisions, or leuts
(Dariusleut, Lehrerleut and Schmiedeleut). Hutterites living in Manitoba, the Dakotas
and Minnesota belong to the Schmiedeleut.

Because the Hutterite population is consanguineous, we hypothesized that the MD
seen in the Hutterites was caused by a single gene. Using two-point linkage analysis, we
excluded all the known LGMD loci, as well as other candidate genes encoding proteins of
the dystrophin-associated protein complex, as the cause of LGMD in the Hutterites. We

then postulated that another gene, yet unidentified, was responsible for this disorder *75.
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Subsequently, we performed a genome scan on two pools of DNA (patients and siblings)
to search for the disease locus. We mapped the gene for the LGMD in Hutterites to

% This gene received

chromosome region 9q31-9933 by linkage and haplotype analysis
the gene symbol LGMD2H. Analysis of additional family members and two new families
revealed further recombination events that enabled us to order the markers in the 9q31-
q33 region, and narrow the LGMD2H candidate region to approximately 1 Mb.
Microsatellite content mapping of 35 YAC clones allowed us to confirm the map order of
the microsatellite markers and to identify three YACs which span the smallest candidate
region. Sequence database examination resulted in the identification of 10 genomic
clones in the 1 Mb area. Three characterized genes have been recognized in the region as
potential candidates tor LGMD2H.
Results
Pedigree

We constructed a detailed pedigree on the basis of information obtained from the
initial publication by Shokeir and Kobrinsky **, the Schmiedeleut Family Record "¢, the
Hutterite genealogical database located at McGill University (Fujiwara, Crumley. and
Morgan, unpublished data), and interviews with the family (Figure 19). This pedigree
contains 17 nuclear families with LGMD patients. Individuals included in the various
studies are indicated later in this chapter.

The average inbreeding coefficient (the probability that two alleles are identical by

descent) of 10,693 Schmiedeleut entered in a 1981 census of the McGill University

Hutterite genealogical database was estimated to be 0.0338 (TM Fujiwara, personal
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Figure 19. Pedigree of a large Manitoba Hutterite kindred in which LGMD is segregating. The pedi
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communication). The kinship coefficient of the 17 pairs of parents (or the inbreeding

coefficient of a child - the probability that alleles drawn randomly from the parents are

identical by descent) ranges from 0.0172 to 0.0682 (Table 8). The kinship coefficient is
largely due to the closest cousin relationship between the parents,‘ and in these families
ranges from first cousins once removed to third cousins once removed (Table 8). Many
more distant relationships also contribute to the kinship coefficient. The total number of

ways the parents of these nuclear families are related as cousins ranges from 51 to 967

(Table 8) . There are at least 10 ancestors born in the 1700's who could have contributed

an allele to each of the 34 parents of the LGMD sibship. These genealogical studies

suggested that the gene in all patients was identical by descent *’%.

Patients
Because this LGMD is relatively mild and the status of the patients is not always

easily established, we developed stric; criteria to identify patients. Individuals were

deemed to be affected with LGMD if:

(i) they showed signs and symptoms of proximal muscle weakness with CK levels
more than 4 times the upper limit of normal, in the absence of any other
explanation for CK elevation. Symptoms of proximal leg muscle weakness
include difficulty rising from a seated position, climbing stairs or getting off the
ground without holding on or pushing off. Signs of weakness include wasting of
the quadriceps, a Trendelberg gait( waddling) and muscle strength testing results
that are less than normal (normal=5/5).

(i1) they displayed signs and symptoms of proximal muscle weakness and had either
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Table 8. Kinship coefficients of parents of Manitoba Hutterite nuclear families

Parents Kinship Closest Cousin Relationship Total # of
Coefficient relationships
between parents

A-01, A-02 0.0172 Third cousins once removed (3X) 187
B-01, B-02 0.0651 Second cousins (2X) 223
B-13, B-14 0.0253 Third cousins once removed (3X) 234
B-09, B-15 0.0461 Half second cousins, once removed 923
B-30. B-31 0.0522 First cousins once removed 51

B-34, B-35 0.0682 Second cousins 967
C-01, C-02 0.0452 Second cousins 267
C-15,C-16 0.0452 * Second cousins 267
D-01, D-02 0.0589 Half first cousins, once removed (1X) 154
E-01, E-02 0.0289 Third cousins (3X) 208
E-03, E-18 0.0304 Third cousins 597
E-07, E-23 0.0236 Third cousins once removed (5X) 395
E-29, E-30 0.0412 Second cousins 68

E-35, E-49 0.0391 Second cousins 259
E-37, E-50 0.0391 Second cousins 259
E-63. E-55 0.0435 Second cousins once removed (2X) 654
F-01, F-02 0.0479 Second cousins (2X) 414
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an electromyogram or a muscle biopsy consistent with a myopathic disorder;

(iii)  their CK levels were extremely elevated (=15 times the upper limit of normal), or
had a muscle biopsy consistent with a myopathic disorder but they were
asymptomatic.

A muscle biopsy was considered to be consistent with a myopathic disorder if it showed

myopathic changes, consisting of abnormal variation in fibre size, muscle fibre

degeneration or necrosis with phagocy'ftosis, fibre splitting, internal nuclei, variable
degrees of fatty infiltration of the perimysium or endomysium, and endomystal fibrosis.

Individuals were considered to be unaffected if they were asymptomatic, had a normal

CK level (1-12 yrs: <165 U/L; females 12 - 17 yrs: <130 U/L; males 12 - 17 yrs: <350

U/L; adult females: 28-116 U/L; adult males: 52-175 U/L), and normal muscle bulk, tone,

and strength on manual muscle testing. Individuals were assigned an unknown phenotype

if they were asymptomatic and their CK levels were greater than normal but less than 4

times the upper limit of normal *’%. Patient assessments were performed and genomic

DNA was extracted as described in Chapter 3 (Pp. 80 and 81).

Figure 19 shows 39 individuals (24 males and 15 females) who are highly
suspected (individuals reported to be affected but not examined by Dr. CR Greenberg) or
confirmed to have LGMD. Disease segregation is compatible with autosomal recessive
inheritance, although some families demonstrate pseudo-dominance. Clinical data from
the 33 affected individuals assessed in this study are presented in Table 9. Significant
intra- and inter-familial variability is evident. In families B and E, 4 individuals (patients

B-10, B-11, B-39 and E-24)have grossly elevated CK levels (215 times normal) and/or a
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muscle biopsy showing myopathic changes but are asymptomatic and to date, their
muscle strength is preserved. In symptomatic individuals (patients A-03, A-04, A-10, A-
12. B-01, B-04, B-06, B-07, B-08, B-12, B-15, B-25, B-29, C-03, C-05, C-07, C-19, D-
05, D-06, D-07, D-12, E-03, E-10, E-12, E-55, E-83, E-84, F-04, F-06), onset of muscle
weakness and easy fatigability generally were noted from childhood to mid thirties and
clinical progression tended to be slow. Typically, patients complained of different
degrees of leg weakness and had difficulty in running, climbing stairs and lifting objects.
Six individuals indicated that they suffered neck and back pain. All symptomatic patients
demonstrated slender proximal and distal muscle mass in their upper and lower limbs,
without contractures. There was no evidence of facial muscle weakness, in contrast to the
original reports by Shokeir and Kobrinsky ** and Shokeir and Rozdilsky **°.
Cardiomyopathy and cardiac conduction defects were not seen in the patients included in
our study, although not all individuals underwent a cardiac assessment. Ataxia,
fasciculations, muscle cramps, sensory impairment, and myotonia were not observed. All
patients assessed had normal inteliect, bladder, bowel and swallowing functions, and
none had an associated systemic illness or other disease with the exception of C-19
(fibromyalgia) and E-12 (rheumatoid arthritis).

Serum CK levels were exceedingly variable, ranging from within the normal
range to more than 31 times the upper limit of normal (Figure 20). The trend was toward
slightly elevated levels in very young patients, peaking in the twenties and then returning
to normal as the patients got older. CK levels in patient E-12 varied dramatically as a

function of rheumatoid arthritis (RA) activity *'>. Levels obtained during RA activity
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were low (68 U/L, 91 U/L), whereas levels obtained when his RA was under control were
3 - 5 times the upper limit of normal (530 U/L and 898 U/L). Sixteen asymptomatic
individuals with mildly elevated serum CK levels were defined as “‘unknown™ to prevent
their mis-classification (A-02, B-16, B-34, B-37, C-04, C-08, D-03, D-04, D-08, D-11, E-
01. E-06, E-19, E-23, F-02, F-03).

Electromyographic studies have been primarily myopathic, with some neurogenic
characteristics in one patient. Muscle biopsies were also compatible with a dystrophic
muscle process, although neuropathic features were evident in 3 patients (A-04, C-19, E-
10). Clinical data of all patients seen to date are summarized in Table 10. Data was
stored in a Microsoft FoxPro database as described in Chapter 3 (p. 92).

Exclusion Linkage Analvsis

Because genealogical analysis of these Hutterite LGMD families showed that this
autosomal recessive disease could be traced back to at least 10 ancestors born in the
1700's, we hypothesized that all affected individuals would be homozygous by descent at
the disease locus *’*. Preliminary studies focussed on determining whether any of the
known LGMD loci were causing the disease in this kindred. Oligonucleotide primers
designed to amplify microsatellite markers linked to 10 candidate loci including DAG,
LGMDIA *7#¢ LGMD24 %'®', LGMD2B >, LGMD2C *¢, LGMD2D **3% [GMD2E *',
LGMD2F %, SNT2B1 **, and SNT2B2 **° were obtained from Research Genetics, Inc.
(Huntsville, AL). The chromosomal locations and genetic distances between candidate
genes and linked markers were obtained from maps located in the Genome Database

(http://gdbwww.gdb.org/), the Genetic Location Database (LDB)

- 147 -



Table 10. Summary of clinical data of Hutterite patients with LGMD*

Symptomatic Asymptomatic

Individuals Individuals
List of A-03, A-04, A-10, A-12, B-01, B-04, B- B-10. B-11,
Patients 06, B-07, B-08, B-12, B-15, B-25, B-29, B-39,E-24 (4)

Age at Onset

Presenting
Symptoms

CK (U/L)®

Muscle
Biopsy

EMG

C-03, C-05, C-07, C-19, D-05, D-06, D-
07, D-12, E-03, E-10, E-12, E-55, E-83, E-
84, F-04, F-06 (29)

8 - 27 yrs (29)

proximal weakness (12).

back or neck pain (6),

fatigue (4), waddling gait (2),

muscle wasting & weakness (1),
wasting of shoulder girdle (1),
difficulty running or climbing stairs (2),
weak legs (1), pain (2)

250 - 3130 U/L (29)

myopathic (9)
myopathic/neuropathic (3)

myopathic (8)
myopathic/neurogenic (1)
within normal limits (2)

N/A
N/A

301-5556 U/L. (4)
myopathic (1)

none tested

*Source:*”® and unpublished data; number of patients is given in parentheses
® Highest recorded values; normal range for females is 28 - 116 U/L and for males is
52-175 U/L. 3 patients have reported values from 2.5 - 10 times normal in 1976 °*.
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Figure 21, Ideograms of chromosomes containing candidate loci tested for linkage to Hutterite LGMD
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Figure 22. Initial pedigree of Hutterite families with LGMD. 18 patients participated in the study, The pedigree includes the closest
cousin relationships between the parents of 4 LGMD families (A, B, C, and D), the parents of patient B-02 and at least one of the
closest links between the families, thus not all genealogical relationships are shown. Affected individuals are designated with solid
symbols, unaffected individuals are designated with open symbols, and 7 individuals with unknown phenotype are designated with

question marks ‘7,
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(http://cedar.genetics.soton.ac.uk/public_html/) '® and relevant publications
655.46.161.251.334-336.475486  Their locations are summarized in Figure 21.

For the purpose of preliminar}; linkage analysis, 18 individuals (11 males and
seven females) from families A - D were classified as LGMD patients (Figure 22). Six
individuals did not meet the criteria as affected or unaffected. Individuals A-02, C-04, C-
08, and D-08 were asymptomatic, with normal muscle strength on manual muscle
testing, but had mildly elevated serum CK levels that were less than 4 times the upper
limit of normal. Individuals D-03 and D-11 were asymptomatic by history and provided
DNA samples, but were not available for physical examination, or CK testing. The
phenotypes of these six individuals and all individuals that had not been examined (ie.
ancestors of the kindred) were classified as unknown.

Two-point linkage analysis of-an autosomal recessive trait with complete
penetrance was performed as described in Chapter 3 (p. 93). Data were obtained from
microsatellite typing of 18 patients, their parents, and siblings available for study (Figure
22). Due to the large number of affected individuals, it was possible to achieve
significant lod scores (-2.0 > z > 3.0) without using consanguinity or marriage loops.
Disease allele frequency was crudely estimated to be 0.05 based on the number of known
cases of LGMD in the Manitoba Hutterites. Marker allele frequencies were initially
assumed to be equal, and were subsequently calculated from the eight parents of the four
nuclear families (A, B, C, D) (Figure 22). The maximum likelihood estimate of the
recombination fraction was determined as described in Chapter 3 (p. 93), under the

assumption of an autosomal recessive trait with complete penetrance.
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Table 11. Lod scores from two-point linkage analysis between LGMD and markers
linked to 10 candidate loci

Candidate Marker Recombination Fraction (0)

Locus Locus* 4  ggo1 005 o1 02 03 04
LGMDIA  CSFIR _« -453 -191 -093 -020 O 0
LGMD24  DISSI82 —o -532 -263 -156 -064 -024 -0.05

DI5SS778 e -575 -245 -120 -023 005 0.1
LGMD2B  D2S291 —oo -397 -196 -1.17 -049 -0.19 -0.04
D2S2109 _« -347 -151 -077 -022 -005 O
D2S2111 -« -245 -1.14 -0.66 -027 -0.11 -0.03
LGMD2C  DI3SIIS = -928 -458 -271 ~-L11 -041 -0.09
LGMD2D  DI7S806 —co ~-495 ~-228 -125 -043 -0.13 -0.02
DI7S94]1 —oo ~-2.16 -091 -047 -0.16 -0.06 -0.01
LGMD2E  D4SI547 _o -206 -0.74 -025 009 013 0.1
D4SI594 o« -648 -3.13 -182 -072 -026 -0.06
LGMDIF  D5S470 _o -469 -252 -1.58 -070 -0.28 -0.06
DAGI  D3SI766 -« -580 -299 -1.81 -076 -029 -0.07
SNT2BI  D8SI99 _« ~-544 -268 -1.56 -062 -023 -0.05
SNT2B2  DI6S266 -« ~-1022 ~-487 -2.78 -1.03 -033 -0.06

Marker allele frequencies were assumed to be equal.
*Markers were chosen on the basis of reported significant positive lod scores to the
respective disease loci.



Lod scores <-2 were obtained for 15 markers (at least one marker linked to each
candidate locus) (Table 11) suggesting that each of the 10 candidate loci could be
excluded as the locus causing the disease in these families.

Genome Scan and DNA Pooling

We subsequently initiated a genome scan to identify the disease locus *-*'. DNA
from nine confirmed affected individuals (A-03, A-10, C-03, C-05., C-07, D-05. D-06, D-
07. D-12) was pooled into one tube. DNA from 12 siblings of patients (A-05, A-08, A-09,
A-12, C-04, C-06, C-08, C-09, D-03, D-08, D-09, D-11) was pooled into a second tube
that also contained DNA from two other siblings in Family D (D-04 and D-10) (Figure
22). The phenotype of individuals A-12, C-04, C-08, D-03, and D-11 was unknown at the
time of DNA pooling and therefore DNA from these individuals was aliquotted into the
sibling DNA pool. Genotypes of the DNA pools were determined as described in
Chapter 3 (p. 91) with 200 microsatellite markers (Research Genetics Set 5a
supplemented with 46 additional markers, Research Genetics, Huntsville, AL) spaced
approximately 20 cM apart. Of the 246 markers that were tested, five markers (D/S236,
D6S259, D651003, D9S302, and D1 7;5”849) gave a banding pattern suggestive of excess
homozygosity in the patients” DNA pool when compared with the siblings” DNA pool
(Figure 23).
Coarse Linkage Analysis

Genotypes were determined for the individual family members shown in Figure
22 using these six markers. Two-point linkage analysis of an autosomal recessive trait

with complete penetrance was performed as described in Chapter 3 (p. 93). Marker allele
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D3S3038 D9S302

Figure 23. Autoradiogram of microsatellite PCR using DNA pools anplified with
D3S3038 or D9S302. Banding patterns are indicative of an unlinked marker (D3S3038)
and of a linked marker (D95302).
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Table 12. Lod scores for linkage between LGMD2H and markers in chromosome region

9931-9q34.1

Recombination Fraction (0) A A
Marker 0 Z()
0.90 0.01 0.05 0.10 0.20 0.30
D9S127 - =517 -139 -0.10 0.60 0.51 0.23 0.62
D95306 3.15 3.09 2.82 2.48 1.74 0.98 0.00 3.15
D9S2105 - —0.37 0.20 0.34 0.33 0.20 0.14 0.36
D9§2107 - -403 -146 -0.54 0.06 0.14 0.28 0.14
D9S172 1.58 1.55 1.42 1.26 0.89 0.51 0.00 1.58
D9S58 -0 —0.26 1.47 1.89 1.75 1.14 0.13 1.93
D95930 —o0 2.63 3.56 3.56 2.85 1.78 0.07 3.62
D9S51 2.21 2.17 2.00 1.77 1.26 0.72 0.00 221
D9S8302 —oo 5.80 592 5.46 4.12 252 0.03 5.99
D95934 5.97 5.86 540 481 3.53 2.14 0.00 5.97
D9S1850 —o0 1.54 2.01 2.01 1.66 1.10 0.07 2.04
D9S60 —oc -525 -257 -151 -0.61 -0.22 0.50 0.00

Marker allele frequencies were calculated from the parents of the four nuclear families

(A-D)
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Figure 24. Ideogram of chromosome 9q31-q33. 50 markers used in this study are listed
in map order. Marker order is based on maps obtained from the NCBI (GeneMap '99),
the Whitehead Institute for Biomedical Research, the Marshfield Clinic and the Location
Database, as well as recombination and YAC data obtained during this study. The
location of FCMD is indicated. The initial localization of LGMDZ2H is indicated, as is the
refined location (markers highlighted in bold).
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frequencies were assumed to be equal. D95302, located in chromosome region 9q31-
9933, showed significant linkage to the LGMD locus in this kindred, with a maximum
lod score of 5.99 at 6=0.03 (Table 12). Examination of the chromosome 9q31-9q33
region revealed that the FCMD locus had been mapped to this region as well 342
D9S302 is estimated to be only 11 Mb from FCMD (Figure 24) '®, thus it was
considered possible that the locus for the Hutterite LGMD may be an allelic variant of
FCMD. To obtain evidence that these disease loci were distinguishable, genotypes of
family members were determined for six markers known to be linked to FCMD (D9S127,
D9S306, D9S2105, D9S2107, D9S172, and D9S38) ¥4+ (Figure 24). Two-point
linkage analysis of the Hutterite LGMD versus markers D9S5727 and D952107 (located
about 2 Mb centromeric and 20 kb telomeric of FCMD. respectively) showed
significantly negative lod scores of -5.17 and -4.03 at 6=0.01 (Table 12), suggesting that
the Hutterite LGMD is not allelic to FCMD. One of the markers linked to FCMD
(D9S306) showed significant linkage to the disease gene (Z(8)=3.15 at 6=0). This finding
is due to a lack of informative meioses at the D95306 locus in patients exhibiting
recombination events.

Genotypes were determined for all individuals in Figure 25 using five additional
markers surrounding D9S302 and telomeric to FCMD (D95930, D9S51, D95934,
D9S51850, and D9S60, Figure 24). Two-point analysis of the Hutterite LGMD versus
D95930, D9S302,and D9S93+4 yielded lod scores >3.0 (Table 12). D9S60, located
approximately 7.2 Mb telomeric to D9S934 1% showed a significantly negative lod score

of -5.25 at 8=0.01.
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Figure 25, Haplotypes spanning 20 ¢M of chromosome 993 from Hutterite families A, B, C, D. Affected individuals are represented
by filled diamonds, unaffected individuals by open diamonds and individuals with an unknown phenotype are designated by a question
mark in a diamond. Inferred genotypes are designated by square brackets, Black colored haplotypes harbor the discase gene; white
haplotypes do not carry the disease gene; regions shaded in grey indicate intervals of recombination, Note; allele sizes in markers
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Lod score

i — —— — —

Figure 26. Multipoint lod score of the location of LGMDZ2H for the four nuclear families
(A, B, C, D) shown in Figure 22; lod scores less than -4 are not shown. Marker
positions are indicated by tick marks on the X-axis. The total distance between D9S127
and D9S60 was estimated to be 23.9 cM. FCMD is estimated to be 20 kb from D952107.
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Multipoint Linkage Analysis

Multipoint linkage analysis was then completed to determine the most likely
interval harboring the Hutterite LGMD locus. Lod scores were computed at 0.1 cM
increments throughout the interval from D9S727 to D9S60 using the GENEHUNTER
program (version 1.1) %’ (Figure 26 ). The map order and inter-marker distances used
were D9S127 - 0.8 cM - D9S306 - 1.2 cM - D9S2105 -0.2 cM - D9S2107 - 0.3 cM -
D9S172 -5.6 cM - D9S58 -4.8cM - D9S930 - 1.3 cM - D9S51 -2.2 cM - D9S302 - 0.3
cM - D9S934 - 4.1 cM - D9S850 - 3.1 cM - D9S60. Inter-marker distances for D9S127-
D9S306-D952105 were based on physical mapping data **°; those for D9S2105-D9S2107-
D9S172 were estimates based on linkage disequilibrium *' and an arbitrary assumption
that FCMD is 20 kb centromeric to D9S52107; and those for D9S!72 through D9S60 were
obtained from the chromosome 9 summary map of the Genetic Location Database (LDB)
(http://cedar.genetics.soton.ac.uk/public_html/) '®. One cM was assumed to be
equivalent to one Mb. Multipoint analysis of three markers (D9S302-D9S934-D9S51850)
in the region of the highest lod scores using the LINKMAP program in the FASTLINK
version of the LINKAGE programs '%82%-243577378 and of eight markers (D9S172 through
D9S60) using the VITESSE program *2, gave similar results to the GENEHUNTER
program (data not shown).

The multipoint analysis excludes the Hutterite LGMD from being linked to a 5
cM region encompassing FCMD (lod scores < -2), and indicates that its most likely
location is close to D9S934. The maximum multipoint lod score was 7.61 at D9S934; the

3-unit-of-lod-score support interval ** extends from slightly distal to D9S302 to slightly
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proximal of D9S1850. After confirming that FCMD and the Hutterite LGMD were not
allelic disorders, we proposed the name LGMD2H for the Hutterite LGMD. LGMD2H
was accepted by the nomenclature committee of the Human Genome Organization
(HUGO). |

Haplotype Analvsis

Initial coarse haplotypes were constructed to more firmly delineate the LGMD2H
candidate interval. The data was obtained from microsatellite typing of 18 patients and
their families (Figure 22), according to the methods described in Chapter 3, p. 91.
Twelve microsatellite markers spanning the FCMD locus and extending approximately
20 cM telomeric to the FCMD locus were used in initial haplotype construction (D9S127-
D95306-D952105-D9S2107-D9S172-D9S38-D9S930-D9S51-D9S302-D9S93+4-D9S1850-
D9S60; Figure 24). Recombination events between D9S2/07, the closest marker to
FCMD, and LGMD2H were apparent in individuals B-03, B-08, B-10, D-07 and D-09
(Figure 25). A distal recombination was evident between D9S934 and D9S/8350 in
individual C-03 (Figure 25). Taken together, the proximal and distal recombinations
defined the candidate region, flanked by D9S302 (individual D-09) and D9S850
(individual C-03) and containing D9593+4, as approximately 4.4 Mb (3.9 cM in males, 6.2
cM in females) '®. An estimate of the minimum candidate interval defined by
recombinant haplotypes in affected individuals (C-03 and D-07) is 7.9 Mb (5.9 Mb in
males, 10.0 Mb in females), flanked by D9S930 and D9S1850 '*. Physical distances
were estimated from the Genetic Location Database (LDB)

(http://cedar.genetics.soton.ac.uk/public_html/) '
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Further refinement of the candidate interval was achieved by determining the
genotypes of all known families and additional individuals for an expanded set of
microsatellite markers located between D9S5302 and D9S1850. The additional individuals
included more patients and relatives from Families B and C, two more families affected
with LGMD?2H (Families E and F) and eight nuclear families that did not show linkage to
the chromosome 9q31-q33 region. These eight families will be discussed in Chapter 6.

Data were obtained from determining the genotypes of 101 individuals from six
separate but related Hutterite families (Families A, B, C, D, E, F). Twenty-five
microsatellite markers located within ﬁe chromosomal region of 9q31-q33 and flanked
by D9S302 and D9S1850 were used (D9S5302-D9S51-HXB-D951855-D9S2146-D9S1776-
D9S5926-D9S155-D9S243-D9S907-D9S177-D9S241-D9S1 126-D9S170-D9S322-DIS154-
D9S737-D9S931-D9S1802-D9S754-D9S934-D9S1811-D9S1864-D9S195-D9S258-
D9S1823-D9S1850; Figure 24). Two point linkage analysis was performed as described
in Chapter 3 (p- 93). Loops were incorporated for families C and E. Results are
presented in Table 13. Haplotype analysis was performed as described in Chapter 3 (p.
94) with a small number of missing genotypes inferred where possible. The expanded
haplotypes revealed seven current and five ancient recombination events (Figure 27 -
Figure 32, summarized in Figure 33). Proximal recombination events can be seen in
individuals D-09 (between D95302 and D9S3 - Figure 30) and E-11 (between D9S241
and D9S1126 - Figure 31). Ancient recombination events centromeric to LGMD2H are
evident in individuals B-35/B-36 (between D9S1126 and D9S170 - Figure 28) and E-24

(between D9S1126 and D9S170 - Figure 31). Distal recombination events can be seen in
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Table 13. Lod scores for linkage between LGMD2H and 50 markers in chromosome
region 932

MARKER 6= = = = = = 6z
LOCUS 000 001 005 0.0 020 030
D9S302 - 574 592 550 416 253 003 597
Family A 000 000 000 000 000 000
FamilyB 224 219 202 179 129 076
FamilyC  -= 020 074 084 072 044
FamilyD 000 000 000 000 000  0.00
FamilyE 145 142 130 L13 079 043
FamilyF 194 193 187 173 136 089
D9Ss1 247 244 229 205 147 083 000 247
Family A -005 -005 -004 -004 -003 -0.01
FamilyB 104 102 094 083 060 035
FamilyC 073 071 066 059 042 024
FamilyD 007 007 006 005 003 00l
FamilyE 055 054 049 043 030 0.6
FamilyF 0.4 015 0.9 019 014  0.07
HXB - 691 693 634 474 290 003  7.06
Family A 000 000 000 000 000 000
FamilyB 225 220 203 180 130 077
FamilyC 103 101 093 08 060 035
FamilyD 000 000 000 000 000 0.0
FamilyE 133 130 L19 105 074 042
Family F - 240 278 267 210 137
D9S185S = 354 382 354 257 143 004 383
Family A 000 000 000 000 000  0.00
FamilyB 103 102 096 088 067 041
FamilyC 000 000 000 000 000 000
FamilyD  -- 066 109 108 077 039
Family E 145 142 130 113 079 043
FamilyF 042 044 046 045 035 0.9
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MARKER 6= = = = = = 6 z®
LOCUS 000 001 005 010 020  0.30
D952146 < 590 604 556 410 242 003 611
Family A 082 080 070 057 033 0.4
FamilyB 074 073 067 059 041 023
FamilyC 060 059 054 047 032  0.17
FamilyD 148 145 132 116 079 042
FamilyE 074 072 066 058 042 024
FamilyF -~ 161 216 220 183 121
D9S1776 875 857 785 692 499 298 000 875
FamilyA 000 000 000 000 000  0.00
Family B 224 219 202 179 129 076
FamilyC 103 101 093 082 060 035
FamilyD 000 000 000 000 000  0.00
Family E 145 142 130 LI3 079 043
Family F 403 395 361 318 231 144
D95926 808 793 730 646 467 280 000 8.08
Family A 060 058 053 045 031 0.6
FamilyB  1.04 102 094 083 060 035
FamilyC ~ 1.03 101 093 082 060 035
FamilyD 0.5 -0.14 -0.12 -009 -005 -0.02
Family E. 215 210 190 165 112 0.60
Family F 341 336 313 280 210 136
D9SISS 1056 1036 952 840 603 355 000 10.56
Family A 086 083 073 061 037 017
Family B 224 219 202 179 129 076
FamilyC 193 189 173 152 108 062
FamilyD 086 084 078 069 050 029
FamilyE 145 142 130 L13 079 043
FamilyF 322 3.8 296 266 199 128
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MARKER 6= 0= = = = = 6z
LOCUS 000 001 005 010 020 030
D95243 946 923 831 602 353 002 953
Family A 082 080 070 057 033  0.14
Family B 224 219 202 L79 129 076
FamilyC 073 071 065 057 040 022
FamilyD - 125 167 161 117 063
FamilyE 145 142 130 113 079 043
Family F 3.1 308 291 265 204 134
D9S907 838 823 760 674 488 292 000 838
FamilyA 082 080 070 057 033 014
FamilyB 224 219 202 179 129 076
FamilyC 103 101 093 082 060 035
FamilyD 000 000 000 0.00 000 0.0
FamilyE 145 142 130 113 079 043
Family F  2.84 281 266 243 188 123
D9S177 10.75 1055 968 849 596 344 000 1075
FamilyA 086 083 073 061 037 0.7
Family B 224 219 202 179 129 076
FamilyC 193 189 173 152 108 062
FamilyD 087 084 073 058 028 007
FamilyE 145 142 130 113 079 043
Family F 340 337 317 286 215 139
D9S241 865 847 775 682 489 290 000 8.65
Family A 060 0358 053 045 031 0.6
Family B 1.04 102 094 083 060 035
FamilyC 193 189 173 152 108 062
FamilyD 092 091 084 074 053 031
FamilyE 000 000 000 000 000 0.0
Family F 416 407 371 326 236 147
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MARKER 6= 6= 0= @= = = 6 z®
LOCUS 000 001 005 010 020 0.0
D9S1126 1476 1443 1309 1139 795 454 000 14.76
Family A 082 080 070 057 033 0.14
Family B 224 219 202 179 129 076
Family C 133 130 117 101 068 036
FamilyD 359 351 316 272 184 099
FamilyE 257 251 229 200 140 079
Family F 421 412 376 330 239 149
D9S170 1549 1514 1376 1201 844 487 000 1549
Family A 086 08 073 061 037 017
Family B 224 219 202 179 129 076
FamilyC 193 189 173 152 108 062
FamilyD ~ 3.17 309 280 243 166  0.90
FamilyE ~ 2.63 257 234 205 144 082
FamilyF 467 456 414 362 259 160
D9S322 1164 1138 1034 900 629 362 000 11.64
FamilyA 082 080 070 057 033 0.14
Family B 225 220 203 180 130 077
Family C 193 189 173 152 108 062
FamilyD 133 129 116 098 063 030
FamilyE 096 093 085 074 051 028
Family F 436 426 387 339 243 150
D9S154 1137 1112 1011 882 621 360 000 1137
Family A 000 000 000 000 000  0.00
Family B 224 219 202 179 129 076
Family C 193 189 173 152 108 062
Family D 131 128 Ll14 096 060 029
Family E ~ 1.17 114 104 090 061 033
FamilyF 472 461 419 366 262 16l
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MARKER 6= 6= 6= 0= 0= 0= 6 o)
LOCUS 000 001 005 016 020 030
D9S737 958 938 856 751 535 316 000 958
Family A  -0.05 -005 -0.04 -0.04 -003 -0.01
FamilyB 073 072 068 062 047 027
Family C 193 189 173 152 108 062
FamilyD 1.05 103 096 087 065 039
Family E 127 124 L12 097 067 036
Family F 465 454 410 356 251 153
D9S931 - 801 833 758 545 314 003 8.43
Family A 086 085 073 061 037 0.7
Family B 0.00 000 000 000 000  0.00
FamilyC 073 071 066 059 042 024
FamilyD  3.72 362 324 277 184 095
FamilyE ~ -=  -1.09 010 045 052 034
Family F 402 393 359 317 231 144
D9S1802 > 1126 1134 1027 742 431 003 1157
FamilyA 086 083 073 061 037  0.17
FamilyB. 224 219 202 179 129 076
FamilyC 193 189 173 152 108 062
FamilyD  3.74 365 327 280 18  0.96
FamilyE -  -103 016 050 055 036
Family F  3.79 372 343 306 227 143
D9S754 - 329 353 324 231 126 004 355
Family A  0.00 000 000 000 000 0.0
FamilyB  1.04 102 094 083 060 035
FamilyC ~ 0.00 000 000 000 000  0.00
FamilyD 272 266 240 207 140 0.72
FamilyE -~  -145 -0.76 -048 -021 -0.08
FamilyF  1.10 107 095 081 053 027
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MARI(ER = = = = = = 8 Z(ﬁ)
LOCUS 0.00 0.01 0.05 0.10 0.20 0.30

DIS934 =00 8.30 8.64 7.89 5.73 3.36 0.03 8.73
Family A 0.86 0.83 0.73 0.61 0.37 0.17
Family B 1.03 1.02 0.96 0.88 0.67 0.41
Family C 1.93 1.89 1.73 1.52 1.08 0.62
Family D -0 -0.36 0.76 1.00 0.87 0.50
Family E 0.55 0.54 0.49 0.43 0.30 0.16
Family F 4.49 4.38 3.96 3.44 2.44 1.50
D9S1811 oo 6.78 6.69 5.97 4.17 2.30 0.02 6.89
Family A 0.86 0.83 0.73 0.61 0.37 0.17
Family B 2.24 2.19 2.02 1.79 1.29 0.76
Family C 0.73 0.71 0.66 0.59 0.42 0.24
Family D o0 0.96 1.41 1.39 1.03 0.56
Family E 0.55 0.54 0.49 0.43 0.30 0.16
Family F 1.58 1.54 1.37 1.16 0.75 0.40
DI9S1864 o0 2.71 2.96 2.70 1.87 0.98 0.04 298
Family A 0.86 0.83 0.73 0.61 0.37 0.17
Family B 0.00 0.00 0.00 0.00 0.00 0.00
Family C 0.00 0.00 0.00 0.00 0.00 0.00
Family D o0 0.96 1.41 1.39 1.03 0.56
Family E 0.00 0.00 0.00 0.00 0.00 0.00
Family F 0.94 0.92 0.82 0.70 0.46 0.24
DI9S195 =00 -1.13 1.13 1.65 1.49 0.89 0.13 1.70
Family A 0.00 0.00 0.00 0.00 0.00 0.00
Family B 0.00 0.00 0.00 0.00 0.00 0.00
Family C 0.00 0.00 0.00 0.00 0.00 0.00
Family D -0 0.02 1.08 1.25 1.01 0.57
Family E o0 -1.14 0.05 0.40 0.48 0.32
Family F 0.00 0.00 0.00 0.00 0.00 0.00
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MARKER 0= 0= 0= 0= 0= 0= 8 Z(a)
LOCUS 0.00 0.01 0.05 0.10 0.20 0.30

D9S258 o0 -3.34 -1.58 -0.76 -0.08 0.10 0.32 0.11
Family A -1.05 -0.89 056 -036 -0.16 -0.06
Family B 1.04 1.02 0.94 0.83 0.60 0.35
Family C 0.12 0.12 0.10 0.08 0.05 0.02

Family D w~  -197 -121 -081 -037 -0.14
Family E -  -145 -076 -048 -021 -0.08
FamilyF  -020 -0.17 -0.09 -004 00l 0.0l
D9S1823 oo 085 226 260 231 156 011 2.6l

Family A -1.05 -089 -056 -036 -0.16 -0.06
Family B 0.00 0.00 0.00 0.00 0.00 0.00
Family C 0.73 0.71 0.62 0.51 0.31 0.14
Family D 1.14 1.12 1.04 0.92 0.68 0.40

Family E -0 -145 -0.76 -048 -0.21 -0.08
Family F -0 1.36 1.93 2.00 1.70 1.17
D9S1850 00 -2.35 1.03 2.05 2.22 1.55 0.16 231

Family A -1.05 -089 -056 -036 -0.16 -0.06
Family B 1.04 1.02 0.94 0.83 0.60 0.35
Family C 0.00 0.00 0.00 0.00 0.00 0.00

Family D -o0 -1.85  -0.06 0.46 0.60 0.39
Family E =00 -0.90 -028 -0.08 0.02 0.02
Family F -o0 0.27 0.99 1.20 1.15 0.84

Lod scores were calculated for each family independently. For each marker, the sum of
the lod scores over the six families is indicated in bold.
Marker allele frequencies were assumed to be equal.
6 - recombination fraction at which the maximum lod score is obtained from the six
.  families
Z(8) - the maximum lod score obtained from the sum of the lod scores from six families
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Figure 27. Refined Hutterite Family A haplotypes. Affected individuals are represented
by filled diamonds, unaffected individuals by open diamonds and individuals with an
unknown phenotype are designated by a question mark in a diamond. Black coloured
haplotypes harbor the disease gene; white haplotypes do not carry the disease gene.
Boxes surrounding genotypes indicate putative ancestral slippage events on the disease-
associated haplotype.
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Figure 28. Refined Hutterite Family B haplotypes. Affected individuals are represented by filled dian
phenotype are designated by a question mark in a diamond. Black coloured haplotypes harbor the dise:
genotypes indicate putative ancestral slippage events on the disease-associated haplotype. ‘Solid lines i
recombination events. -
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Figure 29. Refined Hutterite Family C haplotypes. Affected individuals are represented
by filled diamonds, unaffected individuals by open diamonds and individuals with an
unknown phenotype are designated by a question mark in a diamond. Black coloured
haplotypes harbor the disease gene; white haplotypes do not carry the disease gene.
Boxes surrounding genotypes putative ancestral slippage events on the disease-associated
haplotype. Solid lines indicate recombination events in the current generation.
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Figure 30. Refined Hutterite Family D haplotypes.  Affected individuals are represented
by filled diamonds, unaffected individuals by open diamonds and individuals with an
unknown phenotype are designated by a question mark in a diamond. Black coloured
haplotypes harbor the disease gene; white haplotypes do not carry the disease gene.
Boxes surrounding genotypes indicate putative ancestral slippage events on the disease-
associated haplotype. Solid lines indicate recombination events in the current generation.
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Figure 31. Refined Hutterite Family E haplotypes. Affected individuals are represented by filled dian
phenotype are designated by a question mark in a diamond. Inferred genotypes are designated by squar
not carry the disease gene. Boxes surrounding genotypes indicate putative ancestral shppage events or
current generation; dashed lines indicate ancient recombination events. ~ ~ - -
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Figure 32. Refined Hutterite Family F haplotypes. Affected individuals are represented
by filled diamonds, unaffected individuals by open diamonds and individuals with an
unknown phenotype are designated by a question mark in a diamond. Black coloured
haplotypes harbor the disease gene; white haplotypes do not carry the disease gene.
Boxes surrounding genotypes indicate putative ancestral slippage events on the disease-
associated haplotype. Dashed lines indicate ancient recombination events.
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Figure 33. Summary of recombination events refining the LGMD2H candidate interval.
Seven current recombination events are indicated on the left in red. five ancient
recombination events are indicated on the right in green. Affected individuals are
indicated by filled diamonds, unaffected individuals are indicated by open diamonds. The
clinical status of individual E-81 is unknown. A conservative estimate of the candidate
interval using current recombination events in affected individuals is highlighted in blue,
the estimate of the interval using current recombination events in affected and unaffected
individuals is highlighted in pink, the estimate of the candidate interval using current and
ancient recombination events in affected and unaffected individuals is highlighted in
vellow, flanked by D9S7126 and D9S737. Haplotypes showing the recombination events
in detail are illustrated in Figure 27 - Figure 32.
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individuals B-36 (between D9S1811 and D9S1864 - Figure 28), C-03 (between D9S195
and D95258 - Figure 29), C-07 (between D9S170 and D9S931 - Figure 29), E-16
(between D9S754 and D9S934 - Figure 31) and E-25 (between D95/802 and D9S754 -
Figure 31). Ancient recombination events telomeric to LGMD2H are evident in
individuals B-15 (between D9S154 and D9S737 - Figure 28), E-81 (between D9S186+4
and D9S!95 - Figure 31) and F-04/F-06 (between D9S754 and D9S93+4 - Figure 32).

A conservative estimate of the flanking markers using current recombination
events apparent in affected individuals yields a region bounded by D95930 (D-07,
Figure 25) and D9S93/ (C-07, Figuré 29) (approximately 3.6 Mb) '“. An estimate of
the candidate interval using current recombination events apparent in both affected and
unaffected individuals reduces the region to approximately 1.4 Mb, flanked by D9S24/
(E-11, Figure 31) and D9S931 (C-07, Figure 29). The estimate of the candidate interval
using both current and ancient recombination events in both affected and unaffected
individuals further reduces the region to exclude D9S241, such that the LGMD2H area is
bounded by D9S1126 (B-35/B-36, Figure 28) and D95737 (B-15, Figure 28). An
accurate size of the candidate region is difficult to obtain from the currently available
maps due to differences in marker order.

Marker Order

Maps in the chromosome 9q31-q33 region differ considerably in several ways:
) all maps do not contain the same set of markers;
(i) the order of markers is not consistent among the maps;

(iii)  the distances between markers are not compatible (Table 14).
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Table 14. Comparison of human chromosome 9q31-q33 genetic and physical maps

Marker locus Gene Map '99 Whitehead Marshfield LDB
cM cR cM cR cM Mb

D9S127 107.087
D95306 110.92 110.339
D9821035 112.833
D9S52107 ) 112.833
D9S172 112.0 342.7 112.0 401.58 111.99 109.386
D9S58 115.027
D95930 429.07 120.04 119.816
D95302 123.33 123.365
D9S51 122.33 121.137
HXB 357.94 122.33 121.140
D9S1855 124.4 123.33 122.203
D9S2146 123.87 123.024
D9S1776 1242 123.33 121.646
D9S926 123.87 121.564
D9S155 1243 124.33 121.961
D95243 123.033
D9S907 123.87 122.242
D9S177 124.4 359.55 1244 428.97 123.87 121.941
D9S241 1304 368.17 125.63 126.913

D9S1126 122.067

- Y -] " 'y ik
i ,.D. 9 . s.»,“ e O T e A L L 2 e o o LT it e AR &
s . —

= A ¢
APt e

D9S737 125.18 121.920
D95931 425.93 123.417
D9S1802 126.4 125.63 123.020
D9S754 126.41 123.032
D9S934 440.66 127.98 123.662
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Marker locus Gene Map '99 Whitehead Marshfield LDB

cM ¢R cM cR M Mb
D9SI1811 128.0 126.41 123.284
D9S1864 128.0 365.02 128.0 127.98 123.884
D9S195 1304 368.17 130.4 450.17 129.74 125.333
D9S258 1304 371.95 1304 130.52 126.585
D9S1823 130.4 371.95 132.9 132.09 127.503
D9S850 132.9 132.09 127.773
D9S250 132.09 127.945
D9S1682 132.9 132.09 127.960
D9S123 127.989
D982157 128.000
DIS60 131.140

(®) Marker locations are listed where available for each map.

(o) Gene Map ‘99 genetic and physical maps are located at the NCBI
(www.ncbi.nlm.nih.gov/genemap99/), Whitehead genetic and physical maps are
located at the Whitehead Institute for Biomedical Research
(http://carbon.wi.mit.edu:8000/cgi-bin/contig/phys_map), the Marshfield
genetic map is located at the Marshfield Clinic
(http://research.marshfieldclinic.org/genetics/Map_Markers/maps/indexmap.
html) and the LDB integrated map is located at the Genetic Location Database
(http://cedar.genetics.soton.ac.uk/public_htmVidb.html).

(®)  Map order was created by summarizing the data obtained from genetic and
physical maps and modifying it with data obtained from analysis of haplotypes,

Y ACs and radiation hybrids.
(®) The LGMD2H candidate interval flanked by D9S1/26 and D9S737 is indicated in

grey.
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Initially, a consensus map was created by compiling data from known genetic and
physical maps after prioritizing the value of the marker order. Priority was given to
marker order established on the basis of genomic sequence, followed by radiation hybrid
mapping, physical mapping, genetic mapping, and finally the integrated approach
employed by LDB (http://cedar.genetics.soton.ac.uk/public_html/) '®. Subsequently,
additional discrepancies were resolved by performing haplotype analysis of the LGMD2H
families in the chromosome 9q31-q33 region and constructing YAC and sequence contigs
within the region. Further efforts to elucidate the order of these markers were conducted
in our lab by performing haplotype analysis on CEPH families known to exhibit cross-
over events in the 9q3 region, and by performing radiation hybrid analysis using the high
resolution Stanford TNG panel (data not shown). The TNG panel contains 90 cell lines
with human DNA that was irradiated with 50,000 rads of X-ray radiation. The average
size of the human DNA fragments is 800 kb and the resolution of the map is
approximately 100 kb
(http://www-shgc.stanford.edu/Mapping/rh/RH_poster/index.html) .
Physical Mapping

In order to confirm the microsatellite marker order obtained as described above,
and to get an approximate size of the candidate region, a YAC map was constructed. A
text search of the YAC database houséd at the Whitehead Institute for Biomedical
Research (http://carbon.wi.mit.edu:8000/cgi-bin/contig/phys_map) was performed to
identify YACs containing chromosome 9q32 markers. 35 YACs that contained

microsatellite markers in the region were obtained from the MRC Genome Resource
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Centre. DNA was isolated as described in Chapter 3 (p. 83). Each YAC clone was
blindly tested for 21 microsatellite markers known to be linked to the LGMD2H locus
(D9S174, D9S31. HXB, D9S1855, D9S2146, D9S926, D9S155, DIS907, D9S243,
D9S177, D9S241, D9S1126, D9S170, D9S322, D9S154, D9S931, D9S737, D9S1802,
D9S754, D9S934, D9S1811) (example shown in Figure 34). The YAC contig was
assembled under the assumption of a minimal number of insertions, deletions and
rearrangements (Figure 35). Three YAC clones (932A12. 883E4, 885B2) span the
minimal candidate region flanked by D9S7726 and D9S737. The sizes of these clones
range from 1 Mb to 1.7 Mb (Figure 35)
(http://carbon.wi.mit.edu:8000/cgi-bin/contig/phys_map), thus the size of the
candidate region is probably less than 1 Mb.

Because the candidate region is reasonably small and the progress of the Human
Genome Project has been swift, it was considered possible to begin the assembly of a
DNA sequence contig from large DNA sequences deposited into the
Genbank/EMBL/DDBJ consortium database. DNA sequence databases were screened
using the Basic Local Alignment Seafch Tool (BLAST) from the UK Human Genome
Mapping Project (HGMP) (http://www.hgmp.mrc.ac.uk/) as described in Chapter 3 (p.
95). Microsatellite loci known to be linked to the LGMD2H locus (Figure 24) were used
to screen the high throughput (HTGS) and non-redundant (nr) human sections of the
DNA sequence database. Large genomic sequences obtained from the primary BLAST
screen were then subjected to electronic PCR (e-PCR) at the Genome Database (GDB)

(http://www.gdb.org/gdb/seqEpcr.html) and at the National Centre for Biotechnology
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Figure 34. Microsatellite typing of YAC contig. 35 YACs ordered alphanumerically on the gel were typed for D9S3/, Lanes 1 - 35 -
YACs; Lanes 36 & 37 - genomic DNA controls, 12 YACs were positive for D9S5/: 748A6, 789G4, 798H11, 812G 10, 834C10,
837F3, 843H4, 847G2, 867E8, 899D5, 93817, 941A12.
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Figure 35. 9932 YAC contig spanning the LGMD2H candidate region. YACs are listed
in the leftmost column, followed by their size in kb (obtained from the Whitehead
Institute for Genome Research). Microsatellite markers are listed in the top row. The
map order was created under the assumption of a minimal number of insertions, deletions
and rearrangements. Asterisks indicate that the marker was not localized to any YACs in
the Whitehead Institute physical map. Shading indicates that the YAC was positive for
the microsatellite marker in this study. Black outlines indicate that the YAC was positive
for the microsatellite marker as reported by the Whitehead Institute. Dashed lines flank
the 3 YACs that span the LGMD2H candidate region.

-183 -



Information (NCBI) (http://www.ncbi.nlm.nih.gov/genome/sts/epcr.cgi) to identify all
sequence-tagged sites (STS) present (Chapter 3, p. 95). The collection of STS’s thus
obtained was then used to screen two sections of the DNA sequence database (human,
htg) using BLAST at the UK Human Genome Mapping Project (HGMP) to obtain a
complete list of large genomic clones. This process resulted in the identification of ten
large genomic clones that map to chromosome 9q32 (Table 15). These genomic clones
are the products of the sequencing efforts of the Japanese Foundation for Cancer
Research. the Whitehead Institute for Biomedical Research and the Sanger Centre.
Sequence alignments performed using the BLAST 2 sequences server at the NCBI
(http://www.ncbi.nlm.nih.gov/gorf/bl2.html), the NIX server at the UK HGMP
(http://www.hgmp.mrec.ac.uk/Registered/Webapp/nix/) and the UCSC Human
Genome Working Draft viewer (http://genome.ucsc.edu/) have revealed that these 10
clones assembile into a single sequence contig (Figure 36) and have allowed us to
accurately establish the marker order of the candidate region.

Candidate Gene Analysis

During construction of the ph);sical map and elucidation of the 9q31-q33 map
order, candidate genes were identified in several ways. One method of identifying
candidate genes involved the identification of genes and/or phenotypes in model
organisms mapped to the chromosomal location homologous to human chromosome
9931-q33. Examination of the human chromosome 9 - mouse homology map
(http://www.ncbi.nlm.nih.gov/Homology/human9.html) revealed homologies between

human chromosome 9q31-q33 and mouse chromosomes 2, 4 and 13 (Table 16).
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Table 15. List of chromosome 9q32 genomic clones

Accession # Clone DB Size # of Contig
(bp) pieces

AB020878.1 PRI 110525 1 ordered NT _000520

GI1:4003398 piece

AC007940.3 RP11- HTG 171841 11 unordered

GI:8072418 44C14 pieces

ACO015464 4 RPil- HTG 182018 19 unordered

GI:7960354 115E6 pieces

AC032004.2 RP11- HTG 194405 27 unordered

GI:8705137 600D20 pieces

AL133282.15 RP11- PRI 130526 1 ordered NT_004056

GI:8246854 264C15 piece

AL133284.13 RP11- PRI 155466 1 ordered NT_004056

GI:8217432 67K19 piece

AL1370249 RP11- HTG 200595 22 unordered

GI:9801300 45A16 pieces

AL157829.15 RP11- HTG 210264 3 unordered

GI:10185482 305F14 pieces

AL162589.2 RP11- HTG 163597 10 unordered

GI:9212988 448111 pieces

AL353141.5 RP11- HTG 182823 11 unordered

GI:9800742 58C3 pieces

PRI - primate division of the Genbank nr database
HTG - high throughput genome division of Genbank
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Table 16. Homology between human chromosome 9q31-9q33 and mouse chromosomes

2,4 and 13.
Human Cytogenetic Human Symbeol Mouse Mouse Symbol Mouse cM
Position Chromosome Position
9q31-q32 SLC3141 4 Sic31al
9q31 UGCG 4 Ugcg 32.0
9q31 INVS 4 Invs 16.6
9q31.1 ABCAI 4 Abcal 23.1
9q31 KLF4 4 Kif4 19.7
9q31 ACTL7B 4 Actl7b 27.0
9g31 ACTL74 4 Actl7a 27.0
9q51 TXN 4 Txn 24.6
9q31-q32 ORM1 4 Orml 314
9q31.3-q32 MUSK 13 Nsk2 51.0
9q32 TAL2 4 Tal2 24.7
9q32 ZFP37 4 Ztp37 30.6
9q32-q33 AMBP 4 Ambp 30.6
9q32 ORM?2 4 Orm2 31.4
9q32-33 TLR4 4 Tlr4 33.0
9q32-q34 (047 2 Hc 23.5
9q32-q33.3 PTGS1 2 Ptgsl 29.0
9q33-q34 GGTAl 2 Ggtal 25.0
9q33 TNFSF8 4 Tnfsf8 322
9q33 HXB 4 Tnc 32.2
9q33.1 PAPPA 4 Pappa 32.2
9q33-q34 TRAFI 2 Trafl
9933 GSN 2 Gsn 245
9q33 NR>AI 2 Nr3al 23.5
9q33-q34.1 HSPAS 2 Hspa5 225
9q33-q34 PBX3 2 Pbx3 220
9q33-q34.1 ENG 2 Eng 21.4
9q33-q34 SPTANI 2 Spna2 18.0
9q33-q34 SURF1 2 Surfl 15.5
9q33-q34 RPL74 2 Rpl7a 18.0

The list of homologous genes on human chromosome 9q3 was obtained from the NCBI.
LGMD2H candidate genes mentioned in the text are indicated in bold.
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Scanning the relevant portion of each of these mouse chromosomes at the Mouse
Genome Informatics server (http://www.informatics.jax.org/) >° resulted in the
identification of several LGMDZ2H candidate genes. Mouse chromosome 2 contained loci
encoding the mdm (muscular dystrophy with myositis) phenotype and the gene for
nebulin; mouse chromosome 4 contained loci encoding the vc (vacillans) phenotype and
the genes for tropomodulin, skeletal muscle receptor tyrosine kinase and tenascin C or
hexabrachion (Table 17). Further inspection of these candidates resulted in the exclusion
of both NEB and TMOD3 as candidates on the basis of their location on the map of the
human genome (Chr 2q22 and 9q22.3 respectively).

Annotation of the vc record at the Mouse Genome Informatics Server
(accession #: MGD-MRK-15383) indicated that because the Cog3 gene has been mapped
to the same region as ve **, mutations in the Cogq3 gene could be responsible for the vc
phenotype. The Cogq3 gene has not been isolated from mouse and only after this study
was completed was it isolated in human *"*. However a homologue has been isolated
from rat (accession #: L20427). This gene encodes the protein 3,4-dihydroxy-3-
polyprenylbenzoate methyltransferase, an enzyme from the ubiquinone biosynthetic
pathway. A search of the Unigene database located at NCBI
(http://www.ncbi.nlm.nih.gov/UniGene/), resulted in the identification of a human EST
cluster (Hs.101320) with homology to 3,4-dihydroxy-35-polyprenylbenzoate
methyltransferase. BLASTP analysis of the EST database using the rat Coq3 protein
sequence as the query resulted in the identification of six unmapped human EST’s

showing similarity to the rat Cog3 sequence. EST’s found in the Unigene cluster and
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Table 17. LGMD?2H candidate genes identified through mouse - human homology

mapping
Mouse Locus Mouse Chr Human Locus Human Chr Phenotype /
(cM) (Cyto-band) Protein
Mouse Chromosome 2
mdm Chr 2 (28.0) Muscular dystrophy
with myositis
Neb Chr2 (30.0) NEB 2q24.1-2q24.2 Nebulin
Mouse Chromosome 4
Tmod Chr 4 (21.5) TMOD 9q22 Tropomodulin
Nskl Chr 4 (26.3) NSKI, MUSK 9q31.3-9q32 Muscle skeletal receptor
tyrosine kinase
ve Chr 4 (27.2) Swaying of hindquarters
: (Coq3 gene?)
Tne Chr 4 (32.2) HXB 9q32-9q34 Tenascin C,
Hexabrachion
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those found as a result of the BLASTP analysis were assembled into a contig using the
EST Extractor from TigemNet
(http://hercules.tigem.it/BLASTEXTRACT/estextract.html). The resultant sequence
was used to design 3 pairs of PCR primers to amplify the Cog3 sequence from human
genomic DNA (Chapter 3, p. 94). Amplification of the human genomic Cog3 gene was
achieved using primers Cog3-2(F)(GATTGGTGCAGGCATTAGC) and Cog3-
2(R)(CCCTTCTCAGGTTACTGGC). The human Cog3 gene was localized to
chromosome 6 by PCR amplifying DNA obtained from a monochromosomal hybrid
panei (Table 18, Quantum Biotechnologies, Montreal, PQ), thus excluding it as an
LGMD2H candidate gene (Figure 37).

The human homologue of Nsk1 (MUSK) has been isolated (accession #:
AF006464) and mapped to chromosome 9q31.3-q32 **2. PCR primers were designed to
amplify human genomic DNA as described in Chapter 3 (p. 94). Confirmation of the
chromosomal localization to chromosome 9 was obtained by amplifying DNA from a
monochromosomal hybrid panel (Table 18, Quantum Biotechnologies, Montreal, PQ)
using primers MUSK-2(F) (CAGCTGGCATGGCTTACC) and MUSK-1(R)
(GCATGAGATTGTACAGCTCC) (Chapter 3, p- 90) (Figure 38). BLAST analysis
(Chapter 3, p. 95) of the sequence contig did not result in any hits to the MUSK sequence,
excluding it as a candidate gene for LGMD2H.

Tenascin C or hexabrachion was excluded as an LGMD2H candidate gene on the
basis of one current (Figure 31) and three (Figure 28, Figure 31) ancient recombination

events between the LGMD2H locus and an intragenic AXB polymorphic marker.
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Figure 37. Chromosomal localization of Cog3. Lanes 1-24 contain DNA from a
monochromosomal hybrid panel (Table 18). Lanes 25 - 27 contain control genomic
hamster, human and mouse DNA respectively. DNA fragments corresponding to the
amplified Coq3 fragment can be visualized in lanes 6 (somatic cell hybrid 006AR
containing human chromosome 6) and lane 26 (containing human control DNA). The
smaller DNA fragments visible in all lanes but 11, 17, 21, and 24 are non-specific
amplicons.
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Table 18. Human chromosome complement of the monochromosomal somatic cell

hybrid panel.

Lane¥ Cell Line Human Chromosome Host cellt
1 0A1AR i Mouse
2 002AR 2 Mouse
3 0A3AR 3 Mouse
4 7A4AR 4&7 Mouse
5 0ASAR 5 Mouse
6 0A6AR 6 Mouse
7 0A7AR 7 Mouse
8 1A8AR 8 Mouse
9 009AR 9 Mouse

10 001AH 10 Mouse
11 0ITAR 11 Mouse
12 A21AR 12 Mouse
13 A31AR . 13 Mouse
14 A41AR 14 Mouse
15 051AR 15 Mouse
16 061AR 16 Mouse
17 A71AR 17 Mouse
18 081HC 18 Hamster
19 A91AR 19 Mouse
20 A02GR 20&£8&4 Mouse
21 012AR 21 Mouse
22 022HC 22 Hamster
23 OXHHC X Hamster
24 OYHHC Y Hamster

The monochromosomal somatic cell hybrid panel was obtained from Quantum
Biotechnologies, Montreal, PQ.

#Lane refers to labelling on Figure 37 and Figure 38.

1tThe mouse host is strain A9. The Hamster host is Chinese Hamster Ovary (CHO) cells.



Figure 38. Chromosomal localization of MuSK. Lanes 1-24 contain DNA from a
monochromosomal hybrid panel (Table 18). Lanes 25 - 27 contain control genomic
hamster, human and mouse DNA respectively. DNA fragments can be visualized in lanes
9 (somatic cell hybrid 009AR containing human chromosome 9) and lane 26 (containing
human control DNA).
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Positional candidate genes were identified by performing BLASTN analysis of the
sequence contig against the nucleotide nr database. Results indicate that the sequence
contains three known genes (Figure 36):

(1) pregnancy-associated plasma protein A (PAPPA), also known as insulin

like growth factor binding protein 4 protease (IGFBP-4 protease);

(ii) astrotactin-2 (ASTN2, KIAA0634);

(iii)  TAT-interacting protein (HT2A).

BLASTN analysis of the sequence contig against the EST database and cross-
referencing the resultant hits against the Unigene database resulted in the identification of
24 EST clusters of unknown function (data not shown). This group includes two mis-
assembled clusters (Hs.274434 and Hs.121576). These two clusters show homology to
CREB-like binding protein and aspartate beta hydroxylase respectively. However.
pairwise sequence alignments of the full-length mRNA sequences with EST’s pulled out
via the BLAST against the EST database revealed no sequence similarity whatsoever,
despite the fact that they are listed as members of the Unigene clusters.

Discussion

Given the genetic heterogeneity now clearly evident in LGMD, one strategy is to
study large consanguineous kindreds. where the parents of all affected individuals are
likely to carry copies of the same disease allele identicalby descent. The Hutterite
families described in this report represent such a kindred. Genealogical analysis indicates
that the parents of all patients in this kindred can be traced back to at least 10 ancestors, 6

to 9 generations back allowing us to consider the possibility that the disease in each of the
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patients is caused by a single mutation in one gene. Kinship coefficients calculated
between the parents of the 17 nuclear families range from 0.0172 to 0.0682; these values
are comparable to those obtained from first cousin and second cousin matings (0.0625
and 0.0156, respectively). ,

Physical and laboratory examinations of individuals from the 17 nuclear families
have resulted in the identification of 39 individuals with some or all of the symptoms of
LGMD. 6 of whom did not participate in this study. Many of our findings on physical
examination of symptomatic individuals confirm those of Shokeir and Kobrinsky ** and
Shokeir and Rozdilsky **. These include a waddling gait and difficulty in rising from a
squatting position, although we did not see any evidence of the facial muscle involvement
that they had reported. Jerusalem er al reported the existence of a sarcotubular myopathy
seen in two brothers of Hutterite descent *'>. The clinical description of these patients is
also similar to that seen in our patients, although they also report involvement of the
facial muscles. It is possible that the report by Jerusalem is the first description of
LGMD2H in the literature, or perhaps it may in fact be describing one of the other forms
of LGMD present in the Hutterite families.

Because of the mild nature of the disease in this kindred, and the overlap between
affected and normal individuals with respect to clinical phenotype and serum CK
elevation, we found it difficult to reliably determine the clinical status of every individual.
The determination of clinical status is further complicated because serum CK, the most

useful biochemical criterion of a MD, can be a nonspecific finding and varies between

individuals and in any given individual from measurement to measurement. High serum
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CK levels may also result, for exampie, from prolonged or weight-bearing exercise,
exercise involving eccentric contractions, as well as from heatstroke, crush injury,
myocardial infarction and acute renal failure '>-'07-121307512324385464 - A Jternatively, serum
CK levels can be reduced by the simultaneous expression of rheumatoid arthritis
0247573375409 phenotypes were therefore defined stringently to include only those
individuals that had extremely elevated serum CK levels (215 times normal), or those
who were symptomatic either with sem CK >4 times normal or a positive muscle
biopsy. Using these criteria, serum CK levels in our patients were variable, from 2 times
to 25 times normal. This variation can be partly explained by the natural rise of serum
CK levels with age, peaking in the third decade and then dropping off as muscle tissue is
replaced with connective tissue and fat (Figure 20). There is, however, a considerable
degree of variation in serum CK elevation within particular age groups that must be
explained in some other manner.

Patients also varied considerably in their clinical phenotype, from completely
asymptomatic to wheelchair-bound. This phenotypic variation may be due to differences
in the genetic background or the influence of modifier gene(s). In fact, the involvement
of a second locus in the determination of the clinical phenotype has been suggested to
play a role in three of the currently mapped LGMD’s (i.e., LGMD2A, LGMD?2B, and
LGMD2C) 3%¢ 6277460476477 This hypothesis has been used to explain the severe and mild
phenotypes observed in LGMD2B and LGMD2C that are associated with single
mutations in dysferlin *’* and y-sarcoglycan respectively 2.

Using a conservative definition of the affected phenotype, we performed two-
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point linkage analysis of 12 microsatellite loci linked to other known LGMD loct
(LGMDIA, LGMDZ2A - 2F). This analysis yielded lod scores <-2 at a recombination
fraction of 0.01 and in some cases 0.05 (Table 11) which suggested that the disease in
these families did not map to any of the known LGMD loci. Since most genes causing
LGMD encode members of the dystrophin associated protein complex, we tested markers
linked to three genes encoding other members of the complex (DAGI, SNT2B1 and
SNT2B2). Two-point linkage analysis of the disease versus these markers also yielded
lod scores <-2. indicating that the disease in these families did not map to any of these
loct either (Table 11).

This analysis suggested that there would be at least one more locus causing
autosomal recessive LGMD. We then employed a DNA pooling strategy to perform an
efficient genome scan for the LGMD2H locus which resulted in linkage detected between
LGMD2H and D9S302. The cytogenetic location of D9S302 in chromosome region 9q31-
9q33 was identical to that reported for FCMD **. FCMD is a severe CMD associated
with mental retardation, although considerable heterogeneity has been reported =>4,
It was therefore considered possible that the Hutterite LGMD and FCMD were allelic
disorders. However, strong evidence was collected resulting in the exclusion of FCMD
as a candidate gene for the Hutterite LGMD:

(1) A significantly negative lod score with D9S2/07 (Table 11), a marker

estimated to be only 20 kb from FCMD *';

(i) Two-point lod scores greater than 3.0 for markers D95930, D9S302, and

D9S5934 (Table 12), all located telomeric to FCMD (Figure 24)'%;
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(ii)  Multipoint analysis excluding LGMD2H from being linked to a 5 cM
region encompassing FCMD (Figure 26);
(iv)  Five recombination events evident between FCMD and LGMD2H (Figure
25).
LGMD2H was crudely localized to a 4.4 Mb region bounded by D95302 and D9S850 on
the basis of proximal and distal recombination events in individuals D-09 and C-03 '®
(Figure 25). The multipoint analysis indicated that the most likely location of LGMD2H
was close to D9593+4 (multipoint lod score = 7.61).

Examination of the crude haplotypes revealed that seven of the nine disease
chromosomes among the parents of the four sibships initially studied (A-D) carried the
same D9S57-D95302-D9593+4-D9S1850 haplotype (151-266-222-222 bp) (Figure 25).
The 270 bp allele of D9S302 on the disease haplotype carried by parent B-02 differed
from that of the common disease-associated allele (266 bp) at this locus. However, the
alleles of the two flanking markers were the same as those on the disease-associated
haplotype suggesting that a mutation of the tetranucleotide repeat, D9S302, occurred *™*.
The assumption that the haplotype (151-266-218-228) carried by parent C-02 resulted
from an ancestral recombination, suggested that LGMD2H must be proximal to D9S934.
Furthermore, under the assumption of complete penetrance, the recombinant event in
individual D-09 placed LGMD2H distal to D9S302. Thus, LGMD2H was proposed to lie
in the 0.3 Mb region between D9S302 and D9S93+4 (LDB, Table 14) '®. It was therefore
likely that all of the parents shared the same LGMD2H mutation, identical by descent.

Refinement of the LGMD2H candidate region was achieved by determining the
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genotypes of 101 individuals for 25 microsatellite markers located between the flanking
markers D95302 and D9S1850. The most conservative estimate of the candidate region
(on the basis of current recombination events in affected individuals) confirmed our
hypothesis that the Hutterite LGMD gene was not allelic to the FCMD gene encoding
fukutin. Refinement of the candidate interval using current recombination events in both
affected and unaffected individuals resulted in a significant reduction of the interval,
which was confirmed by ancient recombination events. The combination of both current
and ancient recombination events in both patients and unaffected individuals provided
strong support for the LGMD2H interval bounded by D9S1126 and D9S737 (Figure 36).
An approximation of the size of the candidate interval was 1 Mb. This assumption was
based on the physical map obtained from the Genetic Location Database. The markers
surrounding D987 126 were all located at =122 Mb on the chromosome 9 physical map
(with the exception of D9S24/ at 126 Mb). The markers surrounding D9S737 were
located at =123 Mb on the map, although D9S737 itself was reported to be located at
121.9 Mb.

This estimation was in agreement with that obtained from the YAC contig. The
sizes of the three YACs that span the candidate region ranged from 1.0 Mb to 1.7 Mb.
Thus, the size of the LGMD2H interval must have been 1.0 Mb or less. The smallest
YAC (885_B_2) did contain three microsatellite markers in addition to those within, and
flanking, the candidate interval, suggesting that the interval was in fact smaller than 1.0
Mb. The size of the candidate interval was impossible to estimate from the YAC contig

data (Figure 35) or other genetic and physical maps of the region. Genetic and physical
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maps obtained from GeneMap ‘99 (ht_tp://www.ncbi.nlm.nih.gov/genemap/ ) and the
Whitehead Institute for Biomedical Research
(http://carbon.wi.mit.edu:8000/cgi-bin/contig/phys_map . as well as that obtained
from CEPH/Genethon (http://www.cephb.fr/bio/ceph-genethon-map.html ) were
reasonably well-ordered, but did not contain a meaningful density of markers. The
genetic map obtained from the Marshfield Clinic
(http://research.marshfieldclinic.org/genetics/Map_Markers/maps/indexmap.html )
had a denser marker set, but often groups of markers were placed at the same location and
were thereby not ordered. The chromosome 9 summary map obtained from the Genetic
Location Database (http://cedar.genetics.soton.ac.uk/public_html/Idb.html) was by far
the most comprehensive map. containing all markers of interest in the 9q31-q33 region.
On a coarse scale, the reported marker order was generally good; however, as the
resolution became finer, the marker order became less reliable. The integrated map
obtained by compiling a consensus from many publicly available sources clarified the
marker order considerably (Table 14). Additional clarification was obtained by
haplotype and YAC contig analysis. The order of the markers in the small area
surrounding LGMD2H was still unclear, however, as the markers in this area could not be
ordered on the basis of recombinants or the YAC contig. A finer resolution map was
needed for this purpose, provided by the sequence contig. Assembly of the 9932 genomic
sequence contig allowed for the ordering of markers within the LGMD2H interval and
enabled a better estimate of the size of the candidate region. This map allowed for the

precise localization of the LGMD2H gene to an area less than 1 Mb, flanked by D9S1126
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and D9S737, centromeric of D9S934. This localization of LGMD2H was in contrast to
the suggestion made earlier that the LGMD2H gene would be found in a 0.3 Mb interval
close to D95934. This discrepancy can be explained by the use of inaccurate maps in the
multipoint linkage analysis, coarse haplotype analysis and the assumptions made in the
estimation of the size of the LGMD2H candidate interval.

Many genes have been mapped to chromosome region 9q31-9q33, the
chromosomal region harboring LGMDZ2H. After inspection of the map location,
expression pattern and function of these genes, few appear to be convincing candidate
genes.

Hexabrachion or tenascin C, mapped to human chromosome 9q32 ', has been
580

assayed in the muscles of both normal and dystrophic individuals °*. It was absent in

normal muscle, with the exception of the tendon and the myotendinous junction.
Tenascin C was produced by skeletal muscle during the degeneration/regeneration
process, suggesting that it may play a role in development and tissue regeneration **.
There was, however, a report that this may not be the case as tenascin C knockout mice
develop normally *”°. This gene has been excluded as a candidate for LGMD2H on the
basis of several recombinant events.

The mouse phenotype “muscular dystrophy with myositis (mdm)” was identified
by “stiff and humpbacked posture”. Muscle histology showed severe muscular
degeneration with acute chronic myositis. The mdm phenotype was mapped to mouse

chromosome 2 (28 cM), in the vicinity of the genes encoding nebulin (30 ¢M) and titin

(44 cM). This region of mouse chromosome 2 showed homology to human
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chromosomes 2q and 9q3. mdm mutant animals were checked for restriction enzyme
fragment variants in both nebulin and titin without success ***. It was possible that this
phenotype mapped to the region of mouse chromosome 2 (28 cM, Table 17) that was
homologous to human chromosome 9 and, therefore. may be a mouse model of the
human LGMD2H.

The vacillans phenotype was described by Sirlin in 1956 as a spontaneous mouse
mutation mapping to mouse chromosome 4. The mice exhibited juvenile ataxia, a duck-
like gait in adulthood and half the muscle strength of normal mice ***~*_ Mouse
chromosome 4 showed some homology to human chromosome 9q3, resulting in the
speculation that the vc phenotype may be a mouse model for LGMD2H. Marbois ef a/
mapped the phenotype to mouse chromosome 4 and suggested that the phenotype may be
caused by a mutation in the Cog3 gene. Localization of this gene to human chromosome
6 using a human monochromosomal hybrid panel, resulted in the exclusion of this gene
as a candidate for LGMD2H (Figure 37). Furthermore, André ez al recently generated
transgenic mice deficient for the retinoid-related orphan receptor 3 that had a similar
phenotype to vacillans mice >. Evidence supporting the assumption that vc and RORSB™
mice may be allelic came from genetic linkage studies which indicate that vc was linked
to the brown locus, a region of mouse chromosome 4 which was homologous to human
chromosome 9q22-33, the location of the human RORS 2.

The muscle specific tyrosine kinase receptor was isolated and mapped to human
chromosome 9q31.3-q32 by Valenzuela ef al in 1995 *2. The correlation of its map

position with that of LGMDZ2H and its muscle specific expression resulted in its

-202-



identification as a candidate gene for LGMD2H. However, the location of MuSK in the
chromosome 9 summary map at 115.743 Mb (LGMD2H was located at =122 Mb) and the
lack of homology found between MuSK and the 9q32 sequence contig resulted in the
exclusion of this gene as a candidate for LGMD2H.

The genes encoding astrotactin-2 (4STN2), Tat-interactive protein (H72A4) and
pregnancy associated plasma protein A (PAPPA) were all been localized to the smallest
LGMDZ2H candidate interval on the basis of significant homologies to the 9932 sequence
contig.

Astrotactin-2 was identified by the Kazusa DNA Research Institute and given the
name KIAA0634. Expression profiles were determined by the Kazusa DNA Research
Institute. The highest levels of astrotactin-2 expression were found in brain and lower
levels were found skeletal muscle
(http://zearth.kazusa.or.jp/huge/gfpage/KIAA0634/). Analysis of this protein showed
significant homology to astrotactin (=50% identity). Astrotactin is a neuronal cell surface
antigen known to mediate neuron-astroglial contacts '*%. It was required for neuronal
migration and the establishment of adhesion sites **'*3!%°_ [t is quite likely that
astrotactin-2 exhibits a similar function to astrotactin in the brain, especially given its
expression profile, thus it was not considered a strong candidate for the LGMDZ2H gene.

Tat-interactive protein binds to the activation domain of HIV-1 Tat, the viral
protein required for transcriptional activation of HIV-1 gene expression '®. The role of

TAT-interactive protein in a non-pathogenic environment has not been established,

however, as it has been localized to the mammalian nucleus and interacts with a viral



transcription factor '®*, it may be involved in regulation of mammalian transcription.

PAPPA (pregnancy associated plasma protein A) has recently been identified as
insulin like growth factor binding protein 4 (IGFBP4) protease '™, IGFBP4-protease
modulates the bioavailability of IGFBP4, by specifically cleaving [GFBP4 between
residues 135 and 136 ¥. IGFBP4 binds and inactivates the IGFs (including IGF-II)
making them biologically inactive **°. Therefore, an increase in IGFBP4 as a result of a
defect in the [GFBP4 protease should result in a decrease in [GF action. A four to five
fold increase in the level of [GFBP4 expression was recently reported by Chen et a/ in
patients with DMD and a-sarcoglycanopathy
(http://microarray.cnmcresearch.org/resources.htm) °. Furthermore, a recent report
by Smith et al. suggested that ectopic expression IGF-II improved the dystrophic
phenotype of mdx mice **°. A mutation in PAPPA would result in an increased level of
IGFBP4. The inactivation of PAPPA would reduce the bioavailability of IGF-II which
may result in a dystrophic phenotype. This model would be consistent with that proposed
by Smith et al **, and therefore makes PAPPA the most promising candidate gene for
LGMD2H. As there is no known knockout mouse model for PAPPA, the generation of
such a model would be an ideal method to test its functional significance and its role in
the pathogenesis of MD.

Detection of disease-causing mutations by SSCP, expression analysis using
Northern blot analysis and RT-PCR, and Western blot analysis and
immunohistochemistry of muscle biopsies of affected individuals will determine which of

these genes, if any, causes LGMD2H.
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Although only three genes have been identified in the LGMD2H candidate region,
it is possible that other as yet unidentified genes may be present in the interval of interest.
Unidentified genes may include a gene within an intron of an existing gene as was seen
with HT2A (within astrotactin). Analysis of the 9932 sequence contig reveals many other
EST clusters. These may represent uqique genes or may be pseudogenes with no known
function. However, PAPPA still remains the strongest candidate identified to date. In
fact. if mutations in PAPPA are found in LGMD2H patients, it will help explain not only
the pathogenesis of LGMD?2H but also that of other dystrophies, allowing for the

development of new treatment strategies.



Chapter 6. GENETIC HETEROGENEITY OF LGMD IN THE MANITOBA

HUTTERITES

Some of the data presented in this chapter were published in the following abstract:

Weiler T, Sudha T, Brunham L, Nylen E, Patel L, Halliday W, Greenberg CR, and

Wrogemann K. (1998) Genetic heterogeneity of limb girdle muscular dystrophy in

Manitoba Hutterites. American Journal of Human Genetics 63 Suppl.: A392
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Introduction/Overview

Many Hutterite families were identified for the LGMD2H study. All families
were tested for linkage to LGMD2H, but several of them were not linked to the LGMD2H
locus. Additional analysis was performed on three of those families to determine if 15
other LGMD candidate loci were disease-causing. Results of haplotype sharing analysis
indicated exclusion of a number of candidate genes in each family. More study is needed
to determine the status of several other candidate genes.
Results

Patients and Pedigrees

Twenty-two Hutterite nuclear families affected with LGMD were identified
during the process of identifying Hutterite families with LGMD. Fourteen of these
families showed linkage to LGMD2H (discussed in Chapter 5). Fourteen patients (seven
males and seven females) from eight other nuclear families did not seem to be affected
with LGMD2H, as they did not share both paternal and maternal 9q32 haplotypes (Figure
39 and Figure 40). Pedigrees of six of these nuclear families with 11 patients available
for study (Families N, O, P, Q, R, S) are illustrated in Figure 39 and Figure 40. Disease
segregation in each of these families was consistent with autosomal recessive inheritance.
Two families (N and R) also had characteristics compatible with X-linked recessive
inheritance.

The criteria for classification of affected individuals were as described in Chapter
5 (p. 139). Patient assessments were performed and genomic DNA was isolated as

described in Chapter 3 (Pp. 80 and 81). Clinical data for these 11 patients are
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Figure 40, Pedigree of Hutterite Families P, Q affected with LGMD not linked to LGMD2H. The numbers inside the diamonds
indicate the number of offspring.

-210-



summarized in Table 19.

Two male patients from Family N presented in their teens with proximal muscle
weakness, difficulty running, and an inability to keep up with work on the colony. Upon
examination, both of these individuals exhibited marked pseudohypertrophy of the
gastrocnemius muscles, similar to thaf seen in DMD/BMD. Patient N-04 was also
affected with cardiomyopathy and died from complications of heart block. Patient N-05
had a normal cardiac assessment 11 years ago but has not been studied since. Their
extended family was tested and excluded for linkage to the dystrophin locus on
chromosome Xp21 based on intragenic and extragenic markers.

One female patient from Family O (O-08) presented with a malignant
hyperthermia episode (rhabdomyolysis) at the age of 4.5, during general anaesthesia for a
dental extraction. When assessed months later, she was asymptomatic with respect to any
muscle weakness. exhibited slender muscle mass and a persistently grossly elevated
serum CK. She had a negative Gower’s sign and had a negative caffeine-halothane
contracture test **', suggesting that the rhabdomyolysis was probably secondary to an
underlying myopathy. Serum CK analysis of the family revealed an asymptomatic older
sister (O-03) with an extremely elevated serum CK.

Three patients from two Alberta Hutterite colonies (Dariusleut) were identified
and referred by Dr. Ahmet Hoke (at the time a Neurology fellow, Alberta Children’s
Hospital, Calgary, AB). Upon examination of these families (P and Q), two more
patients were identified on the basis of elevated serum CK and proximal muscle

weakness. A muscle biopsy obtained from patient P-03 clearly showed myopathic
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Patient # Age at Presenting Symptoms CK Muscle EMG Present Status
Onset (yr) (U/L)  Biopsy (Age in yrs)
R-21 16 Stiffness after exertion 9190 Myopathic Unknown
(25)
S-05 35 Muscle weakness 1103  Myopathic Axonal Unknown
demyelinating (40)

neuropathy
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features, but immunostaining for dystrophin, adhalin, spectrin, laminin-a2, dysferlin and
emerin exhibited normal uniform localization. One individual in family P had a mildly
elevated serum CK (322 U/L) and exhibited mild proximal weakness and a waddling gait.
Her phenotypic status was designated as unknown. The patients from families P and Q
are related as first cousins once removed. Two other nuclear families related to Families
P and Q reside in Saskatchewan and were not available for study.

One patient from Family R presented with stiffness after running. There were no
complaints of weakness, and he exhibited no wasting or myotonia. Muscle biopsy
samples were consistent with a myopathic process, but dystrophin immunostaining and
Western blot analysis were normal. DNA analysis of the dystrophin locus in this family
was also negative.

One patient from family S presented with a five year history of weakness of the
appendicular musculature. She was also affected with diabetes (22 years) and
hypertension (six years). She exhibited ptosis, choking and difficulty swallowing but had
no evidence of cramps or myotonia. EMG studies were mixed and her muscle biopsy
exhibited myopathic features. There was no evidence of an inflammatory myopathy.

Although the phenotypes of the patients described above are variable, they can all
be classified as LGMD.

DNA Analysis

As these six nuclear families (N, O, P, Q, R, S) were identified under the
assumption that they would be affected with LGMD2H and may contribute to the

refinement of the candidate region, they were initially tested for linkage to the LGMD2H
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locus on chromosome 9q32 looking for haplotypes shared between affected siblings. As
the disease segregation was consistent with an autosomal recessive pattern of inheritance,
affected siblings were expected to share both paternal and maternal haplotypes in order to
show evidence of linkage. Oligonucleotide primers designed to amplify microsatellite
loci linked to LGMD2H were obtained from Research Genetics, Inc. (Huntsville, AL).
The chromosomal locations, order of markers and genetic distances are presented in
Figure 24 and Table 14. Analysis of Family N revealed a common paternal haplotype
shared by the patients N-04 and N-03, but a different maternal haplotype (Figure 41).
The observation of different maternal haplotypes suggested that LGMD2H was not
causing the disease in this nuclear family. Analysis of Family O indicated that the two
patients, O-03 and O-08 did not share either paternal or maternal haplotypes, also
suggesting that the disease in this nuclear family was not caused by LGMD2?H (Figure
42). Analysis of Family P showed no common haplotype shared by the four affected
individuals, suggesting that LGMDZ2H was not the disease-causing gene in this family
either (Figure 43). The one patient in Family Q (Q-07) shared the maternal haplotype
and a portion of the paternal haplotype with an unaffected sibling (Q-03), thus the status
of this family is inconclusive (Figure 43). Analysis of two singleton patients from
Families R and S indicate that they probably do not have LGMD?2H either. Patient R-21
may carry the common LGMD2H haplotype on one chromosome but was not
homozygous (Figure 44). Patient S-05 does not carry the common LGMD2H haplotype
on either chromosome (Figure 44). The nuclear and extended families of patients R-21

and S-05 were not available for study. The search for shared haplotypes between affected
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Figure 41. Haplotypes of chromosome 9q31-q33 region in Hutterite Family N. Affected
individuals are represented by filled diamonds, unaffected individuals by open diamonds.
Blue and green haplotypes are paternal, yellow and pink haplotypes are maternal.
Microsatellite markers tested for each individual are indicated and the map order is as
described in Chapter 5.
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Figure 42. Haplotypes of chromosome 9931-q33 region in Hutterite Family O. Affected
individuals are represented by filled diamonds, unaffected individuals by open diamonds.
Blue and green haplotypes are paternal, yellow and pink haplotypes are maternal.
Microsatellite markers tested for each individual are indicated and the map order is as
described in Chapter 5.
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Figure 43. Haplotypes of chromosome 9q31-q33 region in Hutterite Family P and Q.
Affected individuals are represented by filled diamonds, unaffected individuals by open
diamonds. Blue and green haplotypes are paternal, yellow and pink haplotypes are
maternal. Microsatellite markers tested for each individual are indicated and the map
order is as described in Chapter 5.
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Figure 44. Haplotypes of chromosome 9q31-q33 region in individual patients from
Hutterite Families R and S. Affected individuals are represented by filled diamonds. The
ancestral LGMD2H haplotype is indicated (LGMD2H) and shaded black. Microsatellite
markers tested for each individual are indicated and the map order is as described in
Chapter 5. Alleles that correspond to the LGMD2H haplotype in individuals R-21 and
S-05 are also shaded black. Individual R-21 is a carrier for the LGMD2H haplotype,
whereas S-05 is not.
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siblings in the six nuclear families suggested that there was more than one LGMD present
in the Hutterite population.

Subsequently, three of these families (N, O. P) were tested for linkage to other
LGMD candidate loci by determining if the affected siblings shared haplotypes.
Oligonucleotide primers designed to amplify microsatellite loci linked to 15 candidate
loci (LMNA - Chr 1, DYSF- Chr 2, DAG! - Chr 3, SGCB - Chr 4, TTID - Chr 5, SGCD -
Chr 5, SGCE - Chr 7. LGMDID - Chr 7, SNT2B1 - Chr8. SGCG - Chr 13, CAPN3 - Chr
15, SNT2B2 - Chr 16, TCAP - Chr 17. SGCA - Chr 17, SNT! - Chr 20) were obtained
from Research Genetics, Inc. (Huntsville, AL). The chromosomal locations and genetic
distances between candidate genes and linked markers were obtained from maps located
in the Genetic Location Database (LDB)
(http://cedar.genetics.soton.ac.uk/public_html/) ' and recent publications
6.3254:46.135.251.297321335.335372.405458460 9 are presented in Figure 45 and Figure 46.

Of the 15 loci tested in Family N (Figure 47), eight were excluded (LMNA,
DYSF, SGCB, TTID, SNT2B1, SGCG, CAPN3 and TCAP) as causing the disease in this
family and six were inconclusive (DA»GI, SGCE, LGMDID, SNT2B2, SGCA and SNT1)
due to an insufficient number of markers tested or lack of sufficient informative meioses.
The two patients (N-04 and N-05) share both paternal and maternal haplotypes for the
fifteenth locus, SGCD.

Of the 15 loci tested in Family O (Figure 48), three were excluded (LMNA,
SNT2B1 and TCAP) as causing the disease in this family and seven were inconclusive

(DAG1, SGCB, SGCE, LGMDI1D, SNT2B2, SGCA and SNT1), due to an insufficient
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Figure 47. Haplotypes of 15 candidate loci in Hutterite Family N. Affected individuals
are represented by filled diamonds, unaffected individuals by open diamonds. Blue and
green haplotypes are paternal, yellow and orange haplotypes are maternal, and white
haplotypes are uninformative. Inferred genotypes are designated by square brackets.
Candidate loci are indicated on the left. Microsatellite markers tested for each candidate
locus are indicated along with the genetic distance as reported in the Genetic Location

Database '%.
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Figure 48. Haplotypes of 15 candidate loci in Hutterite Family O. Affected individuals
are represented by filled diamonds, unaffected individuals by open diamonds. Blue and
green haplotypes are paternal, yellow and orange haplotypes are maternal, and white
haplotypes are uninformative. Inferred genotypes are designated by square brackets.
Candidate loci are indicated on the left. Microsatellite markers tested for each candidate
locus are indicated along with the genetic distance as reported in the Genetic Location
Database '®.
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number of markers tested or lack of sufficient informative meioses. The two patients (O-
03 and O-08) share haplotypes for five loci, but these were provisionally excluded due to
haplotype sharing with an unaffected sibling: O-03 and O-08 share the DYSF haplotype
with unaffected sibling O-09; the 777D haplotype with unaffected siblings O-06 and O-
09; the SGCG haplotype with unaffected siblings O-06 and O-09; the CAPN3 haplotype
with unaffected sibling O-07 and the SGCD haplotype with unaffected sibling O-06.

Of six loci tested in Family P (Figure 49), two were excluded (SGCD and TCAP)
as causing the disease in this family and four were inconclusive (DYSF, SGCB, SGCG,
CAPN3) due to an insufficient number of markers tested. Candidate loci have not yet
been systematically tested for Families Q, R and S. A summary of the haplotype analysis
is presented in Table 20.

Discussion

The genetic heterogeneity of LGMD seen in the Hutterites is reminiscent of that
reported by Allamand er al °, where all LGMD patients from the Amish communities in
Indiana *'' were assumed to be affected with a single form of LGMD. In fact, results of
studies in the Amish revealed that this “genetically homogeneous isolate™ is affected with
both LGMD2A and LGMD2E 4210211351 " Eyrthermore, there existed more than one
mutation causing LGMD2E in the Indiana Amish ', a highly unexpected discovery,
given the clinical similarity of the Amish LGMD patients >. In contrast to the Amish, the
Hutterite patients exhibit some degree of clinical heterogeneity. LGMD2H patients
exhibited onset of muscle weakness from childhood to their mid thirties and showed

slender muscle mass in their upper and lower extremities. No evidence of
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Figure 49. Haplotypes of six candidate loci in Hutterite Family P and Family R. Affected
individuals are represented by filled diamonds, unaffected individuals by open diamonds.
Blue and green haplotypes are paternal, yellow and orange haplotypes are maternal, and
white haplotypes are uninformative. Candidate loci are indicated on the left.
Microsatellite markers tested for each candidate locus are indicated along with the genetic
distance as reported in the Genetic Location Database '®.
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Locus

Family N
Patients N-04 & N-05

Family O
Patients O-03 & O-08

Family P

Patients P-03, P-08, P-09, P-13

TTID
LGMDIA

SGCD
LGMD2F

SGCE

LGMDID

SNT2B1

Rl e

MW= LN NN =

6 markers tested

do not share ¢ haplotype
share ¢ haplotype

not LGMDIA

8 markers tested
share o' haplotype
share 2 haplotype
could be LGMD2F

1 marker tested

share o haplotype

do not share ¢ haplotype
need more information

2 markers tested

share d" haplotype

do not share ¢ haplotype
need more information

4 markers tested
do not share & haplotype

do not share ¢ haplotype
not SNT2B1

Sl adi s S

ML = VMWK = LWRN = LH W — U

4 markers tested

share & haplotype

sharc ¢ haplotype

0-06 & 0-09 share shared
haplotypes

probably not LGMDIA

7 markers tested

share ¢ haplotype

share ¢ haplotype

0-06 shares shared haplotypes
probably not LGMD2F

1 marker tested

do not share o haplotype
share ¢ haplotype

need more information

2 markers tested

share portion of d haplotype
share # haplotype

need more information

3 markers tested

do not share & haplotype
do not share ¢ haplotype
not SNT2BI

nwr -

. not tested

2 markers tested

do not share o haplotype
do not share ¢ haplotype
not LGMD2F

. not tested

. not tested

. not tested
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Locus Family N Family O Family P

Patients N-04 & N-05 Patients 0-03 & 0-08 Patients P-03, P-08, P-09, P-13
SNTI 1. | marker tested 1, 1 marker tested 1. not tested
2. uninformative haplotypes 2. uninformative haplotypes
5. need more information 5. need more information

Summary of data from haplotypes of candidate loci including LGMDZ2H (Figure 41 - Figure 43, Figure 47 - Figure 49),
Markers tested are indicated in Figure 45 and Figure 46,
d - paternal, ¢ - maternal

For each locus:
1. indicates how many markers were tested for that candidate locus

2. indicates whether patients shared the paternal haplotype

3. indicates whether patients shared the maternal haplotype

4. indicates other information regarding haplotype sharing with unaffected siblings

5. conclusions with respect to likelihood of linkage between disease gene and candidate locus
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pseudohypertrophy, cardiomyopathy or malignant hyperthermia has been noted. Patients
from Families N, P and R exhibited significant pseudohypertrophy of the calves and
patient N-04 died from cardiomyopathy. Patients from Family O look clinically similar
to LGMD2H patients although patient O-08 suffered a malignant hyperthermia crisis.
Thus, the genetic heterogeneity is not altogefher surprising.

Identification of shared haplotypes between affected siblings in Family Q suggests
the possibility that the dystrophy seen in Family Q is LGMD2H. Because the cross-over
event in individual Q-03 is within the current LGMD2H candidate region, it is
theoretically possible that Q-07 may be affected with LGMD2H. However, since Family
P and Family Q are related as first cousins once removed (Figure 40), it is likely that if
Family P is unlinked to LGMD2H, so too is Family Q. Analysis of Family N reveals the
prospect that the disease-causing locus is LGMD2F. A disease-causing mutation in this
gene must be found in this family to confirm this hypothesis. The LGMD2F locus has
been provisionally excluded as the locus causing the LGMD in Family O and has been
excluded as causing the LGMD in Family P. Thus, it is possible that there are more than
two loci causing LGMD in the Hutterites.

From the analysis described above, it can be seen that obtaining a precise genetic
diagnosis of a specific LGMD in small families is extremely difficult and labour
intensive. Immunohistochemical analysis may not provide conclusive results either, since
protein deficiencies may not be present or may be secondary to other abnormalities. This
problem was clearly shown by Tapp, who tested 47 muscle biopsies from Manitoba

patients with "Myopathy Not Otherwise Specified". Eight of these muscle biopsies
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exhibited protein abnormalities, but none could be conclusively diagnosed **'. Thus, an
immunohistochemical approach to the diagnostics of unspecified form of MD appears to
be problematic. Given the current complexity of the field of MD’s, one must also
question the value of performing linkage analysis on small families for dozens of
candidate loci. An automated genome scan on such families to identify regions of
homozygosity in patients may in the long run be the best way to make a precise diagnosis

with the limited resources available.



Chapter 7. CONCLUSIONS AND FUTURE DIRECTIONS

The past decade of research on the MD’s has revealed an unexpected amount of
clinical and genetic heterogeneity. Genes initially identified as causing a single clinical
entity are now associated with significantly different disorders (i.e. mutations in DYS
cause DMD, BMD, X-linked cardiomyopathy without skeletal muscle involvement, and
X-linked myalgias; mutations in LMNA cause autosomal dominant and recessive EMD,
familial partial lipodystrophy, and dilated cardiomyopathy & conduction system disease
without skeletal muscle involvement; mutations in LAMA2 cause CMD and LGMD).
Furthermore, disorders that were initially classified as distinct and presumed to be caused
by mutations in different genes are now known to be caused by the same mutation in the
same gene (i.e. LGMD2B and MM). It has even been postulated that distinct disorders
can be caused by heterozygous or homozygous manifestations of a dominant gene (i.e.
TMD and LGMD). Thus, it has become , at times, extremely difficult to accurately and
specifically diagnose patients with MD or predict their natural history.

For research purposes, the best method of minimizing the problem of genetic and
allelic heterogeneity is to obtain large families in which genetic linkage analysis can be
performed. The Manitoba kindreds described here fall into this category. In both the
aboriginal and Hutterite populations, the patients belong to large kindreds that have
multiple consanguineous matings, suggesting that the disorder(s) seen in each kindred
would be genetically homogeneous, in spite of clinical heterogeneity. For example,
although the aboriginal patients are affected with either a proximal (LGMD2B) or distal

myopathy (MM) one would expect a single causative gene. In addition, the Hutterite
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patients demonstrate a proximal myopathy, although the age of onset and the range of

associated signs and symptoms (calf pseudohypertrophy, distal involvement,

cardiomyopathy. pain, serum CK level and malignant hyperthermia) are variable. Genetic

studies in these kindreds were therefore performed to test our initial hypotheses of genetic

homogeneity and evaluated our results in relation to the clinical phenotype. These studies

resulted in the following achievements:

(1)

(i)

(iii)

(iv)
v)

(vi)
(vii)

the identification of LGMD2B as the disease locus causing both LGMD
and MM in the Manitoba aboriginal kindreds;

the identification of a single mutation in the DYSF gene in both LGMD2B
and MM patients, suggesting that the two different phenotypes can be
caused by the same mutation in the same gene, and that the differences in
the phenotypes must be due to other factors;

the identification of a single mutation in two apparently unrelated,
geographically widely separated aboriginal communities, suggesting
common ancestry between them;

the mapping of a new form of LGMD, LGMD2H, to chromosome 9q32;
the clarification of the marker order in the 9932 chromosomal region and
refinement of the LGMD2H candidate interval to less than 1 Mb, flanked
by D9S1126 and D9S737;

the identification of three candidate genes within the LGMD2H interval;
the identification of evidence suggesting that at least two genes cause

LGMD in the Hutterites, a genetic isolate, despite the fact that LGMD’s
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are considered rare diseases.

The success of this research is largely due to the mutually supportive relationship
that we have with the aboriginal and Hutterite communities. Our efforts to maintain
confidentiality, to address the issues of privacy and stigmatization important to the
community and to keep the community as a whole and the individuals informed about the
status of the research has contributed greaﬂy to a trusting relationship. This kind of
relationship is essential for research projects of this nature that target specific
communities. Research targeted to communities and collectives poses unique challenges.
They include the need for the researchers to proceed with scientifically sound research
that is community-based, community driven and participatory in nature. This is an area
of intense study by many ethicists. This research is resulting in the establishment of
guidelines on how to proceed with community-based research in a way that will minimize
risks and at the same time address social and cultural identity issues. The future success
of this project is dependent upon the continued whole-hearted participation of the
individual participants as well as the communities as a whole.

The achievements outlined above point to many avenues for further research.
Now that we have clearly demonstrated that LGMD2B and MM can be caused by the
same mutation in the same gene, the next step must be to identify the factor(s) which
result in the different phenotypes. In the short term, the identification of dysferlin-
interacting proteins and transcription factors modulating the expression of DYSF in
different tissues may contribute to our understanding of the differences in the LGMD2B

and MM phenotypes. Although identification of the factor(s) modifying the phenotype is



not guaranteed using this approach, the results obtained will add to our knowledge of
MD’s. The accumulated knowledge obtained will clarify our understanding of the MD’s
and perhaps their pathogenesis. In the longer term. the use of DNA chip technology will
allow us to identify the differential expression of genes in LGMD2B and MM patients.
The comparison of RNA obtained from proximal and distal muscles of normal
individuals, LGMD2B and MM patients will result in expression profiles that are most
likely yield answers regarding the differences in the phenotypes.

The identification of a small region of chromosome 9q3 known to harbor the
LGMD2H disease gene also suggests additional research possibilities. The first step
involves the screening of all exons within the LGMD2H candidate interval (flanked by
D9S1126 and D9S737) for disease-causing mutations. This research is currently
underway in our lab. After the identification of the putative disease gene, its level of
expression in both normal and LGMD2H patients must be determined. This involves
isolating RNA and protein from muscle tissue and performing Northern and Western
blots and immunohistochemical analysis. Expression of the candidate gene in muscle
tissue lends credence to the hypothesis that it may be involved in an MD. Furthermore,
the possible identification of differential RNA or protein expression levels or the mis-
localization of the gene product will also support its designation as the LGMD?2H disease
gene. Once it has been identified, its function must be determined. Functional studies
may include the development of a mouse model with the putative disease-causing
mutation. To make the final determination of the candidate gene as the LGMD2H disease

gene, the function of the gene product must be altered by the disease-causing mutation.
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In addition, once the disease gene has been identiﬁed, the carrier frequency of the
LGMD2H mutation in the Hutterite population should be determined, voluntary carrier
testing to at-risk family members or the population as a whole should be offered and
direct feedback should be provided to the participating families.

The identification of additional Hutterite LGMD patients that do not have
LGMD2H also suggests avenues for further research. The candidate gene analysis
presented in Chapter 6 should be completed in a systematic manner. If both paternal and
maternal shared haplotypes are identified in patients, a test for disease-causing mutations
should be performed in the candidate gene. For example, delta-sarcoglycan should be
screened for disease-causing mutations in Family N. In conjunction with this research, an
automated genome scan should be performed to identify regions of homozygosity in
patients’ DNA. This scan may suggest additional candidate genes. Although it is
possible that these candidate genes may be disease-causing, it is not extremely likely. It
is more likely that studies of large Hutterite kindreds (comprised of more than one
nuclear family) that are not linked to LGMD2H will allow for the identification of the
LGMD. This necessitates the collection of DNA from additional, closely related,
Hutterite families affected with LGMD. A number of Hutterite LGMD families that are
not linked to LGMD2H may be treated as a single large kindred for linkage studies of
candidate genes. These studies on large kindreds will have more power than those
performed on individual families. It is important, however, to analyse these families
individually as well as in larger groups because additional genetic heterogeneity is always

possible.
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In the more distant future, it is likely that the development of muscle DNA chip
technology will provide the ability to accurately diagnose the entire spectrum of MDs,
despite the enormous degree of heterogeneity. Clearly, an exciting decade of research
into LGMD lies ahead with the potential for the accurate diagnosis of all MD’s, the
identification of the molecular basis for more and more MD’s and the elucidation of the

critical pathway explaining their pathogenesis.
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THE UNIVERSITY OF MANITOBA BANNATYNE CAMPUS Al12 -753 McDermot Avenue

Research Ethics Boards Winnipeg, Manitoba
Canada R3E QW3

Tel: (204) 789-3255
Fax: (204) 789-3942

APPROVAL FORM
Principal Investigators: Dr. C. Greenberg ' Protocol Reference Number: E92:214
Date: September 29, 2000
Protocol Title: Limb Girdle Muscular Dystrophies (LGMDs) in Manitoba Populations

.

The following are approved for use:

e Revised Informed Consent Form

The above was approved by Dr. A. Katz, Chair, Health Rcscarch Ethics Board, Bannatyne Campus, University of
Manitoba on bchalf of the commitiee per your letter dated September 13, 2000. The Rescarch Ethics Board is organized
and opcrates according to Health Canada/ICH Good Clinical Practices, Tri-Council Policy Statemcnt, and the apalicable
Iaws and regulations of Manitoba.

This approval is valid for onc vear only. A study status report must be submitted annually and must accompany vour
request for rcapproval. Any significant changes of the protocol and informed consent form should be reported to the
Chair for consideration in advance of implecmentation of such changes. The REB must be notificd regarding
discontinuation or study closure.

This approval is for the cthics of human usc only. For the logistics of performing the study, approval should be sought
from the rclevant institution, if required.

Hecalth Research Ethics Board
Bannatync Campus

Please quote the above protocol reference number on all correspondence.
Inquiries should be dirccted to the REB Sceretary
Telephone: (204) 789-3255/ Fax: (204)789-3942
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THE UNIVERSITY OF MANITOBA FACULTY OF MEDICINE 770 Bannatyne Avenuc

Department of Biochemistry and Medical Genetics Winnipeg. Manitoba
Canada R3EQOW3

Limb Girdle Muscular Dystrophy - ”gz';}(’;%‘z;%‘{;f;g?o

_ Statement to Particigants

[nvestigators:
Dr. Cheryl Greenberg Dr. Klaus Wrogemann

Section of Genetics and Metabolism, Children’s Hospital Depariment of Biochemistry. University ot Manitoba
FE229-820 Sherbrook St.. Winnipeg. Manitoba R3A [R9 770 Bannatyne Avenue. Winnipeg, Manitoba R3E 0W35
Telephone: (204)-787-2494_ Pager: (204)-787-2071 Telephone: (204)-789-3701. FAX: (204)-789-3%00

We ask you to take part in a research study to identify the genetic factor which leads to the forrn
of muscular dystrophy seen in your family. There are many forms of muscular dystrophy. Muscular
dystrophy is a group of disorders with different causes but all leading to a variable but slowly
progressive loss of muscle power. We are studying the muscular dvstrophy seen in individuals from
vour family in the attempt to identify the exact type of muscular dystrophy and to try to learn more
about why some individuals and not others develop this condition. The approach we are taking is a
genetic one, involving DNA analvsis and it is for this reason a blood sample is requested. DNA isa
chemical compound found at the center (nucleus) ofalmostevery cell in the human body. DNA carries
the complete genetic blueprint for all inherited traits. Differences in the DN A make-up of different
individuals can be used to “track™ the DNA changes that result in traits such as muscular dystrophy.
[t is necessary that we examine the DNA of family members who do not have muscular dystrophy as
well as those who do.

For the purpose of this research project, we will review vour past medical history with
particular emphasis on vour muscle strength and we will need only a small amount of blood: two table
spoons. The blood sample is obtained using the routine technique of venipuncture with withdrawal
of blood from a vein in the arm. Blood sampling is a very routine and safe procedure but may be
associated with a small amount of discomfort and/or bruising at the site of the venipuncture. We will
prepare the DNA from the blood sample and in some instances we will take a fraction of bloed cells
and grow them in the iaboratory. Growing the cells in the laboratory means that we have an essentially
permanent source of DNA. A veryv small portion of the blood will be used to measure the muscle
protein known as creatine kinase (CK). In individuals in your family affected with limb girdle
muscular dystrophy. the level of CK is usually greater than 10 times the normal level. [t is unlikely
that if you have no symptoms of muscle weakness that your CK level will indicate that you are in the
“affected” range. In the unlikely event that we find that you have a grossly elevated CK level. this may
indicate that you will develop signs and symptoms of this disorder in the future. The level ot CK in
vour blood will. however, at this time not help us ditferentiate between a carrier and a non-carrier for
limb girdle muscular dystrophy, remembering that silent gene carriers do not develop signs of muscle
weakness. Drs. Greenberg and Wrogemann will be performing the DNA analysis and will coordinate
the overall project. We will not use the blood samples for any unrelated studies.

F 3
Website: hL[pjlwww.umani(ob:z.calt'aculticx/mcdicinclunixs/l\mchcm
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THE UNIVERSITY OF MANITOBA FACULTY OF MEDICINE i
Department of Biochemistry and Medical Genetics

770 Bannatyne Avenue
Winnipeg. Manitoba
Canada R3IE QW3
; ; . Tel: (204) 789-3593 .
Limb Girdle Muscular Dystrophy Fore (304 789 3900
Informed Consent Form
— ‘m
e
Investigators:
Dr. Cheryl Greenberg Dr. Klaus Wrogemann
Section of Genetics and Metabolism. Children’s Hospital Department of Biochemistry, University of Manitoba

FFE229-820 Sherbrook St.. Winnipeg. Manitoba R3A 1R9 770 Bannatyne Avenuc. Winaipez. Manitoba RSE 0W3
lelephone: (204)-787-2494. Pager: (2043-787-2071 Telephonie. {2041-789-3701. FAX: 12041-789-3900

[ confirm that the genetic (DN A) testing proposed to identify the genes causing limb girdle muscular dystrophies (LGMDs)
has been explained to me and that all my questions have beer answered to my satisfaction. The discomfort. conszquences. and possible
rivks associated with these tests have bezn explained to me.

Participation in the study is voluntary. and f understand thar { may decline to enter the study or that [ may withdraw from the
study ar any time without prejudice to my continuing medical care.

The results of these tests will be conveved to me and this information may be shared. if requestad. with professionals involved
with my medical care including my family physician. The results will also be kept on file in the research laboratory of Dr. Klaus
Wrogemann at the University of Manitoba. [ have been assured that my record will be kept confidential and that no information will
be released or printed that will reveal my idencity without my permission. { understand that it is also highly unlikely that direct benefit
o myselfwill result from participating in this study. As my DNA may be stored for 20 vears, [am indicating niy choices as to the long-
term handling and storage of my DN for the following statements. specifically:

[. [ give my consent for the DNA sample extracted from my blood to be used in the search for genes YES NO
causing LGMD, but my DNA will be discarded once the initial results of the investigation are available.

2. If my DNA is destroved, [ understand thatif  wantany further genetic testing to be done in the future YES NO
{ will need to have another blood sample taken.

3. The DNA obtained from me may be stored for 20 vears so that further testing may be performed with YES NO
respect to LGMD in the future.

4. [ wish to be re-contacted regarding the results of any new tests for LGMD that are performed on my YES NO
DNAin the future.

5. Samples may be used ia this l[aboratory or sent to other laboratories for research on other genetic YES NO
diseases after all the identifying information has been removed.

6. Prior to my death, members of my family are allowed access to my stored DNA only if | give my YES NO

written permission.

7. My first-degree relatives will be allowed access to my stored DNA after my death. YES NO

[ have had the opportunity to ask the investigators questions about the study and [ acknowledge receipt of a copy of this
consent form for participation in this study.

Name: Name:
{\hnors
Signed: ~ Signed:
(Parent Legal Guardiam
Address: Address:
Signature of person Signature of person
obtaining consent: obtaining consent:
Date: Date:
SN

Website: hup:l/w\v“.zumnnizobn.ca/t':xcultiuxlmcdicin-:lunilslhiuuhcm





