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Abstract

Limb girdle muscular dystrophies (LGMDs) are a clinically and genetically
heterogeneous group of myopathies characterized by weakness and wasting of the proximal
musculature. There are currently seventeen loci associated with different LGMDs, seven with
an autosomal dominant mode of inheritance (LGMD1A-1G) and 10 with an autosomal
recessive mode of inheritance (LGMD2A— 2J). The cumulative worldwide prevalence of
LGMD is thought to be ~1/15,000."" In the Hutterite population of North America there is
an over-representation of autosomal recessive LGMD with a prevalence estimated to be
>1/400. The objective of this work was to delineate the genetic basis of LGMD in this large
genetically isolated population.

A genome-wide scan was performed on Hutterite LGMD patients and their families
in order to locate the mutant gene. This allowed us to identify a novel locus at chromosome
region 9q31-33 that was named LGMD2H.*”® Extensive haplotyping and mutation screening
led to the discovery of ¢.1459G>A in TRIM32 as the causative mutation of LGMD2H.”! We
then found that this same mutation was the cause of another previously described myopathy
in the Hutterites, sarcotubular myopathy (STM). Analysis of the TRIM32 gene product
revealed that it is a potential E3-ubiquitin ligase, is expressed in many human tissues
including muscle and brain, and has a punctate cytoplasmic distribution.

During the analysis of the LGMD2H region, it became apparent that there were
Hutterite LGMD patients not linked to the LGMD2H locus. In order to identify the causative
gene(s) in the remaining families, we performed a genome-wide scan. A locus at

chromosome 19q13 was found to correspond to disease inheritance, the site of a previously

v



described LGMD locus, LGMD?2I.% No causative gene had yet been identified at this locus
so haplotyping and mutation screening was performed. We were able to identify ¢.826C>A
in FKRP as the causative mutation in our remaining cohort of LGMD patients. The same
mutation has since been found in many other populations, and is apparently a relatively
common cause of LGMD. We obtained DNA from 19 non-Hutterite LGMD?2I patients of
diverse origins with ¢.826C>A and determined that it is an old founder mutation.”

There is no further evidence of any other loci causing autosomal recessive myopathy
in the Hutterites. With the identification of ¢.1459G>A in TRIM32 and ¢.826C>A in FKRP
we appear to have delineated the genetic cause of all myopathies of increased prevalence in
the Hutterite population. To date, we have been able to provide accurate, non-invasive
diagnosis to over 70 patients and have provided carrier testing to approximately 120 at-risk
family members. This kind of DNA-based approach is not feasible in the general population
due the enormous amount of locus, allelic, and clinical heterogeneity among myopathy

patients.
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1. Introduction

The muscular dystrophies are disorders with a primary defect in muscle that causes
premature myocyte death and/or defective regeneration. As a group they show an extreme
amount of allelic, locus, and clinical heterogeneity. They are usually classified by their
pattern of muscle involvement and mode of inheritance. One subgroup is the limb girdle
muscular dystrophies (LGMD), a group of autosomal disorders with primary involvement
of the pelvic and shoulder muscles. Even within this one group there is extensive
heterogeneity with seven dominant forms (LGMDIA— 1G) and ten recessive forms
(LGMD2A- 2J). This has made the identification of novel LGMD loci very difficult and
most of the successes in this area have been through mapping studies in large families or
inbred populations. Once the causative genes are found muscle biopsies can be used as a
diagnostic method to show defective or absent protein in isolated patients. This has made the
use of large kindreds segregating for LGMD mutations essential to our success in identifying
the genes responsible and providing diagnostic tools for all patients with an unknown
myopathy.

The aim of my project has been to identify the genetic cause of LGMD in the
Hutterite population. The Hutterites have a limited number of founders and very little influx
of new alleles so it was originally hypothesized that there was a single mutation responsible
for the high frequency of LGMD in this population. Prior to my joining the laboratory a
genome scan using pooled affected and unaffected genomic DNA was performed and a large
locus now know to be ~6.4 Mb in size was identified and named LGMD2H.?” I began my

studies by narrowing this region extensively and eventually discovering the disease-causing



mutation. Through the ascertainment of new patients it became apparent that our original
hypothesis was not correct, as there were patient families that did not show linkage to the
LGMDZ2H locus. We were able to perform a genome scan on a subset of these unlinked
families and discovered another locus, LGMD2I.”° In addition to these two main projects I
have also worked on limited functional characterization of the LGMD2H gene product, the
natural history of the most common LGMD2I mutation, and the discovery of sarcotubular
myopathy (STM) as a phenotypic variant of LGMD2H.

In the following chapters, I review the current state of knowledge regarding LGMDs
(chapter 2), describe the materials and methods used during my research (chapter 3), and
detail the actual work as follows:

Chapter 4: Identification and characterization of the LGMD2H gene

Chapter 5: Identification of the LGMD2I gene

Chapter 6: Identification of the STM gene
The final chapter will discuss the results and how they relate to muscular dystrophy research
in general as well as outlining potential future research efforts. Please note that many of the
methods discussed in chapter 3 are related to fine details of the LGMD2H gene product,
particularly sections 3.6 - 3.11. It may be advantageous to read chapter 4 prior to these

sections within chapter 3.



2. Review of Limb Girdle Muscular Dystrophies

2.1 General Featuresof LGMD
Muscular dystrophies (MDs) are extremely heterogeneous, both genetically and

clinically. They are inherited disorders with a primary defect in skeletal muscle which leads

to progressive weakness and wasting in the affected individuals. The defect being in muscle
differentiates them from neuropathies where the defect is in the nerves supplying the muscle.

Historically, disorders of muscle were separated into two categories, dystrophies and

myopathies. MD was defined as a disease resulting in a breakdown of muscle integrity

(sarcolemmal defect) whereas myopathy referred to a defect in the sarcomere or another

internal component of muscle.’’ Recent evidence has made this distinction somewhat

meaningless as the following review will show. Further mention of myopathy will simply
refer to a disorder of muscle in a general sense.

MDs have been classified on the basis of observable characteristics such as: pattern
of muscle involvement; severity, age at onset, and mode of inheritance. Each disorder has
its own characteristic signs and symptoms, often with considerable variability and overlap
with other disorders.””” The following list outlines the more common of these clinical
entities.

DMD - Duchenne muscular dystrophy is a common X-linked disorder with severe and
rapidly progressive proximal weakness and wasting, onset in the first few years of
life, hypertrophy of the calf muscles, mild intellectual impairment, and late cardiac
involvement. Patients usually die in their 2™ or 3" decade.’*"!

BMD - Becker muscular dystrophy is a milder variant of DMD with a later onset and slower



progression (now known to be allelic to DMD).>*"!

EDMD - Emery-Dreifuss muscular dystrophy is also a proximal myopathy with an age at
onset in the 2™ or 3™ decade of life and variable mode of inheritance (X-linked,?**
autosomal dominant,* or autosomal recessive®” [see LGMD1B])). It is distinguished
from DMD and BMD by the presence of early contractures of the elbows, spine and
ankles as well as severe cardiac conduction defects.”

FSHD - Facioscapulohumeral muscular dystrophy is an autosomal dominant disorder with
a characteristic pattern of facial, scapular, and peroneal weakness. There is usually
marked scapular winging with sparing of the deltoids and age at onset is variable.*>

OPMD - Oculopharyngeal muscular dystrophy is an autosomal dominant disorder with onset
in middle age. Weakness in the extraocular and pharyngeal muscles leads to ptosis,
dysphagia, and dysarthria. Weakness in proximal and/or distal limb muscles may also
be present.”

MDC - Congenital muscular dystrophy is actually a group of disorders with weakness and
wasting apparent right from birth. Inheritance is autosomal and many patients show
severe neurological involvement.'**'’

Distal - Distal myopathies are another group of disorders that are characterized by a primary
involvement of distal muscles. This group is unusual in that distal weakness is often
associated with neuropathy rather than myopathy.***

There are quite a number of proximal myopathies with autosomal inheritance that do not fit

within these classifications. This led to the very loose definition of limb girdle muscular

dystrophy (LGMD) as an autosomal proximal myopathy that does not show any of the



Table 1: Seventeen currently defined LGMD loci

Locus MIM # Inheritance Chrom_osc_>ma| Gene Protein Associated Disorders
localization
LGMD1A 159000 AD 5q22-34 TTID Myatilin Myofibrillar myopathy
EDMD, CMD1A, CMT2B1,
LGMD1B 159001 AD 1gl1-21 LMNA Lamin A/C FPLD2, MADA, HGPS,
RD, WRN2
LGMD1C 607801 AD 3p25 CAV3 Caveolin3  RMD, DM, HyperCKemia
LGMD1D 602067 AD 6923 -- -- --
LGMD1E 603511 AD 7936 -- -- --
LGMD1F 608423 AD 7932 -- -- --
LGMD1G -- AD 4p21 -- -- --
LGMD2A 253600 AR 15qg15.1 CAPN3 Calpain 3 --
LGMD2B 253601 AR 2pl13 DYSF Dysferlin MM, DAM
LGMD2C 253700 AR 13q12 SGCG gsarcoglycan -
LGMD2D 608099 AR 17921 SGCA a-sarcoglycan --
LGMD2E 600900 AR 4q12 SGCB b-sarcoglycan --
LGMD2F 601287 AR 5033-34 SGCD d-sarcoglycan --
LGMD2G 601954 AR 17911-12 TCAP Telethonin CMD1N
LGMD2H 254110 AR See Chapter 4
LGMD2l 607155 AR See Chapter 5
LGMD2J 608807 AR 2931 TTN Titin TMD, CMH9, CMD1G




distinctive characteristics of the aforementioned groups (Table 1).40-42136:191.263

As more causative genes for muscle disorders have been identified it is becoming
clear that the distinctions between many of these groups are somewhat arbitrary. It has been
suggested that the whole phenotypic classification scheme be replaced by one based on the
underlying genes (eg/ DMD, BMD, and isolated X-linked cardiomyopathy are all caused by
mutations in the dystrophin gene and would therefore define a group termed
dystrophinopathy). However, from a clinical perspective these classifications still have
utility. The following is an attempt to review the current knowledge regarding the LGMDs,
highlighting the heterogeneity of the group and the numerous places where there is a blurring
of the distinctions separating this group from other groups of neuromuscular disorders.

2.2 Dominant Forms

(A) LGMDIA

Dominant forms of LGMD are relatively rare, accounting for an estimated 10% of
all LGMDs.* LGMDI1A was the first dominant form attributed to a specific chromosomal
locus under the current nomenclature guidelines.** It was originally described in a single
kindred from West Virginia which included 16 affected individuals.'” In these individuals,
there was a ‘bottom up’ distribution of proximal weakness with pelvic preceding shoulder
involvement, variable distal and facial involvement, onset in the 2™ or 3™ decade, and
elevated serum creatine kinase (SCK) levels of 1.6-9X normal. The two most characteristic
features of the disorder were tight calcaneal tendon (inhibits dorsiflexion of the foot) and a
dysarthric speech (indicative of pharyngeal involvement). Patient muscle biopsies showed
increased variation in fibre size, central nuclei, fibre splitting and a distinct overabundance

of Z-line streaming. The gene was mapped to chromosome region 5q31 and a mutation in



the myotilin gene (T571) was subsequently identified in this family.'"”*** Enormous efforts
to identify other patients with LGMD1A led to the identification of only one other family of
Argentinian origin. This family had similar clinical findings and an S55F mutation in the
myotilin gene.'"

The gene encoding myotilin (TTID) has 10 exons and is 20 kb in size."” The protein
is 498 aa (MW ~ 55 kDa) and contains a unique serine-rich N-terminal domain and two
repeats with similarity to the titin immunoglobulin-like domain (see LGMD2J for a
discussion on titin). Expression is widespread during development but becomes restricted
to mainly skeletal muscle and bone marrow with small amounts in salivary gland, mammary
gland, and prostate.'”'” The protein exists as a dimer and localizes to the Z-line, the
structure delineating the boundaries of each sarcomere that distributes mechanical stresses
from the contractile apparatus through to the cytoskeletal network (Figure 1). It is known to
bind ""-actinin and filamin ¢ (two important components of the Z-line) and cross-links actin
filaments, especially in the presence of its two binding partners.”’” These characteristics
suggest that it plays an important role in the stabilization and anchorage of thin filaments
(actin) in muscle and may have a role in the formation of the sarcomere.

Recently a group trying to define the molecular pathology underlying ‘myofibrillar
myopathy’ (MFM), a loose term referring to any chronic progressive disease of skeletal
muscle with myofibrillar disorganization, studied myotilin as one of five candidate
genes.'**** This was mainly due to the potential role of myotilin in the assembly of the
sarcomere and its presence in related pathological lesions of muscle such as nemaline rods

and central cores.”** They found six patients out of a cohort of 63 unrelated idiopathic MFM
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patients to have mutations in the myotilin gene. Mutations were all localized within the N-
terminal serine-rich domain in which the previous two mutations had been found. Three
patients had a S40C mutation, one had a S40F, one had a S95I, and one had the identical
mutation as in the previously described Argentinian LGMDIA family, S55F. In these six
patients there was primarily distal involvement with minor proximal weakness,
cardiomyopathy, peripheral neuropathy, and a later age at onset in the 6 to 8" decade.

The clinical features of the six MFM patients did not mirror those of the previously
described LGMD1A families (even the individual with the SS5F mutation). In addition, there
was no mention of a distinctive myofibrillar disorganization other than an increase in Z-line
streaming in the previously described LGMDIA biopsies. While there does appear to be
some overlap, clearly there is unpredicted variability in the phenotype associated with
myotilinopathy.
(B) LGMDI1B

LGMDIB was originally described in three large kindreds of diverse origins
(Netherlands, Surinam, and Carribean) with 35 patients in total.*® Affected individuals
showed a slowly progressive proximal weakness (predominantly in the lower limbs), age at
onset was in the 1% to 4™ decade, SCK was variably elevated from 1-25X normal, deep
tendon reflexes were reduced or absent, sensation was unimpaired, and most notably, more
than half of the patients had a dilated cardiomyopathy with conduction disturbance. Muscle
pathology was unremarkable with clear but mild signs of myopathy including increased fibre
size variation, central nuclei, and fibre splitting. A genome scan was performed on these

families and a locus at chromosome 1q11-21 was identified.””® Mutations in the LMNA gene
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encoding the lamin A and C proteins were concluded to be the ultimate cause of this
disorder.'®

The lamins are intermediate-filament proteins that polymerize to produce the nuclear
lamina, the principle structure maintaining the integrity of the nucleus by forming a lattice-
like network lining the inside of the nuclear envelope (Figure 2)."*° The lamin family is
divided into two groups, B-type lamins that are essential for cell viability and are expressed
in every cell, and A-type lamins that are only expressed in differentiated somatic cells.'”’
Lamins consist of a small N-terminal globular domain, a large elongated rod domain, a C-
terminal globular domain, and a terminal tail region. All four A-type lamins are produced
from the LMNA gene by alternate splicing (A, A) 10, C, and C,). The two major species are
A (664 aa) and C (572 aa), that are identical except for unique C-terminal tails, and the two
minor species, A) 10 and C, are variants of the initial two that are only found in testes.
Lamin C is translated into it’s functional form directly whereas lamin A is proteolytically
cleaved in its unique C-terminal tail region and farnesylated (presumably for association with
the inner nuclear membrane).'™®

Interestingly, in addition to LGMD1B, the LMNA gene has been found to be mutated
in eight other disorders. While some of them are related to LGMD1B there are definitely
distinct characteristics attributable to each disease. The following lists each of these other
laminopathies along with a short clinical description:
Emery-Dreifuss muscular dystrophy (EDMD2, MIM:181350) - The autosomal forms

(both dominant and recessive) are caused by mutations in LMNA.**** Interestingly the more

common X-linked form is caused by mutations in emerin, a binding partner of lamin A/C.
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This MD is differentiated from LGMD1B by the presence of early contractures of the elbow
and spine, a characteristic humeroperoneal pattern of weakness, and cardiac defects usually
manifest earlier.”*®

Dilated cardiomyopathy with conduction defects (CMDI1A, MIM:115200) - This
dominant disorder is very similar to the more severe forms of cardiac defects found in
LGMDI1B and EDMD but with no associated skeletal muscle involvement.”®
Charcot-Marie-Tooth diseasetype2B1(CMT2B1, MIM:605588) - A recessive peripheral
neuropathy of an axonal type with an age at onset in the 2™ or 3™ decade. Patients show
symmetrical weakness and wasting, sensory deficits, predominantly in the distal lower limbs,
foot deformities, and slight or absent reduction in nerve conduction velocities (non-
demyelinating). Muscle biopsy and SCK levels are normal suggesting little to no muscular
involvement.”***

Dunnigan familial partial lipodystrophy (FPLD2, MIM:151660) - A dominant disorder
that begins manifesting at puberty, characterized by the marked loss of fat deposits in the
extremities, excess fat in the head, neck and trunk, profound insulin resistance, dyslipidemia,
diabetes, acanthosis nigricans, and atherosclerotic vascular disease. No signs of myopathy
or cardiac defects are present in these patients.?***

Mandibuloacral dysplasia type A (MADA, MIM:248370) - A recessive progeria-like
disorder with an age at onset of 5-6 yrs and consisting of growth retardation, bony
abnormalities (mandibular and clavicular hypoplasia, delayed closure of cranial sutures, acro-
osteolysis, and dental overcrowding), lipodystrophy, insulin resistance, partial alopecia (in

males), and skin abnormalities (acanthosis nigricans, mottled hyperpigmentation on lower
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trunk and extremities). Patients generally have a normal life span although it may be
somewhat shortened due to complications of the lipodystrophy (dyslipidemia and
atherosclerosis).'**%

Hutchinson-Gilford progeria syndrome (HGPS, MIM:176670) - A dominant disorder
characterized by premature aging. Age at onset is in the first year of life with a failure to
thrive. Over time patients show bony abnormalities similar to MADA, alopecia,
sclerodermatous skin changes, variable lipodystrophy, joint contractures, and usually die in
their early teens due to atherosclerosis and coronary artery disease.**"**"
Restrictivedermopathy (RD, MIM:275210) - An apparent recessive disorder characterized
by intrauterine growth retardation, tight and rigid skin with erosions, hyperkeratosis, bony
abnormalities (clavicular hypoplasia, mineralization defects in the skull, and micrognathia)
pulmonary hypoplasia, joint contractures, increased adiposity, and patients usually die within
the first week of life. Dominant LMNA mutations (de nhovo) were found in a small subset of
patients with this disorder but the bulk of the cases of RD are caused by autosomal recessive
mutations in ZMPSTE?24, the enzyme responsible for the proteolytic processing of prelamin
A to produce functional protein.'®® Interestingly this is the same gene that is mutated in
Mandibuloacral dysplasia type B (MADB).'

Atypical Werner syndrome (WRN2, MIM:277700) - Werner syndrome is a recessive
progeroid disorder with an age at onset in the 3™ decade caused by mutations in the DNA
helicase gene, RECQLZ2. A subset of patients that did not have RECQLZ2 mutations, and had
amore severe disease with an earlier age at onset in the 2" decade, were found to have novel

dominant mutations in the LMNA gene. The atypical Werner syndrome patients were
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Table 2: List of LMNA mutations

Disease Mode Head (1-30)° Rod (31-429)

Globular Domain (430-545)

A Tail (567-664) C Tail (567-572)

LGMD1B D DK208, Y259X, R377H

DK32, E33G, A43T, Y45C, R50P/S, 163S,
DE112, R133P, T150P, DLQT197-199, H222P,

b
EDMD D Q6X\R25P  yaoe R2490, DK261, Q294P, R3360,
R343Q, E358K, M371K, R366Q, R386K"
R H222Y
CMDIA D R60G, L85R, N195K, E203G/K
CMT2B1 R R298C
FPLD D
MADA R
HGPS D E145K
RD D
WRN2 D A57P, R133L, L140R
.. E33D (CMT, MD, DCM, Skin), R60G + R62G
S (FPLD, MD, CM), R133L (Lipoatrophy, HCM,
Combination All D (CF;)LD' MD. " skin), Dc.959T (CMD1A W/ var MD), S143F

(MD w/ progeria)

Y481H, IVS9+5G>C

V442A, VA52F, RA53W,
N456K/I, 1469T, 1497T,
W520S/C, R527P, T528K,
L530P, R541H

R541C

G465D, R482Q/L/W,
K486N

R471C, R527H, R527C,
K542N

R527P (FPLD, MD, CM)

R624H

R571S, R644C

R582H, R584H

G608G(GGC>GGT),
G608S(GGC>AGC)
G608G(GGC>GGT),
IVS11+1G>A

 Mutations are named according to the effect on protein where possible
® Blue signifies nonsense or frameshift mutations

© Green signifies splicing mutations

—_
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characterized by cataracts (variable), sclerodermatous skin changes, short stature, premature
greying/thinning of hair, increased urinary hyaluronic acid (variable), diabetes,
atherosclerosis, osteoporosis, and cardiomyopathy (only in one patient).”!

Numerous mutations, both dominant and recessive, have been described and each one
is usually associated with only one of the above nine phenotypes (Table 2). The different
disorders can be roughly grouped into two categories, neuromuscular diseases and progeroid
diseases (Table 3). LGMD1B, EDMD2, CMD1A, and CMT2B1 belong to the neuromuscular
group that includes muscle, heart, and nervous tissue involvement. Peripheral nervous
involvement is only definitively involved in CMT2B1 although there may be minor effects
in LGMDI1B and EDMD?2. The progeroid group appears to involve adipose tissue, metabolic
changes, and skin, hair, and bony findings. They appear to form a spectrum from least to
most severe being FPLD, WRN2, MADA, HGPS, and RD. Strictly speaking, FPLD and RD
are not progeroid disorders, however, one can see how they fit at either end of the spectrum.
FPLD is mild with only the adipose and metabolic findings and onset doesn’t occur until
puberty whereas RD is so severe (particularly the skin phenotype) that the babies never live
long enough to manifest some of the metabolic disturbances such as diabetes,
hypertriglyceridemia, and atherosclerosis.

In addition to mutations that consistently manifest as one of the nine defined
phenotypes there are a number of case reports describing mutations that are associated with
‘mixed’ phenotypes. Some of these mutations are unique and include R28W, R60G, and
R62G  (muscular dystrophy, dilated cardiomyopathy with conduction defect, and

lipodystrophy),”®**® R133L (hypertrophic cardiomyopathy, diabetes, liver steatosis,
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Table 3: Tissues affected in each of the laminopathies

Clinical

e Muscle Heart Nerve Adipose Metabolic Skin Hair Bone
Classification

LGMD1B ?
EDMD ?
CMD1A

CMT2B1

FPLD2

MADA

HGPS

RD

WRN2 ?

Combination
E33D

R60G, R527P
R133L
R28W, R62G
S143F




lipoatrophy, and whitish papules),” and S143F (muscular dystrophy and HGPS-like
progeria).'* Only two mutations, both of which were originally described as dominant
EDMD mutations, have been found to be also associated with mixed phenotypes in certain
families. The first is E33D (neuropathy, muscular dystrophy, and dilated cardiomyopathy
with conduction defect)'”” and the second is R527P (muscular dystrophy, dilated
cardiomyopathy with conduction defect, and lipodystrophy).**® With the exception of these
two cases it appears that the specific allele at the LMNA locus determines the phenotype
with little effect of modifiers, either environmental or genetic. However, there are very few
conclusions that can be made by reviewing mutation position in relation to disease phenotype
(Table 2). Most of the identified mutations cause dominant EDMD and are spread throughout
the domains common to lamins A and C. There is an apparent over-representation of
mutations causing the progeroid diseases in the C-terminal regions of the proteins including
the globular domain and the A-specific tail. The most consistent finding is that HGPS is
almost exclusively associated with mutations at one specific codon (608) that activate a
cryptic splice site, leading to the deletion of 50 aa and defective proteolytic processing of
lamin A.**"**"” This same recurrent mutation is also associated with one case of atypical
restrictive dermopathy. ' Interestingly recent studies in a ZMPSTE24-/- mouse, with a total
inability to produce mature lamin A, suggest that prelamin A is toxic and is ultimately
responsible for the more severe phenotypes associated with LMNA mutations.

Two hypotheses have been proposed to explain the pathophysiology underlying this
bewildering array of phenotypes, one is structural and the other is based on gene

expression."*® The structural hypothesis is based on the observation that the nuclear lamina
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is connected to the actin cytoskeleton, and therefore indirectly to the extracellular matrix, via
a link between A-type lamins and emerin/nesprins embedded in the nuclear envelop. Cells
with mutations at the LMNA locus show nuclear fragmentation and are much easier to
deform using compression.*®'® Presumably certain cells, particularly those that undergo
constant mechanical stress like muscle and heart, may be more likely to become damaged
and die due to this disturbed link. The gene expression hypothesis is based on the interaction
of the nuclear lamina with specific transcription factors or with chromatin itself to affect or
modulate gene expression. A-type lamins are known to bind to and indirectly regulate the
activities of the transcription factors Rb, SREB1 and MOKI1. Interestingly Rb activity is
involved in myocyte and adipocyte differentiation and SREBI1 is involved in adipocyte
differentiation.”” The tissue specificity of LMNA mutations may be based on regulation of
these or other transcription factors therefore indirectly affecting gene expression. In addition,
lamins have been shown to bind directly to chromatin and negatively regulate
transcription.'”® Neither hypothesis provides all the answers so potentially it is a combination
of both that leads to such complex effects when LMNA is mutated.
(C©) LGMDI1C

LGMDIC is unique amongst the dominant LGMD loci in that it was identified by a
biochemical / candidate gene method rather than by positional cloning. Caveolin-3 was found
to be a novel protein interacting with dystrophin and the dystrophin-associated glycoprotein
complex (DGC) in muscle (Figure 3).”® Muscle biopsies were screened by
immunofluorescence microscopy using a caveolin-3 antibody and a sarcolemmal staining

was found, identical to the localization of the DGC.'">'”® Patients from two separate families
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with an unknown myopathy were shown to have markedly reduced staining for caveolin-3
and this was confirmed by immunoblotting. Sequencing of patient DNA revealed
heterozygous mutations in CAV3, the gene at chromosome region 3p25 encoding caveolin-3.
Subsequently other patients were identified and this locus was named LGMD1C.*"?!1¢%

The LGMDIC patients were clinically unremarkable. They had mild to moderate
proximal weakness with an age at onset in the 1% decade, SCK elevation of 4-25X normal,
exercise-induced cramping / myalgia, and calf hypertrophy. Other than the lack of caveolin-3,
patient muscle showed mild non-specific myopathic changes with scattered necrotic fibres
and increased connective tissue.*"

In addition to LGMDI1C, CAV3 mutations are also associated with idiopathic
hyperCKemia (HCK, MIM:123320),* rippling muscle disease (RMD2, MIM:606072),?® and
a distal myopathy (DM).*** Idiopathic hyperCKemia is simply an elevated CK in the absence
of an apparent cause (alcoholism, strenuous exercise, muscle strain, hypothyroidism, etc.)
and with no signs of an underlying myopathy. RMD is an unusual non-dystrophic disorder
with mechanically induced muscle contractions, swelling, and rippling (undulating muscle
contractions in the absence of an action potential). The distal myopathy was only described
in one case and is exceptional in that it only affected the intrinsic hand muscles and
sternocleidomastoid, sparing all the proximal muscles and those in the forearm and leg.

Caveolins are intrinsic membrane proteins that are the main component of caveolae,
small invaginations in the plasma membrane of most cells. These structures are formed
through the self association of large numbers of caveolin monomers within ‘lipid rafts’ or

1 148

microdomains composed of glycosphingolipids and cholesterol.”* Caveolae are thought to
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concentrate certain membrane components for the purposes of facilitating membrane
trafficking and signal transduction. The caveolin family consists of three members, caveolin-
1 and -2 having a wide tissue distribution whereas caveolin-3 is only found in heart and
skeletal muscle.”” Caveolin-3 is 151 aa in size and is post-translationally modified by the
addition of palmitoyl groups (result is 21-24 kDa). It contains an N-terminal homo-
oligimerization domain, part of which is referred to as a caveolin scaffolding domain (known

to bind to signalling molecules), and a membrane-embedded region.**

A portion of
membrane caveolin-3 is associated with the DGC,> a complex which contains numerous
proteins that are mutated in muscular dystrophies and is thought to maintain muscle
membrane stability (Figure 3). This association is thought to occur via direct interaction with
$-dystroglycan although interaction with other components such as dystrophin itself cannot
be ruled out.'”*** Caveolin-3 has also been found to interact with neuronal nitric oxide
synthase (nNOS), an important signalling molecule transiently associated to the DGC, and
dysferlin (see LGMD2B), a protein involved in muscle membrane repair.'®*"

To date, twelve mutations have been identified in CAV3 that cause disease (Table
4). 7132 Most of these mutations are in well conserved residues and act via a dominant
negative mechanism, largely explaining the marked absence of caveolin-3 in patient muscle.
The mutant proteins have a greater propensity toward very high molecular weight
oligimerization (with other mutant as well as wild type proteins) prior to their recruitment
into detergent-insoluble lipid rafts.”* The result is an induction of the endoplasmic reticulum-

associated protein degradation pathway (ERAD or ER stress response) and the aggregates

get ubiquitinated and degraded by the 26S proteasome.” Virtually none of the caveolin-3,
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either mutant or wild type, that gets translated makes it to the sarcolemma to produce
caveolae. Interestingly the phenotypic consequences of this process are not the same even
when the underlying mutation is identical (Table 4). One mutation can be associated with all
four phenotypes in different families (R26Q)** or can cause combinations of dystrophy
(LGMD or DM) and muscle irritability (RMD?2) in different branches of one family
(D27E).* Unlike the situation with LGMDIB this is clear evidence that modifying factors
have a major influence on the phenotypic expression of these mutations.

How the lack of caveolin-3 and/or caveolae in muscle leads to myopathy is
unknown.'” An LGMD1C phenotype has been recapitulated in a mouse model by complete
knockout of the CAV3 gene.” No caveolae were present in muscle of CAV3-/- mice despite
the expression of caveolins-1 and -2 and they showed a mild muscular dystrophy with
hypertrophic cardiomyopathy. Heterozygous mice did not show any defect and had normal
caveolae confirming the detrimental dominant negative effects of mutant caveolin-3 protein
found in human disease. Interestingly, a transgenic mouse over-expressing caveolin-3 had
a severe DMD-like phenotype.”® This suggests muscle is sensitive to both increased and
decreased levels of caveolin-3. The binding site of caveolin-3 on $-dystroglycan is identical
to that of dystrophin and it is possible that disruption of the DGC-dystrophin link is
responsible for the dystrophy in these over-expressing mice.*** Another possibility may be
the fact that caveolin-3 negatively regulates nNOS and nitric oxide is an important activation
factor in the regeneration process.'"**"***> How either of these links relates to caveolin-3
deficiency is obscure. It is possible that there is a signalling defect in caveolin-3 deficiency

but if so, it remains to be elucidated.
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Table 4: List of CAV3 mutations

Mutation® LGMD1C RMD DM HCK

R26Q
D27E
P28L
N32K
VA43E
A45T
A45V
T63P

DTFT 63-65
L86P"

A92TP
P104L

#Modified from Woodman, Neurol 2004; 62:538-543
Recessive mutations reported in Kubisch, Ann Neurol 2003; 53:512-520
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(D) LGMDID

LGMDID was originally described in one large French-Canadian family and is
alternatively referred to as FDC-CDM (familial dilated cardiomyopathy with conduction
defects and myopathy).'” The most prominent feature of this disorder was a dilated
cardiomyopathy with atrioventricular conduction defects resulting in brachycardia. Age at
onset was generally in the 3" decade with slowly progressive proximal weakness appearing
subsequent to cardiac symptoms. Muscle biopsy shows a classic dystrophic pattern with an
increased fibre size variation, central nuclei, and increased connective tissue and fat. All
patients remained ambulatory but most developed symptoms of congestive heart failure and
arrhythmia, requiring pace maker and in some cases heart transplant. Symptoms were not
dissimilar to those found in LGMD1B caused by mutations in the LMNA gene.

Linkage studies led to the identification of the LGMD1D locus at chromosome region
6q22-23 flanked by markers D6S1705 and D6S1656.'” To date, no causative gene has been
reported at this locus although many genes linked to familial cardiomyopathy have appeared
in the literature recently. In addition to mutations in lamin A/C (LGMD1B) and emerin
(EDMD), both of which have an associated cardiomyopathy, many of the familial
cardiomyopathies are caused by mutations in proteins in the sarcomere or at the sarcolemma.
Sarcomeric proteins such as cardiac myosin heavy chain $, cardiac troponin T, cardiac
troponin I, cardiac myosin binding protein C, regulatory myosin light chain, essential myosin
light chain, and cardiac '‘-actin appear to be involved in hypertrophic forms of
cardiomyopathy (heart is enlarged due to compensatory myocyte hypertrophy secondary to

a contractile defect). A mixture of proteins of sarcomeric or sarcolemmal localization are
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associated with dilated cardiomyopathies (heart becomes enlarged by dilation of chambers)
such as cardiac ""-actin, dystrophin, titin (see LGMD?2J), vinculin, and phospholamban.'**!'*
The LGMDI1D region is roughly 1.8 Mb in size and contains only 11 known or predicted
genes with the potential for 3 or 4 more on the basis of sequence analysis."*”'*! Interestingly
a few very good candidates, including phospholamban, are found near to the region but have
been excluded by recombination. No other genes within the region are known
sarcolemmal/sarcomeric genes so there is the potential at this locus for the identification of
a novel mechanism leading to dilated cardiomyopathy.
(E) LGMDIE

The group responsible for the identification of the LGMDI1A gene had five families
not linked to the chromosome 5 LGMD1A locus.** They performed a 430 marker genome-
wide scan to identify additional dominant LGMD loci. The two largest families (comprised
of 11 and 22 affected individuals) showed definite linkage to the telomeric end of the long
arm of chromosome 7 and this locus was named LGMD1E. The remaining three families
showed definite exclusion of the LGMDI1E locus but did not have any further significant
findings due to lack of power. The two American families that showed linkage were
originally described in two previous publications.””** The phenotype in the individuals
affected with LGMDIE is unremarkable with progressive proximal weakness, pelvic
preceding shoulder involvement, age at onset in the 3™ or 4™ decade, and mildly elevated
SCK levels of 1.5-10X normal. Muscle biopsies revealed mild non-specific myopathic

changes.

Through haplotyping, the LGMDI1E locus was defined as the region between the
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markers D7S2546 and D752423 at chromosome region 7q36. Interestingly, even though the
two families linked to this locus are unrelated they have identical haplotypes, suggesting that
the same mutation is responsible for all known cases of LGMDIE. The candidate interval
is 3.5 Mb in size and contains 20 known or predicted genes with the potential for at least two
more due to the presence of novel spliced expressed sequence tags (ESTs)."*'*! Some of the
genes present in the interval include two prominent developmental genes (SHH, sonic
hedgehog and EN2, engrailed 2), a serotonin receptor (HTR5A), a regulator of intracellular
cholesterol (INSG1), and a ring-finger protein potentially involved in spermatogenesis
(RNF32). No causative gene has yet been reported for this locus and there are no obvious
candidates based on expression and similarity to previously characterized MD genes.
(F) LGMDIF

LGMDIF has only been described in one large Spanish kindred with 32 affected
individuals.”” There was progressive proximal weakness with pelvic preceding shoulder
involvement and elevated SCK levels were only present in approximately 60% of cases
(average of ~4X normal). The disorder shows a clear anticipation phenomena over the three
generations studied, resulting in two patient groups, one with onset prior to 15 yrs and the
other with an adult onset in the 3™ or 4™ decade. Those individuals with an adult onset were
less severe in respect to weakness and showed a slower progression. In those with a juvenile
onset, there were individuals with additional facial and respiratory weakness, lordosis, and
most had marked muscle wasting. Muscle biopsies showed increased fibre size variation,
central nuclei, increased connective tissue, and autophagic rimmed vacuoles.

A genome-wide scan led to the identification of the LGMD1F locus at chromosome
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region 7q32 flanked by markers D73680 and D7S2544.*° The locus is distinct from the
LGMDIE locus on the basis of observed recombinations but the proximity of the two loci
has caused some problems in nomenclature. The interval spans 3.2 Mb and contains 46
potential genes. No causative gene has yet been described in this disorder despite screening
efforts. The most attractive candidate within the interval is filamin C (FLNC), a binding
partner of myotilin, the gene mutated in LGMD1A, and an important component of the Z-
line in muscle. The investigators thoroughly scanned FLNC and its entire surrounding region
and were unable to find any potential mutations.*” Other good candidates include two actin
bundling/binding proteins (FSCNS, fascin 3 and KIAA0265), an E2 ubiquitin conjugating
enzyme (UBEZ2H, ubiquitin conjugating enzyme E2H), and a peripheral membrane protein
involved in the proper functioning of the trans-golgi network (GCC1, golgi coiled-coil 1).
In addition to these three genes it would be valuable to search for potential pathogenic repeat
expansions because of the observation of anticipation.
(G) LGMDIG

LGMDIG is the most recently described LGMD and has only been found in one
Brazilian kindred with twelve patients. There is pelvic and shoulder involvement, muscle
cramping, onset in the 4™ or 5™ decade, and SCK levels of 1-10X normal. The most striking
feature of this myopathy is a progressive digital flexion limitation but with no associated
distal weakness. Biopsy shows a mixed myopathic/neuropathic pattern with an increased
variation in fibre size, central nuclei, groups of atrophic angulated fibres, and rimmed
vacuoles. The disorder has been mapped to chromosome region 4q21 between markers

D432947 and D4S2409 but a causative gene has not yet been found.**’
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2.3 Recessive Forms
(A) LGMD2A

LGMD2A was the first LGMD to be attributed to a specific locus. It was originally
described in a founder population living on the French island of Reunion located in the
Indian Ocean 800 km east of Madagascar.'® Affected individuals showed proximal weakness
and wasting of varying severity often with shoulder involvement occurring prior to pelvic
involvement, onset in the first to third decade, heel-cord contractures, mild lordosis, variable
calf hypertrophy, and elevated SCK of 2-10X normal (higher in presymptomatic
individuals).””® Progression was slow with loss of ambulation usually occurring 20-30 yrs
after onset. The causative gene was mapped to chromosome region 15q15.1 by linkage
analysis and eventually the causative gene was identified as CAPN3, encoding the
sarcoplasmic protease calpain-3."***"* LGMD2A has been found in many different
populations and is now thought to be the most prevalent LGMD world-wide.” Well over 100
mutations have been described leading to LGMD2A since its discovery.**®

Calpains are calcium-dependant neutral cysteine proteases found in the cytoplasm of
all cells. The calpain family consists of fourteen members, twelve are large subunits encoded
by CAPN 1-3 and 5-13 (73 - 117 kDa) and two are small subunits encoded by CAPN 4 and
14 (30kDa).'* Most active calpains exist as heterodimeric holoenzymes containing one large
subunit (which confers most of the enzymes’ substrate specificity and calcium concentration
dependance) and one small subunit. Most of the information relating to the structure and
function of calpains has been obtained by studying calpains -1, -2, and to a lesser extent,

calpain-3.2** There are four distinct regions in classic calpains, from N to C terminus, I, II,
p g p
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I, and IV. Region I is a potential prodomain that is autocatalytically cleaved upon exposure
to calcium to produce a functional protease. Region II contains the active site of the enzyme
and is homologous to many cysteine proteases like cathepsin B.'”” Region III has no known
homologues outside of the calpain family and is thought to be a linker domain. Region IV
contains five EF-hand calcium-binding domains that mediate the calcium dependancy of
these enzymes (along with another five EF-hands that are present on the small subunit).'*'**
Calpains do not have a general degradative protease activity but rather perform limited
proteolysis at specific sites for the purposes of cell signalling, particularly in relation to cell
death.”” Different calpains have been associated with a variety of complex diseases including

stroke, traumatic brain injury, Alzheimer’s, diabetes, and gastric cancer'*’

.However, calpain-
3 has been the only family member shown to be the direct cause of a specific phenotype upon
mutation.

The CAPN3 gene consists of ~24 exons spanning 64 kb and encodes a protein of 821
aa (94 kDa). Calpain-3 is somewhat longer than the classical calpains (~80 kDa) due to an
additional N-terminal sequence (NS) and two unique sequences, IS1 and IS2, inserted into
region Il and Ill respectively. IS2 contains a nuclear localization signal which gives calpain-3
the unique ability to enter the nucleus although it is not exclusive to the nucleus. Calpain-3
has a limited tissue distribution with high expression in muscle and low expression in heart
and liver.'” Interestingly calpain-3 does not appear to associate with a small subunit like the
other calpains and may act alone. Studies on its proteolytic properties have been limited due

to the enzyme’s extreme instability. Little to no 94 kDa protein has been isolated and when

it was, no activity could be detected. Not only is calpain-3 exquisitely sensitive to
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intracellular proteases but was able to autolytically cleave itself regardless of the inhibitors
present (calpastatin, calcium chelators, and leupeptin).'” However, it has recently been
discovered that the IS1 sequence actually acts as an inactivating prodomain and it must be
cleaved out of the enzyme for it to be active against exogenous substrates. The remaining
fragments appear to associate to form an active enzyme.” With this new information there
will undoubtedly be an explosion of information regarding in vivo substrates of this elusive
enzyme.

Due to the difficulties in studying calpain-3 there is very little hard evidence on how
it causes a muscular dystrophy when mutated. The most prevalent theory is based on the
observation of small numbers of apoptotic myonuclei in LGMD2A muscle biopsies (0.4%
in LGMD2A, 0.007% in DMD, 0% in normal controls)."' When these biopsies were studied
further, there appeared to be an increased level of I6B"" and decreased nuclear localization
of NF6B. NF6B is known to protect cells against apoptosis when present in the nucleus but
is inactive when bound to I6B"" in the cytoplasm. If calpain-3 was necessary for getting rid
of I6B"" in muscle then in LGMD2A, when calpain-3 is inactive,'”*** there would be a
decrease in NF6B signalling and the muscle may have a sensitivity to apoptosis.'” The
problem with this hypothesis are that it depends on the assumption that muscle tissue is
constantly receiving pro-apoptotic signals and it is not known what an apoptotic nucleus can
do in the context of a gigantic multinucleated muscle fibre. Also it does not address the
localization of calpain-3 in the sarcomere (calpain-3 has been shown to bind to titin) nor its
potential role in the disassembly of the myofibril."*® It is difficult to understand why a

member of a protein family that normally promotes cell death actually causes cell death when
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it is inactivated.””® Further work is clearly needed to define how calpain-3 is different from
the other calpains and what its in vivo substrates are in muscle.
(B) LGMD2B

LGMD2B was the second recessive LGMD described prior to the reclassification of
the severe childhood autosomal recessive muscular dystrophies (SCARMDs) as LGMDs."”
The disorder was originally described in only two families but the numerous families that
have been identified since show a very similar clinical picture.'¢”'**2+2¢* LGMD2B patients
show a proximal weakness and wasting with pelvic preceding shoulder involvement, variable
mild distal weakness (posterior compartment), onset usually in the second or third decade,
variable calf hypertrophy, and highly elevated SCK of 10-60X normal. Muscle pathology
showed signs of active dystrophy (increased variation in fibre size, central nuclei,
regenerating and degenerating fibres), inflammation, and macrophage invasion.” The gene
was localized to chromosome region 2p13 by linkage analysis and subsequently identified
as DYSF, a novel gene encoding a protein similar to the C. elegans spermatogenesis factor
fer-1. It was given the name dysferlin to reflect this homology and the fact that it causes a
muscular dystrophy when mutated.'® Over 40 mutations have been identified in dysferlin that
lead to myopathy.***

A second, very similar disorder prevalent in Japan, called Myoshi Myopathy (MM)
was mapped to the same interval on chromosome 2.'**° It is distinct from LGMD2B in that
weakness was initially confined to the posterior compartment of the leg, leading to the

patient’s characteristic inability to walk on their toes. Many of the other features are similar

to LGMD2B but the initial presentation of the patients is very different. Researchers working

31



on MM identified DYSF as the causative gene of this disorder concurrent with the studies on
LGMD2B.'®* Another distinct phenotype associated with DYSF mutation is a distal anterior
compartment myopathy (DAM) very similar to MM, only weakness is initially confined to
the anterior compartment, leading to impaired dorsiflexion rather than plantarflexion."*! One
might hypothesize that these three manifestations of dysferlin mutation are allelic. However,
families have been identified that contain branches with LGMD2B or distal myopathy that
are caused by the same mutation.”>*”” This is a strong indication that genetic modifiers are
causing the differences in phenotype but while good candidates for modifiers have been
identified, none have been shown to be responsible.

Dysferlin is the founding member of the ferlin protein family which consists of four
members, all showing homology to the fer-1 protein in C elegans (dysferlin, otoferlin,
myoferlin, and fer1L4)."” The full-length forms of these proteins consist of a tandem array
of C2 domains (usually six) and a C-terminal transmembrane region. C2 domains are the
second most common calcium binding motif (EF hands being the most common) and are
thought to mediate calcium dependent or independent interactions with phospholipids. The
domain was originally described in protein kinase C (PKC) which has one copy and multiple
copies are often found in proteins involved in membrane trafficking and fusion
(eg/synaptotagmins).”*! In addition to LGMD2B another human disease has been attributed
to this gene family, DFNB9, a form of autosomal recessive deafness caused by mutations in

otoferlin.?%¢

Very little is known about the other two members of the ferlin family,
particularly fer1L4, as it was only just recently described.’®*!

The DYSF gene has 55 exons spanning 234 kb and encodes a protein of 2080 aa (230

32



kDa). Dysferlin is widely expressed although its levels are highest in muscle and heart. It is
embedded in the sarcolemmal membrane via the C-terminal transmembrane domain with the
N-terminal portion containing the C2 domains exposed to the sarcoplasm. The C2 domains
of dysferlin mediate anionic phospholipid interaction and are strictly dependant on calcium. "
One dysferlin mutant that has been studied did not respond to calcium and lost the ability to
bind phopholipids.’’ Recent studies in two dysferlin knockout mouse lines firmly establish
its main function as a membrane repair protein.'*'*® These mice have a progressive proximal
dystrophy very similar to LGMD2B patients and show a clear defect in the ability to repair
the sarcolemmal membrane if it is ruptured. Dysferlin is present on the outer surface of large
numbers of subsarcolemmal vesicles. Upon membrane damage there is a massive influx of
calcium due to the large concentration gradient between the inside and outside of the cell.
The calcium induces a cascade mediated by dysferlin and its two binding partners (annexin
Al and A2, two other proteins involved in phospholipid binding) whereby these
subsarcolemmal vesicles fuse to each other and the sarcolemmal membrane to form a patch
over the disrupted area.'®

LGMD2B/MM results from lack of functional dysferlin and therefore it is likely that
membrane repair is an essential process, particularly in muscle. It appears that when dysferlin
is mutated, membrane repairs cannot take place and local areas of the muscle fibre undergo
necrosis, leading to inflammation and macrophage invasion. With time, regeneration
probably cannot compensate for this constant focal necrosis and weakness ensues. While
dysferlin has a wide tissue distribution this effect is mainly seen in the muscle due to the

constant physical stresses this tissue is under, reflected in the high levels of dysferlin
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normally present in muscle. It is interesting to speculate whether any of the other dystrophies,
particularly those with ill-defined pathogenic mechanisms like LGMDI1C, have defects in
this process as well.

(C) LGMD2C—-2F, Sarcoglycanopathies

LGMD2C, 2D, 2E, and 2F are all caused by mutations in proteins that are part of the
same complex and, for the purposes of this review, will be treated together. The first of these
disorders was described in Algerian and Tunisian children affected with a severe DMD/BMD
type muscular dystrophy.'®* It was originally referred to as severe childhood autosomal
recessive muscular dystrophy (SCARMD) and was mapped by linkage analysis to
chromosome 13q12.” Subsequently it was found that these patients had a deficiency in a
newly described member of the DGC called SODAG (50 kDa dystrophin-associated
glycoprotein, now called ""-sarcoglycan).” Attempts were made to find the chromosomal
localization of the SODAG gene (SGCA) with the assumption that it was in the SCARMD
interval. However, it was soon discovered that it was actually at chromosome region 17q21
and responsible for another SCARMD-like disorder found in French families.”'**"
Eventually another member of the same complex, 35DAG ((-sarcoglycan encoded by
SGCG) was found to be mutated in the original SCARMD.'” Two other forms of muscular
dystrophy were mapped to novel loci around this same time, an LGMD in the Amish (4q12)*
and another LGMD in Brazilian families (5q33-34).*” These two disorders were
subsequently found to be caused by mutations in distinct members of the sarcoglycan family,

$-sarcoglycan and *-sarcoglycan respectively.”'**!*? Since all four disorders are LGMD-

like, just with variable severity, they were all classified as LGMDs and named accordingly
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(Table 5). To date, over 100 mutations have been discovered in the sarcoglycan gene family
that lead to muscular dystrophy.**

In general, the clinical course of all four sarcoglycanopathies is more severe than
many of the other LGMDs. These disorders show a ‘bottom-up’ distribution of weakness and
wasting with scapular winging and limited distal weakness appearing as later features. Some
cases of late facial involvement have been reported but this appears to be uncommon.* Onset
was usually in the first or second decade but progression could be either rapid or slow. Later
onset in the 3" or 4™ decade has been reported, particularly associated with **-sarcoglycan
mutations, and these patients usually had a much slower progression and residual levels of
sarcoglycan staining upon muscle biopsy.® Most patients lost ambulation eventually and
many of the rapidly progressive, early onset cases died by 20 yrs. Elevated SCK was present
with a high degree of variability from 2-200X normal,’® with LGMD2D patients often
showing the highest elevations.”** Muscle biopsy revealed an active dystrophic process with
absence or marked reduction in sarcoglycan staining. Mild cardiac manifestations are
estimated to occur in about 30-70% of patients although they are infrequently found in
patients with "*-sarcoglycan mutations.'”**% Interestingly, rare cases of isolated dilated
cardiomyopathy caused by *-sarcoglycan mutations have been reported.*®

There are six members in the sarcoglycan family (Table 5); *"-sarcoglycan (SGCA),
$-sarcoglycan (SGCB), (-sarcoglycan (SGCG), *-sarcoglycan (SGCD), ,-sarcoglycan
(SGCE), and . -sarcoglycan (SGCZ)."**'*! They are single-pass transmembrane proteins found
in the plasma membrane. A small cytoplasmic domain is present at either the N or C-

terminus followed by the transmembrane domain and a large N-glycosylated extracellular
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Table 5: The sarcoglycan gene family

: Reported Gene Pedicted Actual Cytoplasmic Tissue
Name Gene Chromosome Disorder Mutations Exons Size AA MW MW End Distribution
a-sarcoglycan SGCA 17921 LGMD2D 47 10 11kb 387 43kDa 50kDa N-Terminus Muscle, Heart
b-sarcoglycan SGCB 40912 LGMD2E 25 6 15kb 318 35kDa 43 kDa C-Terminus Wide
gsarcoglycan SGCG 13g12 LGMD2C 20 8 145kb 291 32kDa 35kDa C-Terminus Muscle, Heart
d-sarcoglycan SGCD 5033-34 LGMD2F 8 10 440kb 290 32kDa 35kDa C-Terminus Wide
e-sarcoglycan SGCE 7q921-22 DYT11 17 12 72kb 437 50 kDa - N-Terminus Wide
z-sarcoglycan SGCZ 8p22 -- -- 7 466 kb 299 33 kDa - C-Terminus Wide?
Table 6: Homology between the sarcoglycans
a b g d e z
a 100% 0 0 0 45% / 63% 0
b 0 100% 21%/39% 21% / 40% 0 22% / 40%
g 0 21% / 39% 100% 52% / 70% 0 58% / 74%
d 0 21%/40% 52% /70% 100% 0 56% / 75%
e 45% / 63%° 0 0 0 100% 0
z 0 22%/40% 58%/74% 56% / 75% 0 100%

o, _First number is percent amino acid identity, second is percent amino acid similarity

(o)



domain.'” There are two types of sarcoglycans (Table 5); " and , are type 1 transmembrane
proteins with the N-terminus facing the extracellular surface (these two contain an
extracellular dystroglycan-type cadherin domain) and $, (, *, and . are type 2
transmembrane proteins with the C-terminus facing the extracellular surface (these four
contain a unique extracellular ‘sarcoglycan domain’).'” Members of each group are
homologous with other members within the group but there is little to no homology between
groups (Table 6). In addition, while technically $-sarcoglycan belongs to the type 2 group
it only shares weak homology with the other three and probably has a unique function.'>
Sarcoglycans form heterotetrameric complexes (1:1:1:1) containing one type 1
sarcoglycan and three type 2 sarcoglycans. These complexes form in the endoplasmic
reticulum and, when complete, they are sent to the plasma membrane, associating with the
DGC in muscle and heart. $ and * associate first and appear to form an invariant core for the
sarcoglycan complex (SGC) upon which, one type 1 (*" or ,) and one type 2 (( or .)
sarcoglycan can attach.***® The expression of " and ( is largely restricted to muscle and
heart whereas the expression of the other four subunits is much wider. It is thought that **,
$, (, and * form the main functioning SGC in muscle and heart whereas complexes
containing , and . are found in other tissues.'®** Interestingly mutations in ,-sarcoglycan
cause a neurological disorder called myoclonus dystonia (DY T11) suggesting that complexes
containing , are important in the central nervous system.'*** In general, if one subunit is
missing, the whole complex does not make it to the plasma membrane. This explains the
originally unexpected finding in SCARMD muscle biopsies: if an LGMD patient has a

mutation in one subunit they are found to be deficient in all four of the main muscle subunits.
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There are exceptions when there are only reductions in the other members rather than
complete absence.''’ This occasionally occurs in the case of ** and ( mutation, possibly due
to the low frequency replacement of either of these subunits with , and ., which are also
expressed in muscle.'® However, these alternate complexes do not fully compensate for the
mutation because muscular dystrophy still results.

There are still many uncertainties regarding the biochemistry of sarcoglycans. An
additional non-sarcoglycan protein, called sarcospan (a tetraspanin-like protein), is part of
the SGC in muscle. The SGC can form without it, but sarcospan cannot make it to the
membrane in the absence of the SGC.**** In addition, . -sarcoglycan is newly discovered and
little is known about its function or tissue distribution. There is some evidence that . may
form a heteropentameric structure with the four main sarcoglycans in muscle and is reduced
along with the others in LGMD patient muscle.”®® There are also indications that four
members are not always necessary for a functioning SGC, particularly in non-muscle
tissue.®**" Most puzzling is that when the supposed invariant members of the complex, $
and *, are mutated, the phenotype is limited to muscle and heart. This suggests that either
some of'the sarcoglycans can perform their functions outside of a complex, there are alternate
ways for the complex to be formed, or there are uncharacterized members of the sarcoglycan
family that have yet to be uncovered.

In addition to the uncertainty regarding the biochemistry of these proteins there is also
some controversy regarding their function in muscle tissue. The DGC is thought to be an
important link between the cytoskeleton and the extracellular matrix, preventing membrane

damage that may occur during repeated cycles of contraction and relaxation. The main axis
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of this link is through actin-dystrophin-dystroglycan-laminin (Figure 3) but the SGC does
associate directly with dystroglycan and may be important for the functioning of the DGC.*
The whole DGC is absent in dystrophinopathy but only the SGC is deficient in
sarcoglycanopathy. Yet, most sarcoglycanopathies show the hallmark membrane fragility
seen when the whole DGC is gone.'” This suggests the role of the SGC is largely mechanical
however there is some evidence that the SGC may have a role in signalling. It has been
shown that ""-sarcoglycan has an ecto-ATPase activity and may be involved in regulating
extracellular ATP levels.*'® The increased ATP levels can activate passive channels in the
sarcolemma such as the P2X;, receptor that would allow intracellular calcium levels to rise,
initiating cell death without actual physical disruption of the membrane.* In addition, the
SGC, perhaps via sarcospan,'”” may have a role in integrin signalling although the current
evidence is not very conclusive.”” If either of these is true, a signalling deficit would also
contribute to the pathogenesis of dystrophinopathies and it may be a combination of
mechanical and signalling defects that are responsible for MD resulting from any disruption
of the DGC.
(D) LGMD2G

LGMD2G was originally described in one Italian and one Brazilian family with a
total of nine affected individuals."®' These individuals were characterized by marked
weakness in the distal leg muscles, milder proximal involvement, onset in the 1% or 2™
decade, loss of ambulation in the 3™ or 4™ decade (~20 yrs after onset), very minor SCK
elevation, and minor cardiac manifestations (unspecified and found only in three patients).

Upon mapping the causative gene to chromosomal region 17q11-22, another Brazilian family
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with three patients was identified that was also linked to this locus.'®* This family showed
a slightly different phenotype with pronounced calf hypertrophy and SCK elevation ranging
from 10-30X normal. Muscle biopsies from all three families showed increased variation in
fibre size, central nuclei, increased connective tissue, and an abundance of rimmed vacuoles.
Sequencing of genes within the region led to the identification of TCAP, the gene encoding
the sarcomeric protein telethonin, as the causative gene of LGMD2G. '*

Two mutations in TCAP were found to cause LGMD2G and both produce premature
termination codons in the N-terminal half of the protein. None of the LGMD2G families are
known to be consanguinous but one mutation, Q53X, was found to be homozygous in two
families and heterozygous in the third. The other mutation in this last family was ¢.) 109-
110GG leading to a frameshift and a nonsense codon 5 aa downstream.'® In addition to these
two LGMD-causing mutations a dominant missense mutation, R87Q, has been associated
with a form of dilated cardiomyopathy (CMDIN).'*

Telethonin or Titin-cap is small protein of 167 aa that is localized to the periphery
of the sarcomere Z-line in muscle (Figure 1). It has no recognizable domains or significant
homology to any other protein. It is highly expressed in heart and skeletal muscle and has
been shown to bind to the extreme N-terminus of titin, the giant filamentous protein that acts
as a scaffold for the assembly of the sarcomere (see LGMD2J for further information on
titin).*% It is thought to behave as an anchor, immobilizing one end of the titin molecule so
that it remains fixed within the Z-line matrix (a complex of proteins consisting mainly of *'-
actinin and accessory proteins like filamin ¢ and myotilin) (Figure 1).'" In addition,

telethonin becomes phosphorylated by the C-terminal kinase domain of titin during
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myofibrillogenesis but the significance of this observation is unknown.'”!

A number of different functions for telethonin have been proposed based on protein-
protein interaction data that may have relevance on these human MD and CMD phenotypes.
Besides titin, telethonin has been shown to bind to FATZ, myostatin, MinK, ankrd2, and
CSRP3. FATZ is an intrinsic Z-line component that binds telethonin, "*-actinins, and
filamins, presumably functioning to enmesh telethonin into the Z-line matrix.*' Myostatin
is a well known paracrine growth factor that inhibits the proliferation and differentiation of
myoblasts. Telethonin has been shown to bind to intracellular myostatin and prevent its
secretion, thereby increasing muscle growth and regeneration.'® MinK is a subunit of the
I(Ks) potassium channel in cardiac T-tubules suggesting a role for telethonin in stretch-
dependant ion flux.”? Ankrd2 is a ankryrin-repeat containing transcription factor that shuttles
between the sarcomere and the nucleus, implicating telethonin in stretch-dependant gene
regulation.* CSRP3 or muscle LIM protein in a complex with telethonin is thought to be
the key component in the cardiac stretch sensor machinery (mutations in either partner
leading to decreased binding results in human dilated cardiomyopathies CMD1M [CSRP3]
and CMD1N [TCAPY)).'* Many of these binding partners are found in both muscle and heart
and yet there are no major cardiac phenotypes in LGMD2G and no skeletal muscle
dysfunction in CMDIN (or CMDIM).

Clearly telethonin has a major role in signalling, both intracellular and intercellular,
and in maintaining the structural integrity of the sarcomere. Severe disruptions in telethonin
seem to be associated with muscle phenotypes and may be more dependant on the structural

importance of this molecule. The only cardiac mutation found was a dominant missense
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mutation affecting signalling functions but not localization or titin binding. While this
provides a conceptual framework for understanding telethonin mutation it does not explain
why stretch-signalling is not a major factor in LGMD2G. Perhaps there are other
mechanisms to compensate for the lack of functional telethonin when it is absent but not if
it is present and non-functional. More studies will be necessary before this becomes clear.
(E) LGMD2H

This form of LGMD was originally described by Shokeir and Kobrinsky in the
Manitoba Hutterite population.*** The mapping and identification of the LGMD2H gene is
discussed in chapter 4.
(F) LGMD21

LGMD2Iwas originally described in a Tunisian family and localized to chromosome
region 19q13.3.% It is also likely to be the cause of the myopathy described by Shokeir and
Rozdilsky in Saskatchewan Hutterites.”** Further discussion on this myopathy can be found
in chapter 5.
(G) LGMD2J

LGMD?2J is the severe childhood form of tibial muscular dystrophy (TMD,
MIM:600334), a distal myopathy found at high frequency in the Finnish population.**' TMD
is a relatively benign late onset dominant disorder, usually manifesting in the 4™ to 6™
decade, mainly affecting the anterior compartment of the leg, and with little to no SCK
elevation.*>** Patients have impaired dorsiflexion and tend to stumble. In its homozygous
form it causes LGMD2J, a more severe proximal myopathy very similar to LGMD2A. The

causative gene was mapped to chromosome 2q31 and identified as TTN, the gene encoding
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the largest known protein titin, a component of the sarcomere (Figure 1)."'>!'* In addition to
the Finnish, other populations have been identified with distal myopathies caused by novel
mutations in TTN.*****?*" No other homozygous patients have been identified however, so
it is not known whether LGMD2J can result from any homozygous TTN distal myopathy
mutation or whether it is specific to the one found in the Finnish.

Mutations in TTN are also known to cause two other dominant disorders,
hypertrophic cardiomyopathy 9 (CMH9, MIM:188840) and dilated cardiomyopathy type 1G
(CMDI1G, MIM:604145). CMH9 has only been reported in one patient and is not thought to
be a major cause of hypertrophic forms of cardiomyopathy.””' CMDI1G has been described
in both large multigenerational kindreds® and sporadic patients,** with a total of 6 different
mutations identified. Both of these disorders lead to congestive heart failure with a variable
age at onset and an apparent lack of muscular symptoms.

TTN s an extremely large and complex gene of 294 kb and composed of 363 exons.
It is alternatively spliced to produce a variety of tissue and developmentally specific
isoforms, producing titin molecules ranging in size from 0.7 mDa to 3.7 mDa (maximum
potential size is 4.2 mDa / 38,138 aa).'"' Titan assumes a large rod-like structure of ~1 -m
which spans an entire half sarcomere from the Z-line to the M-line (Figure 1). From its N-
terminus it contains a Z-disk binding region, a long tandem array of Ig-like repeats (spanning
half of the light coloured I-band from the Z-disk to the A-I interface), a PEVK domain (a
large region rich in proline, glutamate, valine and lysine), another long tandem array of Ig-
like repeats interspersed with fibronectin type Il repeats (spanning half of the dark coloured

A-band from the A-I interface to the M-line), and a C-terminal kinase domain found right
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at the M-line. It is thought to associate with the actin thin filaments as it passes through the
I-band and to the myosin thick filaments as it passes through the A-band, acting as a
molecular ruler that determines the even spacing of the sarcomere and as a molecular
scaffold for a variety of sarcomeric proteins. The repetitive Ig-like domains and the large
flexible PEVK domain allows titin to act like a spring during cycles of contraction and
relaxation in the muscle.'**

In addition to interaction with the major structural components of the sarcomere, actin
and myosin, titin binds to numerous other muscle proteins. Examples include telethonin
(binds at the Z-disk / see LGMD2G), ""-actinin (binds at the Z-disk), nebulin (binds at the
PEVK domain), myomesin (binds at the C-terminus), MURF-1 (binds at the C-terminus),
and calpain- 3 (binds at an area found in the I-band, termed N2 A, and at the M-line right near
the C-terminal kinase domain / see LGMD2A). In addition to its structural functions titin
potentially forms a signalling complex consisting of the C-terminal kinase domain, calpain-3,
and MURF-1 (an E3-ubiquitin ligase) that relays information regarding the status of the
contractile apparatus to the nucleus, however, this is purely speculation.''" Titin may also
have arole in regulation of myofibrillogenesis conferred by its kinase domain via interaction
and phosphorylation of telethonin.*®

Mutations causing human disease are spread throughout the titin molecule. The
mutation causing the Finnish TMD (and LGMD?2J) is aunique replacement of 11 nucelotides
in the last exon of TTN (363™), presumably an insertion plus a deletion, affecting four amino

acids in the skeletal muscle form of titin (AAGTAACATGG>TGAAAGAAAAA causing

EVTW>VKEK)'"?, The only other known mutation causing a distal myopathy is in the very
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same exon (C>T transition causing L>P).""* Neither of these mutations affect the kinase
domain but they are both predicted to disrupt the terminal Ig-like repeat(s) of titin and may
affect the second binding site of calpain-3. It is thought that calpain-3, due to its extreme
lability, is quickly degraded if it is not associated to titin. In addition, it has been found that
TMD / LGMD2J patients have a reduction in caplain-3 levels by immunoblot, perhaps as a
result of a loss of calpain-3 stabilization.'"® This reduction in calpain-3 may contribute to the
pathogenesis of TMD / LGMD2J and would explain the similarities between LGMD2A and
LGMD2J. The mutations associated with cardiomyopathies are as follows: an exon 3 G>A
transition (V>M), 2 exon 14 mutations three codons apart (C>T transition causing A>V and
G>T transversion causing R>L), a T>C transition in exon 18 (W>R), 2 mutations in exon
49 (C>T transition causing Q>X and G>A transition causing S>D), and a 2 bp insertion in
exon 326 (induces a frameshift with a stop codon produced 5 codons downstream).”-*4**!
Surprisingly only the mutations in exon 49 (termed N2B) are specific to cardiac isoforms,
all other mutations are expressed in skeletal muscle as well even though there is no
discernible myopathic phenotype in these patients. To date, no functional studies have shed
light on the mechanism of any of these mutations other than the potential for calpain-3
binding being involved in skeletal muscle phenotypes. All currently described mutations
allow for the proper assembly of the sarcomere. Further studies will be needed to decipher
the bewildering complexity present at this locus before it becomes clear how such tissue

specific phenotypes can result from mutations in such an important sarcomeric gene.
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2.4 Pathogenic Themes

The study of neuromuscular disorders is extremely complex. There is a confusing
array of different genes and phenotypes all associated with muscle weakness in humans.
Even when concentrating on only a small aspect of muscular dystrophies like LGMD there
is still a plethora of different genes involved. Many of these genes can also cause other
phenotypes, putting into question the whole classification scheme for neuromuscular
disorders. Despite this, by studying small parts it is hoped that a comprehensive theory
behind the whole will become apparent.

The pathogenic mechanisms underlying LGMDs are intricate but there are certain
themes that are emerging from studies on each new disorder. Each protein that has been
shown to cause an LGMD (or numerous other types of myopathies) when mutated can be
localized to either the sarcolemma, the sarcomere, or the nucleus. There is also the potential
for connections or commonalities between these three sites.

The sarcolemma is the site of the most MD gene products known to date (Figure 3).
The discovery of dystrophin as the DMD/BMD gene opened the floodgates for the
identification of a huge number of other MD-associated genes. As mentioned previously,
dystrophin along with the DGC forms a continuous link from the cytoskeleton to the
extracellular matrix. The DGC is concentrated in costameric regions of the sarcolemma
(areas overlying the Z-line of the sarcomere)'’”” and prevents membrane damage from
occurring during contraction.'”* The core of the DGC is the dystroglycan complex, formed
by the transmembrane protein, $-dystroglycan, and the heavily glycosylated membrane-

associated protein, ''-dystroglycan. The dystroglycans are created by the proteolytic
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processing of a single polypeptide, are widely expressed, and are known to be involved in
the formation of the basement membrane.'"® Through the cytoplasmic portion of $-
dystroglycan this complex is bound to dystrophin'* (or alternatively caveolin-3)** which in
turn acts as the connection with cytoskeletal actin.*'® Through the O-linked glycosylation of
""_dystroglycan, the complex is bound to laminin, an important component of the
extracellular matrix.'* This is the main axis of the link, however numerous other proteins
are associated including the sarcoglycans, syntrophins, and dystrobrevins.'>

It is many of these associated proteins that give the DGC a potential signalling role.
Associated with the complex are known signalling molecules like nNOS, Grb2, Sos1, and
Racl."” In addition to the aforementioned ATPase activity of "'-sarcoglycan, the SGC is
thought to act in bidirectional signalling between the DGC and integrins that are also
associated with muscular dystrophies.”®” All the current data seem to point to the DGC as
being an important mechanosignalling complex in muscle and heart, not only protecting the
cell against major membrane damage but also regulating gene expression dependant on what
is mechanically occurring to the cell membrane.

Other important sarcolemmal MD-associated proteins that are not strictly part of the
DGC are caveolin-3 and dysferlin. Caveolin-3 may have a function in signalling although it
is not clear whether it is part of the same pathway as the DGC. In addition, it has a potential
role in the formation of the DGC via its interaction with $-dystroglycan. Dysferlin appears
to be involved in a different mechanism than the DGC even though the result is the same.
Dysferlin acts by closing up tears in the membrane that have already occurred rather than

preventing them from occurring in the first place.'* Due to the reported interaction between
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dysferlin and caveolin-3, it is also possible that caveolin-3 may even be directly involved in
this same repair mechanism.'® Either way, it is necessary for both of these mechanisms to
be in place to escape muscular dystrophy.

The second site of MD gene products is within the sarcomere, particularly at the Z-
line (Figure 1). The sarcomere is delineated on each side by a Z-line which anchors the actin
thin filaments that extend toward the centre. In the middle of each sarcomere is an M-line
from which myosin thick filaments extend, slightly overlapping the thin filaments in a
relaxed state. Huge increases in calcium concentration caused by nerve impulse induce the
myosin to slide along the actin, thereby decreasing the total length of the sarcomere
(controlled by regulatory proteins like tropomyosin and troponins). In addition to the two
main filamentous components, enormous titin molecules extend from the Z-line to the M-line
and provide a spring-like support mechanism and a defined sarcomere spacing. Numerous
other proteins are involved in a functioning sarcomere including nebulin (involved in thin
filament length) and a host of Z-line proteins, accessory/regulatory proteins, and transiently
associated enzymes and transcription factors.’! The Z-line is important, not only for
anchoring filamentous components of the sarcomere but for transmitting stresses created by
contraction through to the cytoskeleton as well.* In addition, evidence is accumulating that
the Z-line is also part of a stretch sensor that controls gene expression on the basis of
mechanical signals from the contractile apparatus.'**'*

It is not entirely clear how mutations in genes associated with the sarcomere can lead

to muscular dystrophy. Most of the sarcomeric genes associated with muscle disorders lead

to what would historically been referred to as myopathies. Myopathies tend to have a distinct
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pathological manifestation such as nemaline rods, inclusion bodies, central cores, vacuoles
or tubular aggregates.’” Often this pathology is a result of a metabolic defect, a defect in
myofibrillogenesis, or abnormal accumulations of a product. However, there are numerous
examples such as LGMDI1A, 2G, and 2J where there appears to be a dystrophic pathology
and yet the mutated protein is an integral component of the sarcomere. Titin is arguably the
most important component of the sarcomere after actin and myosin and yet recessive
mutations in its gene do not lead to catastrophic sarcomeric disorganization but to a relatively
benign progressive MD.''? Mutations in the essential Z-line components, myotilin and
telethonin, also lead to similar pathologies.'''®* Again, it appears signalling and gene
expression must be invoked to explain this phenomenon particularly in light of recent
evidence linking Z-line components to transcription factors in heart and muscle.'**'*® It may
be that if purely mechanical functions of the sarcomere are affected, a ‘myopathy’ results,
whereas if signalling capabilities are affected, a more dystrophic pathology results.

The third site is the nucleus, particularly the nuclear lamina (Figure 2). As previously
mentioned the nuclear lamina is an intricate network of proteins, consisting mainly of lamins,
that lines the inner nuclear membrane.'”’ This structure maintains the integrity of the nucleus
and disassociates and reforms (bringing the nuclear membrane along with it) during cell
division."** A-type lamins and emerin are the two main gene products mutated in muscular
dystrophy and both are part of the nuclear lamina in differentiated cells. The precise
mechanisms behind the disorders caused by lamin and emerin mutation are not known. As
with the other three sites of MD gene products, there are two potential pathogenic

mechanisms, one structural and one based on gene expression.
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It is difficult to understand how calpain-3, a proteolytic enzyme, fits into this grand
scheme. There is evidence linking this enzyme to all three of the key compartments in muscle
cells. Calpain-3 has a nuclear localization signal and by immunohistochemistry is largely
nuclear.”"” This suggests a potential role related to the nuclear lamina or directly involving
the breakdown or activation of transcriptional modulators. The most prevalent theory on its
mode of action is based on its potential regulation of the NF6B transcriptional activation
through breakdown of I6B."" Calpain-3 also appears to have a role in the sarcomere as there
are two well defined binding sites on titin for this enzyme.**' Binding to titin appears to
stabilize calpain-3, either simply preventing its action or holding it in reserve for a specific
purpose. Patients with titin mutations often have a secondary reduction in total levels of
calpain-3."" It may also be connected to the sarcolemma as there appears to be secondary
reductions in calpain-3 in patients with dysferlin mutations.* This suggests either a direct or
indirect connection to sarcolemmal repair mechanisms. How any of these potential
mechanisms relate to one another is completely open to speculation.

Within the field of muscle disorders one thing is clear, there are no easy answers.
This conceptual framework that I have presented only answers the most superficial of
questions and does not address the intricacies of what is actually going on during the
myopathic process. [ have no doubt that the more genes we find, the more examples we will
have that do not fit into these tight little categories. There are certainly important
mechanisms within muscle, such as the maintenance of an intact membrane, that are often
disrupted in MDs. However, it is likely that other minor processes in muscle can also result

in an MD if they are disturbed. In addition, I did not even mention some of the more
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complicated muscle disorders like myotonic dystrophy. We have not even begun to scratch
the surface on the mechanism behind the huge amount of phenotypic and tissue-specific
variability present in many of these disorders. Our current approach of finding individual
genes in large families and then attempting to extrapolate to the general population has
gotten us this far but it does have major limitations. Perhaps a more large scale approach
using microarrays, either for determining signature expression profiles or for screening some
of the massive genes involved in muscle disorders (eg/TTID, DYSF, and RYR1), will be

necessary to provide comprehensive diagnostic capabilities.
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3. Materialsand M ethods

Short names and abbreviations will be used for manufacturers; refer to the list of
manufacturers (page xii) for full names, locations, and websites. When not specifically
stated, equipment and general chemicals were obtained from Fisher Scientific. General
methodologies used during this research are as follows:

3.1 Patient Resour ces

Affected individuals were largely identified by clinical geneticists in the Department
of Pediatrics and Child Health, Health Sciences Centre, Winnipeg, MB. Patients and their
families were asked to participate in the study by Dr. Cheryl Greenberg and signed informed
consent was obtained (Appendix 1). Whole blood was drawn for serum creatine kinase
(SCK) determination (Health Science Centre) and genomic DNA isolation. Neuromuscular
examination was performed by Dr. Greenberg for assessment of any weakness or wasting,
muscle hypertrophy, and cardiac difficulties. A subset of patients underwent muscle biopsy,
electromyography (EMG), and full cardiac workup or some combination of these.

Patients referred to us from other provinces or countries were assessed locally by
various physicians and results, including pedigreees, were provided to us along with isolated
genomic DNA or whole blood. All non-Hutterite subjects used in our study, with the
exception of one, were anonymous and were identified by number alone.

Anonymous control samples from healthy individuals not known to have LGMD,
were used to determine allele frequencies. Samples were largely from Manitobans and were
obtained from the Rh Laboratory, University of Manitoba. 90% of the individuals from

which samples were obtained are Caucasian with the remainder being Aboriginal, Asian, and
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African. All aspects of this study were approved by the Health Research Ethics Board of the
University of Manitoba (Appendix 2).
3.2 Genomic DNA Isolation

Whole blood was collected in a 5 or 10 ml Vacutainer EDTA tube (BD Biosciences)
either directly by our group or sent via courier from a referral centre. Blood was added to
enough NH,Cl:Tris (0.14 M, 0.017 M Tris, pH 7.7) to make up the volume to 45 ml in a 50
ml conical centrifuge tube. The tube was incubated for 10 min to lyse the red blood cells and
white blood cells were collected by centrifugation at 1100 g for 10 min using a Sorvall SS34
fixed angle rotor (Kendro). The pelleted white blood cells were resuspended in 0.85% NaCl
and centrifuged again at 1100 g for 10 min. The pellet was resuspended in 2 ml High TE
(100 mM Tris, 40 mM EDTA, pH 8.0). 2.5 ml of blood lysis solution (100 mM Tris, 10 mM
EDTA, 0.2% SDS, 1M NaCl, pH 8.0) was added using a syringe fitted with an 18 gauge
needle. Theresulting viscous solution was drawn up and down into the syringe 3-4 times. An
equal volume of Tris-saturated phenol (Invitrogen) was added and the mixture was rotated
on an orbital mixer (Boekel) for 10 min. The aqueous and organic phases were separated by
centrifugation fro 5 min at 1500 g. The aqueous phase was transferred to another tube and
7 ml of Tris-saturated phenol along with 2 ml of High TE was added. The sample was mixed,
centrifuged, and re-extracted with 7 ml of CHCl;:isoamyl alcohol (24:1). The sample was
again mixed, centrifuged, and collected and 150 Z1of' 5 M NaCl was added. 7 ml of absolute
ethanol was then added to begin precipitation of the DNA. The DNA can be easily
visualized at this point. Liquid is removed without disturbing the partially precipitated DNA

and small amounts of absolute ethanol are added until the DNA collapses into a small loose
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precipitate ( ~ 70% ethanol). Precipitated DNA is then washed once in 70% ethanol and then
again in absolute ethanol and placed in a 1.5 ml microcentrifuge tube and dried at room
temperature. The pellet was then resuspended in 0.2-1 ml of Low TE (10 mM Tris, | mM
EDTA) overnight at 4°C on an orbital mixer. The next day, DNA is quantitated by
absorbance at 260/280 nm and 1:1 is subjected to electrophoresis on a 1% horizontal
submarine agarose gel, along with standards of known concentration, and intensity of
ethidium bromide (EtBr) staining is used as a confirmation of the spectrophotometry results.
3.3 Polymer ase Chain Reaction (PCR)

(A) Primer design

Oligonucleotide primers were designed mainly by eye rather than through the use of
the numerous primer design programs available on the world wide web. Target sequences
were input into GeneRunner, a simple, freely available sequence manipulation program

(www.generunner.com). Stretches of sequence 18-24 bp in size, with GC content between

40 and 60 %, were selected in the desired positions. These sequences were then tested for
physical characteristics such as melting temperature, hairpinning, and duplex formation both
with itself and with potential reaction partners at the Integrated DNA Technologies website

(IDT, www.idtdna.com). Sequences with low potential for duplex formation, melting

temperatures appropriate to the application, and no matches other than the target (BLAST,
www.ncbi.nlm.nih.gov/BLAST/) were then ordered from IDT. All primer sequences can be
found in Appendix 3.

(B) General Method

PCR reactions were largely performed using Taq polymerase from Qiagen or
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Invitrogen although under some circumstances, such as when proofreading was necessary,

other brands were used. A typical reaction is as follows:

100 - 300 ng of genomic DNA

1X PCR buffer (generally supplied by manufacturer of polymerase as a 10X concentrate)
200 - M dNTPs (Invitrogen)

200 nM each of the forward and reverse primer

2.5 U of polymerase

Water to 50 : |

The resulting mixture was subjected to the following cycling conditions using either a
Techne gradient thermocycler or one of two MJ Research thermocyclers: 3 min at 95°C, 30
cycles of (1 min 95°C, 1 min melting temperature, 1 min 72°C), and 10 min at 72°C. Minor
modifications were made based on the nature of the primers, the length or GC content of the
fragment, or the presence of non-specific products. A no-template reaction was always
performed to control for PCR contamination; if any product was found in this control all
samples were discarded and reamplified.

When working with new primers a PCR optimization was generally performed. This
usually consisted of preparing a 125 Z1reaction mixture as outlined above as well as ones
containing additives such as 15% glycerol, 5% dimethylsulfoxide (DMSO), and 1X Q-
solution (provided as a 5X concentrate from Qiagen). The same template DNA was added

to these four reaction mixtures and each one was split into five tubes (25 Z1). These tubes
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were then subjected to the cycling conditions outlined above with five different melting
temperatures spanning the predicted temperatures for the primers (Techne gradient
thermocycler). The twenty different reactions were then analysed to identify the conditions
which best amplify the fragment of interest.

(C) Fragment analysis

DNA fragments were separated on either agarose or polyacrylamide gels based on the
size of the fragment and required resolution. Agarose gels ranging from 1-2% were used for
most general purposes particularly when the DNA being analysed was >1 kb in size. Agarose
gels were prepared with 1X mTBE buffer (130 mM Tris, 44 mM Borate, 2 mM EDTA) and
supplemented with 1 = g/ml EtBr. Horizontal gels were subjected to electrophoresis at 100-
120 V for the required time period. Mini vertical polyacrylamide gels (Bio-Rad) ranging
from 6-20% (29:1, acrylamide:N-N"methylenebisacrylamide) were used for applications that
required precise resolution of small fragments (<1 kb). Polyacylamide gels were also
prepared with 1X mTBE buffer, however, they were stained post-electrophoresis in 1 - g/ml
EtBr. All gels were then visualized and photographed using a gel documentation system from
Alpha Innotech.

3.4 Genotyping and Analysis

Once obtained, all genotypes were stored in a Microsoft Access database accessible
only from computers requiring password-based login to allow for security and
confidentiality. In order to maintain the accuracy and integrity of the database, after being
entered, data was proofread by another individual and any mistakes were corrected. Any

subsequent analyses were done on data extracted from the database by query.
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(A) Short tandem repeats (microsatellites)

Oligonucleotide primers for known microsatellites were obtained commercially
(Invitrogen) and primers for novel microsatellites were designed as outlined previously. PCR
reactions were performed as above but with minor modifications. Reactions were scaled
down to 15 Z1. Prior to assembly of the reaction, the forward primer was radioactively end-
labelled using T4 polynucleotide kinase (Invitrogen) and [ (-*P]ATP (ICN biomedicals), as
per the manufacturer’s instructions. After the PCR, 7.5 -1 of stop solution (98% formamide,
10 mM EDTA, 0.1% bromophenol blue) was added. Samples were denatured at 95°C for 5
min and snap cooled on ice. 5 Z1 was then loaded on a 6% denaturing polyacrylamide gel
(1X mTBE, 7M urea, 6% 19:1 acrylamide:N-N’methylenebisacrylamide) and subjected to
electrophoresis at 70 W for 1.5-3.5 hrs (apparatus manufactured by Invitrogen). Gels were
mounted on filter paper, dried on a slab gel dryer (Thermo Electron), and exposed to Biomax
MR film (Kodak). Alleles were sized in relation to CEPH control individuals with known
genotypes (Coriell).

(B) Single nucleotide polymorphisms (SNP)

Single nucleotide changes were generally assayed by one of two different methods.
The first, and by far the most common method in our laboratory is by restriction analysis.
The variants were amplified on fragments with a natural restriction site (or one created by
intentional primer mismatch) created or abolished by the variant. Fragments were digested
with the corresponding restriction enzyme (mainly NEB, Promega, and Roche) and separated
by electrophoresis on an agarose or polyacrylamide gel. The second method was allele-

specific PCR where one primer in the reaction has its 3'end at the site of the variation. Two
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versions of this primer were used, one matching the first allele and the other matching to the
second allele. The presence or absence of a PCR fragment with each of the given primers
allows deduction of the genotype. In order to increase the potential differentiation between
the two alleles an intentional mismatch was incorporated at the penultimate 3' position to
further destabilize any incorrect duplexes.
(C) Linkage analysis

Two-point linkage analyses were performed using the LINKAGE suite of programs
(version 5.2).12%1332%% A fully penetrant autosomal recessive disease model was generally used
and the Hutterite families were considered to be unrelated since consideration of all known
genealogical relationships made the computation intractable. For most linkage calculations,
we used a disease allele frequency of 0.01. Marker allele frequencies for the markers were
estimated using all genotyped individuals. Multipoint linkage analyses were done using
GENEHUNTER 2.1.'4"168
(D) Haplotype analysis

Genotypes were extracted from our database and imported into Microsoft Excel.
Marker positions were obtained from numerous sources (CEPH, UCSC, LDB, Marshfield)
and markers were placed in order from telomere to centromere (p-arm) or centromere to
telomere (q-arm). Alleles were then placed in haplotypes by minimizing recombinations and
reviewed by an independent individual to identify errors.
3.5 Mutation screening

(A) Single stranded conformational polymorphism (SSCP) analysis

Oligonucleotide primers were designed to amplify exons of candidate genes from
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genomic DNA for SSCP analysis and/or sequencing. For most exons longer than 350 bp,
overlapping primers were designed. SSCP analysis was performed on PCR products from
three individuals: one patient and two siblings (one with one disease-associated chromosome
and one with no disease-associated chromosomes). The analysis was performed under three
conditions (i) 6% acrylamide (19:1) with 10% glycerol at 20/ C, 8 mA for 20 hrs; (ii) 6%
acrylamide (19:1) with 20% glycerol at 4/ C, 10 W for 20 hrs; and (iii) MDE gel as per
manufacturer's instructions (BioWhittaker). Fragments with potential shifts were then
sequenced according to the following protocol.
(B) Sequencing, alignments, and analysis

Fragments were sequenced through the Centre for Applied Genomics (TCAG)
sequencing core (www.tcag.ca). Primers flanking the area to be sequenced were used in a
large PCR reaction (200 - 400 -1 split into 50 21/ tube) and the pooled amplicon was
subjected to electrophoresis in a large well, 1% agarose gel. The resulting band was excised
using a scalpel or razor blade and DNA was isolated using a Qiagen gel extraction kit as per
the manufacturer’s instructions. Alternatively PCR products were cloned into a TOPO-TA
cloning vector (Invitrogen) and transformed into chemically competent E.coli. Cells were
allowed to grow at 37°C on LB plates supplemented with 50 Zg/ml carbenicillin (BD
Biosciences) for 18-24 hrs. Five to twenty resistant colonies were picked (depending on the
application) and grown at 37°C in 3 ml of LB broth supplemented with 50 Zg/ml
carbenicillin (BD Biosciences) for 18 hrs. Plasmid DNA was extracted using a Qiagen
miniprep kit as per the manufacturer’s instructions. DNAisolated using either method was

quantitated by comparison with a mass standard (Invitrogen) on an agarose gel and samples
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exceeding the minimum recommended concentration by TCAG were sent via courier to
undergo automated sequencing. The minimum concentrations used were 50 ng/ -1 for PCR
fragments < 2 kb and 200 ng/:1 for plasmids or PCR fragments > 2 kb. All sequences
obtained had at least 2X coverage using two separate primers. Primers used for sequencing
were either well known sequencing primers (T7, M13 reverse), nested primers designed for
the specific fragment, or the same primers used for amplification.

Electropherograms, sent via email, were analysed using a combination of Chromas

(an electropherogram viewer, www.technelysium.com.au/chromas.html), BLAST® (an

alignment tool), and GeneDoc (an alignment viewer/editor, www.psc.edu/biomed/genedoc/).

Sequences were compared to those obtained through the Human Genome Project

(www.ncbi.nlm.nih.gov/)"' and Celera Genomics (www.celera.com/).””” Any ambiguities
were resolved by direct viewing of the electropherograms, particularly in the cases of
potential heterozygosity.
3.6 Northern Blot

A 12-tissue northern blot obtained from Origene was used to determine the normal
distribution of the TRIM32 transcript. A TRIM32 probe was prepared by amplifying a 733
bp fragment of the gene using the primers HT2A ex2(5)F and HT2A ex2(6)R from the
genomic DNA of an unaffected individual. The fragment was subjected to electrophoresis
in a 1% agarose gel, purified as above and then labeled using the Random Primers Labeling
kit (Invitrogen). A product with a specific activity of 3x10° cpm/mg was obtained. The blot
was hybridized using Ultrahyb hybridization solution (Ambion) as per the manufacturer's

instructions. The hybridized membrane was visualized by autoradiography using Biomax MS
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film (Kodak). Film exposure was at -80° C with intensifying screens for 100 hours.
3.7 Plasmid Production

Numerous plasmids were containing various parts of the TRIM32 coding sequence
created for the characterization of TRIM32. The original plasmid from which all subsequent
plasmids were made was created by PCR cloning (pCR2.1, Invitrogen) a 2.2 kb fragment of
TRIM32 amplified from genomic DNA using HT2A ex2(1)F and HT2A ex2(6)R. The
resulting plasmid was sequenced to preclude any PCR-induced errors. pCR_HN contains the
entire coding sequence of TRIM32 as well as small amounts of 3' and 5' UTR. As mentioned
previously, all primer sequences are available in appendix 3. Maps for plasmids discussed

in this section including pCR_HN can be found in appendix 4. Maps were drawn using the

web server PlasMapper (http://wishart.biology.ualberta.ca/PlasMapper), a freely accessible
service hosted by the University of Alberta.”
PCR_HNF & pCR_HNT:
Sock plasmids for propagation of TRIM32 coding sequence

pCR_HN was converted into two plasmids (p)CR_HNF and pCR_HNT) that contain
in-frame restrictions sites, allowing for subsequent transfer into plasmids that require fusion
to an N-terminal tag. A 208 bp PCR fragment amplified with HT2A NdelF and
HT2A ex2(1)R and then cut to 70 bp by Bsml was used to replace the N-terminal end of
TRIM32. This 70 bp fragment was ligated to a 5.8 kb ECORV - Bsml fragment of pCR_HN.
The resulting plasmid was named pCR_HNF and contained in-frame ECORI and Ndel sites
at the N-terminal end of TRIM32 (created by an overhang on HT2A NdelF). For

pCR_HNT, a 695 bp fragment amplified with HT2A Nde2F and HT2A ex2(5)R was
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digested with ECONI to obtain a 317 bp fragment. This 317 bp fragment was ligated to a 4.5
kb ECoRYV - EcoNI fragment of pCR_HN to produce a truncated TRIM32 with only the six
C-terminal NHL domains and an in frame Ndel site at the N-terminal end (created by a non-
templated extension on HT2A Nde2F).
PET14b_HNF:
Plasmid for production of bacterial-expressed 6XHis tagged TRIM32 protein
pET14b (EMD Biosciences) is a bacterial expression plasmid containing a 6XHis tag
along with a thrombin site to cleave the 6XHis tag off the resulting protein. A 2.2 kb Ndel -
BamHI fragment of pCR_HNF was ligated to a 4.7 kb Ndel - BamHI fragment of pET14b
to create pET14b_HNF. Amino acids added N-terminal to the native initiator methionine of
TRIM32 are as follows: N term-MGSSHHHHHHSSGLVPRGSH-C term. All subsequent
manipulations were done according to the manufacturers instruction to produce recombinant
E. coli expressed TRIM32.
PcDNA+HNF & pcDNA-HNF:
Plasmids for production of mammalian-expressed TRIM32 protein (with or without a tag)
TRIM32 was inserted into pcDNA3.1 (Invitrogen) with or without a 6XHis tag for
expression in mammalian cells. For pcDNA+HNF, a 2.2 kb Xbal - BamHI fragment of
pET14b_HNF was ligated to a 5.3 kb Nhel - BamHI fragment of pcDNA3.1(-). The resulting
plasmid still contains the 6XHis tag and thrombin site from the pET14b plasmid. For
pcDNA-HNF, a 2.1 kb Nhel - BamHI fragment of pCR_HN was ligated to the same 5.3 kb
Nhel - BamHI fragment of pcDNA3.1(-) as was used for the previous plasmid. This plasmid

does not contain any tag attached to TRIM32 and uses the native start codon of TRIM32 for
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expression.
pBT_HNRB & pBT_HNT:
Plasmids for use in the bacterial two hybrid system

TRIM32 was inserted into pBT (Stratagene) to create a bait plasmid for use in the
Bacteriomatch system (see section 3.11). This plasmid contains the DNA binding domain
of 8cl protein for fusion with the N-terminus of TRIM32. For pPBT_HNRB, a 2.1 kb EcoRI
/ Klenow-filled fragment of pCR_HNF was ligated to Smal digested pBT (3.2 kb). The
resulting plasmids were then screened for orientation using HindIIl and those that were in
the correct orientation were named pBT HNF. The C-terminus of TRIM32 was deleted by
digesting with BsrGI - BamH]I, filling with Klenow, and ligating the blunt-ended 3.6 kb
fragment to produce pPBT HNRB. This plasmid only contains the RING finger and B-Box
domains from the N-terminal portion of TRIM32. For pBT HNT, a 1 kb EcoRI / Klenow-
filled fragment of pCR_HNT was ligated to Smal digested pBT (3.2 kb). The resulting
plasmids were then screened for orientation using HindIIl and those that were in the correct
orientation were named pBT HNT. This plasmid only contains the six NHL domains from
the C-terminal portion of TRIM32.
3.8 Protein Electrophoresis

(A)Sodium dodecyl sulfate - polyacylamide gel electrophoresis (SDS-PAGE)

Samples were obtained from tissue or cell culture, homogenized in a lysis buffer
compatible with downstream applications, and treated with a protease inhibitor cocktail
(Sigma). After quantitation using an RC-DC protein assay kit (Bio-Rad) an appropriate

amount of 4X sample buffer was added to achieve a final concentration of 1X (2% SDS, 62
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mM Tris-HCI, 10% glycerol, 5% $-mercaptoethanol, 0.001% bromophenol blue, pH 6.8).
Samples were diluted to the same concentration and equal amounts were loaded on a mini
vertical polyacrylamide gel (Bio-Rad) made with 29:1, acrylamide:N-
N’methylenebisacrylamide. Protein gels contained a 4% acrylamide stacking gel (125 mM
Tris-HCI, 0.1% SDS, pH 6.8) and a separating gel ranging from 7.5-15% acrylamide or a
gradient thereof (375 mM Tris-HCI, 0.1% SDS, pH 8.8). An unstained or prestained protein
ladder (Fermentas) was loaded along-side the samples and empty wells were loaded with
equal amounts of 1 X loading buffer. Gels were subjected to electrophoresis at 150V for 0.75-
1.5 hrs in SDS-PAGE running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS). After
electrophoresis the apparatus was disassembled, the stacking gel was removed, and the
separating gel was used for all further analysis.

(B) General protein stains

To view all proteins in the gel one of two methods was used, coomassie staining or
silver staining (the first is low sensitivity and the second is high sensitivity). For coomassie
staining, gels were soaked in staining solution (0.1% coomassie blue R-250, 40% methanol,
10% acetic acid) for 15 min. Gels were then soaked in destaining solution (40% methanol,
10% acetic acid) 5X for 30 min. Silver staining was accomplished using a kit from Bio-Rad,
as per the manufacturer’s instructions. Gels stained in either fashion were dried using a
DryEase kit from Invitrogen.

(C) Immunoblot
For visualization of a specific protein(s), an immunoblot was performed. Proteins

were transferred for 18 hrs onto supported nitrocellulose membranes in blotting buffer (25
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mM Tris, 192 mM glycine, 20% methanol) at 4°C using an electroblotting apparatus set at
30V (Bio-Rad). Membranes were then washed 3X 5 min in water, stained with 0.1%
Ponceau S in 5% acetic acid (Sigma) for 5 min, destained 3X 5 min in water, and pictures
were taken using a digital camera (Alpha Innotech). This stain will allow visualization of all
proteins in order to determine if samples were equally loaded and to assess transfer
efficiency. Ponceau S was removed by soaking in TBST (10 mM Tris-HCI, 150 mM NacCl,
0.05% Tween 20) for 10 min. Membranes were then blocked using 5% skim milk powder
in TBST (SM-TBST) for 1 hr. Primary antibodies directed against the protein of interest
were then applied in SM-TBST for 1-2 hrs at a concentration ranging from 1:100 - 1:5,000
depending on the strength and specificity of the original preparation. Membranes were then
washed 3X 10 min in TBST and secondary antibodies (raised against the primary antibody)
conjugated to horseradish peroxidase were applied in SM-TBST for 30 min at a
concentration ranging from 1:5,000-1:15,000. Membranes were again washed 3X 10 min in
TBST and chemiluminescent substrate was added (West Femto, Pierce). Membranes were
wrapped in cellophane and exposed to Biomax light film (Kodak) from 1 sec - 10 min,
depending on the intensity.
3.9 Cell Culture

Cells used in this study include BHK21 (baby hamster kidney, ATCC), C2C12D
(mouse myoblasts, ATCC), adult human skin fibroblasts (primary cultures prepared by the
Health Sciences Centre Cytogenetics department), and semi-transformed adult human
myoblasts (prepared by collaborators at McGill University by published methods).'****

BHK21 and C2C12D were grown in DMEM containing 10% fetal bovine serum (FBS,
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Invitrogen); all fibroblast cultures were grown in "'MEM containing 10% FBS, and human
myoblasts were grown in a complex medium called SkGM2 (Cambrex) containing 10% FBS
and numerous supplemental growth factors optimized for the maintenance of myoblast
lines.>* All cells were grown in non-coated plastic dishes of various sizes (Corning). Cells
were detached from plates by treating with 0.05% Trypsin and 0.5 mM Na,EDTA in Hanks
balanced salt solution (Invitrogen) for 1-5 min at 37°C. Trypsin activity was always
terminated by addition of two volumes of growth media containing FBS. Established lines
with high growth rates (BHK21, C2C12D) were passaged at 1:10 and allowed to reach near
~95% confluence before subsequent passaging. The remaining lines were passaged at a
frequency to keep them between 30% and 90% confluence at all times. Cells were usually
harvested in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.4)
on ice, using a cell scraper. BHK21 transfections were done using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions (a standard seeding density of 5
X10° cells / 60 mm plate was used).
3.10 Immunofluor escence

Six-well culture dishes containing a round sterile coverslip in each well were seeded
at a density of ~100,000 cells per well. Cells were allowed to attach and grow to desired
confluence. Cover slips with attached cells were then rinsed 3X in cold CB (10 mM
2-morpholinoethanesulfonic acid [MES], 150 mM NaCl, 5 mM EGTA, 5 mM MgCl, 5 mM
glucose, pH 6.1) and treated with 3% paraformaldehyde (PFA) in CB for 15 min at4°C. Cells
were then permeabilized in 0.3% Triton X100 and 3% PFA in CB for 5 min at 4°C. Cells

were again rinsed 3X in cold CB and then stored in Cyto-TBS (20 mM Tris-HCI, 154 mM
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NaCl, 2 mM EGTA, 2 mM MgCl,, pH 7.2) at 4°C until use.

Detection of the protein of interest requires a protocol akin to that for the immunoblot
procedure described above. All the following incubations occur in a humidified chamber to
minimize evaporation. Coverslips are removed from the dish and inverted onto a 50 -1 drop
of blocking solution (2% normal donkey serum and 1% IgG-free bovine serum albumin
[BSA] in Cyto-TBST, Cyto-TBS as above with 0.1% Tween 20) on a sheet of parafilm and
incubated for 2 hrs at room temperature. Coverslips are then transferred to 50 -1 drop
containing an antibody directed against the protein of interest at a concentration ranging from
1:50 - 1:500 in Cyto-TBST and incubated overnight at 4°C. Coverslips were then washed in
Cyto-TBST 4X 15 min and placed on a 50 Z1 drop containing a secondary donkey antibody
conjugated to a fluorophore (Invitrogen) at a concentration ranging from 1:100 - 1:300.
Coverslips were incubated for 2-3 hrs at room temperature, washed again with Cyto-TBST
4X 15 min, and then a nuclear stain which does not fluoresce in the range of the secondary
antibody was applied (Hoescht33342 / Blue [2 :g/ml], Propidium lodide / Near red [1
Zg/ml], or TOTO-3 / Far Red [0.6 -M])(Invitrogen). Coverslips were washed in water 3X
5 min and mounted using Prolong mounting media (Invitrogen).

3.11 Bacterial Two Hybrid (B2H) screening

Interaction screening was used to identify novel binding partners of TRIM32 in an
attempt to learn more about its native function. Bacteriomatch™ (Stratagene) is based on
transcriptional activation in E. coli (Figure 4).°*% The bait protein (TRIM32) is fused to the
DNA binding domain of 8cl protein and the target library is fused to the "*-subunit of

RNA-polymerase. Interaction between bait and target allows recruitment of transcriptionally
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Figure 4: Stratagene Bacteriomatch™ bacterial two hybrid system. Schematic describing the principle behind the bacterial two
hybrid system used to identify proteins that interact with TRIM32. The bait constructs used contained either an N-terminal or C-
terminal portion of TRIM32 and the target library was derived from rat skeletal muscle. Figure was modified from a promotional
figure obtained from the Stratagene websitewww.stratagene.com/homepage/.
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active complexes to promoters containing 8cl binding sites. A reporter episome is present
with both $-galactosidase and $-lactamase under the control of 8cl sites and interaction can
be detected by breakdown of X-gal and resistance to carbenicillin. Selection for the presence
of the two plasmids and the reporter episome is accomplished by antibiotic resistance:
chloramphenicol on the bait plasmid (pBT), tetracycline on the library plasmid (pTRG XR),
and kanamycin on the reporter episome. A human cDNA library for BacteriomatchTM was
unavailable so a rat library was used. It is composed of pooled Sprague-Dawley rat skeletal
muscle cDNA cloned unidirectionally into pTRG XR.

Screening constructs included two TRIM32 fusions consisting of the N-terminal
portion (amino acids 1-144, RING finger and B-Box Zn finger) or the C-terminal portion of
TRIM32 (amino acids 364-653, consists of six NHL domains)(see section 3.7 for creation
of these two plasmids). These areas of the protein were chosen due to preliminary results
with whole TRIM32 constructs suggesting a high degree of non-specific interactions,
possibly via the central coiled-coil domain. Two screens were performed, one for each
TRIM32 construct, using both carbenicillin resistance and X-Gal breakdown due to the high
background levels. Once putative positives were grown and plasmid isolated (Qiagen
miniprep) they were sequenced as previously described and re-introduced into the B2H
system for confirmation of interaction. Unfortunately due to the nature of Bacteriomatch,™
the differences between control positives and control negatives were too small to use this

system for reliable two protein interaction analysis.
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4. | dentification and characterization of the LGMD2H gene

The data related to the identification of the LGMD2H gene have been published and forms

the basis of ongoing work involving the characterization of the LGMD2H gene product:

- P Frosk, T Weller, E Nylen, T Sudha, CR Greenberg, K Morgan, TM Fujiwara, K
Wrogemann. Limb-girdle muscular dystrophy type 2H associated with mutation in
TRIM32, a putative E3-ubiquitin-ligasegene. AmJ Hum Genet 2002; 70(3):663-672.

The subjects discussed within this chapter have also been the topic of two oral presentations,

the first was a platform session at the 10" International Congress on Neuromuscular

Disorders (Vancouver, BC) and the second was an invited lecture at the 7" International

Congress of the World Muscle Society (Rotterdam, The Netherlands). The abstracts can be

found in the following journals:

- P Frosk, T Weller, E Nylen, T Sudha, K Morgan, TM Fujiwara, CR Greenberg and K
Wrogemann. Limb Girdle Muscular Dystrophy Type 2H (LGMD2H) is Associated
with Mutationin TRIM32. (2002) J Neurol Sci 199, Suppl.1: SO0-00 (Speaker, PF).

- KWrogemann, P Frosk, R Lamont, L Brunham, A Hoke, T Weiler, E Nylen, D Frappier,
N Rodlin, T Hudson, K Morgan, TM Fujiwara, and CR Greenberg. TRIM 32, another
new geneinlimb girdlemuscular dystrophy, codesfor a putative E3 ubiquitinligase.

(2002) Neuromuscular Disorders 12, 718 (Speaker, KW).

I would like to acknowledge the contributions of the following individuals: (1) Ted Nylen
and Dr. Tracy Weiler for the localization of LGMD2H to chromosome 9 and determination
of some genotypes, (2) Tess Laidlaw and Dr. Sudha Thangirala for determination of some
genotypes, (3) Dr. Ken Morgan and Mary Fujiwara for help with the preparation of the
American Journal of Human Genetics manuscript, and (4) Alyssa Tennese for help with the

bacterial two hybrid system screening.
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4.1 Introduction

The Hutterites, an anabaptist religious sect, live on farming colonies located
predominantly in the Prairie Provinces and Great Plains of North America. They constitute
a unique religious and genetic isolate. They immigrated to North America from Europe in
the 1870s and formed three subdivisions; Schmiedeleut, Dariusleut, and Lehrerleut. There
has been very little intermarriage between subdivisions.'* The ancestry of the overwhelming
majority of the Hutterites can be traced back to 89 ancestors."”” The current population of
Hutterites in Canada alone is approaching 30,000 (2001 Canadian Census;

http://www.statcan.ca/) due to the high proportion of families with many children. Not

unexpectedly, largely due to founder effect, there is an elevated prevalence of autosomal
recessive disorders in the Hutterites.'*’

LGMD is one of the disorders that is over-represented in this population. Current
estimates, based solely on the number of ascertained patients, exceed 1/400. LGMD in
Manitoba Hutterites was originally described in 1976 by Shokeir and Kobrinsky** and then
again in Saskatchewan Hutterites in 1985 by Shokeir and Rozdilsky.*” Due to the nature of
the population it was presumed this was one disorder caused by the high frequency of one
particular allele. More recently, a study was undertaken by our laboratory to locate the
mutant gene by linkage analysis using 18 patients and their families (a subset of which were
described in the Shokeir and Kobrinsky paper).”” A novel locus of 6.4 Mb"** was identified
at chromosome region 9q31-33, using a limited pooled-DNA approach to scan the genome,

and was named LGMD2H.?”
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I joined the laboratory at this point and was given the task of identifying the causative
gene of LGMD2H. We were able to identify additional affected Hutterite families that
allowed us to reduce the size of the region substantially. A combination of bioinformatic and
PCR-based approaches led to the localization of four genes within this region that we
screened for potential disease-causing mutations. We were able to identify TRIM32 as the
most likely gene for LGMD2H. Characterization of this gene and its product suggests that
it exists within cytoplasmic bodies and may function in the ubiquitin proteasome pathway.
4.2 Results
(A) Subjects

We studied 35 clinically affected Hutterite patients and members of their immediate
families for the purposes of the work reported here (Figure 5). A further 17 affected
individuals and their families have been studied since this work was completed for a total of
52 individuals affected with LGMD2H. Genotypes were obtained for 133 individuals, who
comprise eleven interrelated families (one to four generations) with 1 to 20 family members
affected with LGMD2H. The families are from two of the three subdivisions of the
Hutterites; 9 families are Schmiedeleut (A-F, I-K) and 2 families are Lehrerleut (G and H).
The Hutterites keep meticulous genealogical records going back to before they came to North
America and these records are published for general use. Most individuals can be included
in one large, complex pedigree that extends back to the mid-eighteenth century based on
information from one of these genealogical records (Schmiedeleut).'”**' Note that we do not
have access to the Lehrerleut genealogical record and as such have not been able to include

pedigrees G and H (Figure 5) into a comprehensive pedigree.
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Figure 5: LGMD2H pedigrees. Each pedigree is assigned an identifier (A-K)
and individuals are numbered according to generation. Birth order has been
randomized to protect anonymity. Individuals denoted with an NA were not
available for study. Individuals highlighted bya grey background had not yet
been ascertained at the time of the identification of the LGMD2H gene.
However, subsequent haplotyping did not reveal any new information.
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Eight CEPH families with recombinations in chromosome region 9q3 (Dr. S. Povey,
Personal Communication) were used to help define marker order. CEPH individuals
1331-01, 1331-02, 1347-01, and 1347-02 were used to size microsatellite alleles (CEPH

website, http://www.cephb.ft/). In addition 100 healthy control individuals of diverse origin

were used to determine allele frequencies.
(B) Haplotype analysis

Haplotype analysis was used to both define the order of markers used and fine map
the candidate region. Approximately 6000 genotypes were obtained for markers on
chromosome 9. Genotypes for our LGMD study population and selected CEPH individuals
were used to construct haplotypes (only key recombinants are shown in Figure 6). Three
recombination events were identified in individuals E-IV:4, E-IV:5 and D-II1:9, reducing the
candidate region from 6.5 Mb to an interval of 713 kb flanked by D9S241 and D9931
(Figure 6). The region was further reduced to a 560 kb region flanked by D9S1126 and
D9S/737 based on two inferred ancestral recombination events (F-I1:9 and D-III:17)(Figure
6).

(C) Physical mapping

Early physical mapping efforts used a combination of Human Genome Project
sequences and radiation hybrid mapping.'*' The efforts reported here focussed on contiguous
sequence obtained from the Celera Genomics web site (GA x54KRCDB2PK:
3500001-4500000).” Four genes are present in the region, which spans 560 kb of DNA
(Figure 7). PAPPA (NM_002581.1) encodes pregnancy-associated plasma protein A (also

known as insulin-like growth factor binding protein 4 [[GFBP4] protease). It is found at a
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Figure 6: Chromosome region
9q31-33 haplotypes. Recombinations
are evident (E IV:4, E IV: 5, and D
I11:9) that reduce the 6.5 Mb
LGMD2H candidate region flanked
by D9S302 and D9S1850 to a 713 kb
region defined by D93241 and
D9S931. Inferred ancestral
recombinants in individuals F I1:9 and
D III:17 further reduce the region to
an interval of 560 kb flanked by
D9S1126 and D9S737 (region
enclosed by the open rectangle).
Alleles are given in bp, 0 indicates no
data. Black background on
haplotypes indicates consensus
disease-associated alleles, white
indicates non-consensus disease
associated alleles, and yellow, green
and blue indicate a normal parental
chromosome. Alleles enclosed in
square brackets are inferred, alleles
without an outer vertical border
indicate that the allele is
uninformative for a crossover. See
table 7 for the alleles of V1-V4. See
next page for pedigree D.
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Figure 7: Physical map of the LGMD2H candidate region. The region is delineated by D9S1126 and D9S737. The four
sequence variations identified in patient samples are labelled V1-V4 as in table 7. The map shows 1Mb and is based on
contiguous sequences obtained from NCBI and Celera Genomics.

LL



high concentration in the serum of pregnant women.>"*”*** The IGFBP4 protease substrate,
IGFBP4, is known to be a potent inhibitor of the IGF signaling system and PAPPA appears
to prevent this inhibition. ASTNZ2 (astrotactin 2, AF116574.1) encodes a paralog of
astrotactin 1, which is a mediator of neuronal-glial contact.”” TRIM32 (NM_012210.2),
previously known as HT2A¥ encodes a member of the tripartite motif family of proteins. It
was originally discovered using a yeast two-hybrid assay with the human immunodeficiency
virus type 1 Tat acting as bait.*?'* The RING finger domain suggests that this protein is an
E3 ubiquitin ligase. Sequencing of orphan expressed sequence tag (EST) clones revealed a
putative fourth gene in the region. The 5' end of this gene is still undefined but the 3' end
consists of at least four exons found in the cDNA clone IMAGE:2591170 (AF492356.1).
Attempts to amplify and sequence the 5' end of this gene have been unsuccessful due to the
apparent rarity of the transcript. RT-PCR suggests that this transcript is specific to lung and
salivary gland (two tissues not used in the original attempts to clone the 5' end). However,
this was not followed up due to the lack of expression in muscle and the mutation screening
results of the other genes (data not shown).
(D) Mutation screening

All four genes were considered as potential candidates for LGMD2H based on their
chromosomal position. Both SSCP analysis and DNA sequencing were used to search for
disease-causing mutations. SSCP of exons located between the flanking microsatellite
markers D9S1126 and D9S737 revealed only one silent substitution (V3) in PAPPA. DNA
sequencing of the candidate gene exons shown in Figure 7 revealed another three sequence

variations (V1, V2, and V4). We were unable to detect V2 and V4 when studied by SSCP
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in our initial screen. However subsequent amplification in a smaller size PCR product
allowed visualization of both alleles of V2 and V4 by SSCP. The four sequence variations,
an 11 bp deletion and three point mutations, were identified on the basis of differences
between sequences from an affected individual and published sequences (Table 7).

The four potential mutations were assayed for as follows (Figure 8): V1-Genomic
DNA was amplified using primers PAPPA_ex3F and PAPPA ex3R. The 11 bp deletion was
readily visible as a shift in fragment size (291 bp to 280 bp) after radiolabelling (as per
microsatellite protocol in chapter 3) and electrophoresis on a sequencing gel. V2-Genomic
DNA was amplified using primers designed with a mismatch, P14 BsmAlF and
P14 BsmAl1R. P14 BsmAIR creates a BSmA1 restriction site in all fragments while
P14 BsmAI1F creates a BsmAl site only in the V2(Ser) allele. Restriction enzyme digestion
of the V2(Ser) allele with BsmAl yields three fragments (94, 24 and 27 bp) whereas the
V2(Tyr) allele has two fragments (118 and 27 bp). V3-Genomic DNA was amplified using
primers PAPPA ex18F and PAPPA ex18R. Hpall digestion of the V3(C) allele yields two
fragments (162 and 63 bp) whereas the V3(T) allele migrates as a single fragment of 225 bp.
V4-Genomic DNA was amplified using primers HT2A ex2(5)F and H2 HpyR. H2 HpyR
was designed with a mismatch that creates an Hpy99I restriction site only in the V4(Asp)
allele. Digestion of the V4(Asp) allele yields two fragments (136 and 16 bp) whereas the
V4(Asn) allele migrates as a single fragment of 152 bp.

V1, an 11 bp deletion in intron 2 of PAPPA can be ruled out as the disease-causing

mutation because it does not segregate with LGMD2H (Figure 8) and is outside the candidate
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Table 7: Sequence variations at the LGMDZ2H locus and control allele frequencies

Controls
Mutation  Gene (location) Sequence variation® Variation type Genotypeb No.

Vi PAPPA (intron2)  ¢.(1479-59)-(1479-49)del  Deletion +/+ 27
+/- 50

-/- 23

V2 PAPPA (exon 14)  ¢.3671C>A, p.S1224Y Transversion, missense  Ser/Ser 8
Ser/Tyr 33

Tyr/Tyr 59

V3 PAPPA (exon 18)  ¢.4374C>T, p.C1458C Transition, silent C/C 96
C/T 4

T/T 0

V4 TRIM32 (exon2)  ¢.1459G>A, p.D487N Transition missense Asp/Asp 100
Asp/Asn 0

Asn/Asn 0

®Numbering of nucleotides and amino acids is based on GenBank NM_002581.1 for PAPPA and NM_012210.2
for TRIM32; the A of the initiator Met codon is considered as nucleotide +1.

®For V1, + and — denote the presence or deletion of 11 bp, respectively; for V2 and V4, alleles are denoted by
amino acid codes; for V3, alleles are denoted by nucleotides.



Uncut or
undeleted

Asn

V4 Asp

Figure 8: Segregation of the four LGMD2H variants.V lisasimplesizedifferencewhereas
the assays for V2-V4 are based on restriction fragment lengths. The nucleotide change in V2-
V4 abolishes a restriction site in all cases leading to a larger fragment. Note a secondary

control site is present on the V2 fragment leading to a larger uncut control. See text for
descriptions of each assay.
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region as defined by an inferred ancestral recombination event (D-I11:17, Figure 6). Both
affected and unaffected family members were homozygous for the deletion and it was
common among controls (Figure 6 and Table 7). V2, a missense mutation in codon 1224 of
PAPPA, can also be ruled out as a disease-causing mutation. All affecteds, and all but one
of the obligate carriers (D-11:2, Figure 6) are homozygous for the V2(Tyr) allele. Both alleles
of V1 and V2 are common in Hutterite families and controls.

V3 results in a silent substitution in codon 1458 of PAPPA. The V3(T) allele was
found to have a frequency of 2% in controls. As the V3 mutation does not change the amino
acid sequence of PAPPA, it could be disease-causing if it leads to alternate splicing or the
codon usage of the V3(T) allele is significantly different. However, codon usage does not
appear to be a factor as the two coding triplets are used at similar frequencies in humans;
UGC accounts for 55% and UGU accounts for 45% of all cysteine codons (GenBank Version
123.0). Alternative splicing is unlikely because in silico analysis of the splice consensus
sequences shows no predicted change with the introduction of V3(T) (NIX package,
http://www.hgmp.mrc.ac.uk). RT-PCR was used to confirm this prediction by amplifying the
region containing V3 (PAPPA exons 17-19) from both affected and unaffected RNA isolated
from cultured skin fibroblasts. No differences were apparent between the affected and the
unaffected samples (data not shown).

V4 results in a nonconservative substitution of an acidic aspartate by a neutral
asparagine at amino acid 487 of TRIM32. The V4(Asn) and V3(T) alleles are in complete
linkage disequilibrium in the Hutterite families. The V4(Asn) allele was not observed in any

of the controls. All affected individuals diagnosed with LGMD2H are homozygous for
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V4(Asn) and V3(T). There were six asymptomatic individuals who were also homozygous
for these alleles and the disease-associated chromosome. Four of these individuals are under
20 years of age which is consistent with our previous findings that the onset of LGMD2H is
age dependent.”” The other two individuals are in their 30s and do not meet the strict criteria
for affected status previously established by our group for the purposes of linkage analysis
but do show signs suggestive of an LGMD (mildly elevated SCK of 1.5-2X maximum
normal and chronic fatigue).””®

The V4 amino acid substitution occurs within the third NHL domain of TRIM32.
NHL domains are conserved motifs found in many prokaryotic and eukaryotic proteins. The
domain was named after the first three proteins in which they were identified; NCL1, HT2A
(TRIM32), and LIN-41.>" This missense mutation occurs at one of the two most highly
conserved positions in this domain (Table 8).

(E) Tissue specific expression

LGMD2H is a disease mainly restricted to skeletal muscle. Evidence from ESTs
(UniGene Hs.236218) suggests the TRIM32 transcript is expressed in a wide variety of
tissues, including skeletal muscle. In order to confirm the presence of the transcript in
skeletal muscle, we probed a multiple-tissue northern blot (Origene) with a 733 bp fragment
obtained from the coding sequence of TRIM32. The results shown in Figure 9 indicate that
the transcript is indeed widely expressed and, in particular, is expressed in skeletal muscle.

In order to confirm that there was protein expression, anti-TRIM32 antibodies were

necessary. Antibodies were generated in collaboration with Dr. Jody Berry (Staff
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Table 8: Alignment of selected NHL domains from nine eukaryotic species

SOURCE

Consensus sequence

Species and protein® (GenBank accession number):

Homo sapiens:
TRIM32 (NP_036342.1)

PAM (NP_000910.1)
TRIM2 (NP_056086.1)
TRIM3 (NP_006449.1)
Caenorhabditis elegans:
NCL1 (AAC14263.1)

LIN-41B (AAF15530.1)

YMB4 (CAA79562.1)

F26F4.6 (AAA91222.1)

F21F3.1 (AAB42278.1)

PAM (AAB37637.1)
Mus musculus:

Pam (NP_038654.1)

Trim3 (BAA83343.1)
Rattus norvegicus:

Pam (NP_037132.1)

Trim3 (AAC17997.1)
Bos taurus PAM (AAA30683.1)

Equus caballus PAM (BAA06104.1)
Xenopus laevis XELCAM (AAA49667.1)

Drosophila melanogaster:
brat (AAF53771.1)
dpld (AAF59245.1)
cg12130 (AAF58870.1)

Lymnaea stagnalis LPAM (AAD42258.1)

AMINO AcID

Position Sequence

1-27 FDYPRGVAVDSDGO-IVVADSE--N
371-398 FNLPVSLYVTSQGE-VLVADRG--N
428-455  NLTPLSVAMNCQGL-IGVTDSY--D
469-496  LSKPWGITALPSGQ-FVVTDVE--G
520-550 TCDAEGTVYFTQGLGLNL-ENRQNE
575-602 FRCIAGMCVDARGD-LIVADSS--R
616-643 LTCPVGIALTPKGQ-LLVLDCW--D
683-711 FTVPHSLALVPLLGQLCVADRE--N
534-561 FTNLQGVAASTNGK-ILIADSN--N
533-560 LORPTGVAVDTNGD-IIVADYD--N
586-613 FTEPSGVAVNGQGD-IVVADTN--N
633-662 LLYPNRVAVNRTTGDFVVTERS--P
677-704 LOHPRGVCVDSKGR-IIVVECK--V
720-747 LEFPNGVCTNDKNE-ILISDNR--A
763-791 TNYPIGVGINSLGE-VVVADNH-NN
845-872 LCRPWGICVDQRGR-VIVADRS--N
892-919 FDRPAGITTNSLNN-IVVADKD--N
939-966 FNYPWGVATNSHNA-IAVSDTR--N
987-1014  LDSPRGLCYLPDGQ-LLITDFN--N
1035-1062 FVRPQGVVIDPEGH-ILVCDSR--N
1120-1147  LDRPTDLAVGPDGR-IYVVDFG--N
712-739 LNWPRGICALSGGL-VATCDSS--N
761-788 LHCPSGFCLSDTDD-ILIADTN--N
279-307 FVVPHSLSLIEDMNIVCVADRE--N
424-451 FYLPHGIYVDKDGF-VYTTDVG--S
581-608 FYLPHGLSIDTDGN-YWVTDVA--L
713-740 LYGPQGLALTSDGH-VVVADAG--N
581-608 FYLPHGLSIDTDGN-YWVTDVA--L
486-513 FTNLHPLSAASSGR-IVVADSN--N
779-806 FDMPHDIAASEDGT-VYVGDAH--T
682-710 FRVPHSLALVPHLGQLCVADRE--N
582-610 FRIPHSLTMISDQGQLCVADRE--N
780-807 FTEPSGVAVNAQND-TIIVADTN--N
537-564  VSRPWGLCVDKMGH-VLVSDRR--N
387-415  FQNPHDVAVTADGNEIYVAELN--P
1578-1605  YFMPHGIEVDNQGN-LWLTDVA--L

* Each protein has up to six NHL domains (InterPro accession number IPR001258); however, only
one domain from each protein is shown, except for the three after which the NHL domain was named
(i.e., NCL1, HT2A [TRIM32], and LIN-41). There are six domains from TRIM32, and the mutation

(i.e., D487N) is in the third NHL domain, at position 20, denoted by the underlined letter in each
sequence. This aspartate is one of the most highly conserved amino acids among the NHL domains.
There are currently 110 eukaryotic NHL domains in the InterPro database; of these, at position 20, 100
have an aspartate, 9 have a glutamate, and 1 has a lysine. InterPro URL: www.ebi.ac.uk/interpro/
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Figure 9: Tissue distribution of the TRIM32 transcript. Multiple human tissue northern blot analysis using a fragment of
the TRIM32 coding sequence as probe. TRIM32 shows two transcript sizes, 3.2 Kb and 2.5 Kb. These two mRNAs are
produced by alternative polyadenylation as shown by the ESTs R42491(3’end of short transcript) and BX091494 (3’end
of long transcript). The larger 3.2 Kb transcript appears to be the major form in all the tissues studied. RNA expression is
evidentin skeletal muscle, but many other tissues show higher levels.



Immunologist, Canadian Food Inspection Agency) using established protocols.'*-912%* A

16-mer peptide (C-ASPRASPAKQRGPEA) was synthesized for immunization of BALB/c
mice. The TRIM32 protein has, from the N to C terminal end, a RING finger domain, a B1
box, a coiled-coil domain, and six NHL domains (Figure 10). The sequence used for
immunization corresponds to residues 334-348 of TRIM32 with an N-terminal cysteine for
conjugation to a carrier protein (Figure 10). This portion of the protein is just N-terminal to
the first NHL domain and is relatively well conserved in TRIM32 from different species but
does not show much conservation with the rest of the TRIM family (Figure 11). A mouse
polyclonal antibody in ascites was prepared and affinity purified using the immunization
peptide conjugated to a different carrier protein (keyhole limpet hemocyanin for
immunization, bovine serum albumin for purification). This purified preparation showed
reactivity against a band at approximately 72 kDa in bacterial and mammalian cell extracts
expressing recombinant TRIM32 (with or without a 6XHis tag, Figure 12). As an indication
of specificity, this band could be blocked by the preadsorbtion of the antiserum with 200 ZM
of the 16-mer peptide used for mouse immunization.

A multiple-tissue immunoblot using the above preparation was attempted (Figure 13).
No bands corresponding to TRIM32 were detected suggesting that our antibody preparation
is not sensitive enough to detect endogenous levels of protein via this method. We were able
to obtain small amounts of another anti-TRIM32 antiserum in order to repeat this
experiment. The serum was raised against whole recombinant protein and was used in a
previously published manuscript.'** While messy, this blot did show the presence of a band

that corresponds to TRIM32 in brain, heart, skeletal muscle, and possibly placenta and testis.
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Figure 11: (A) The TRIM family of proteins. Modification of a figure presented in
Reymond et al. (2001).”” Each member contains the tripartite motif (RING finger, B-Box Zn
Finger and Coiled-coil domains) and many have additional C-terminal domains such as
NHL repeats (TRIM2, TRIM3 and TRIM32). (B) Alignment of a small section of TRIM32
(aa 313-366) with its orthologues in mouse and rat as well as its paralogues, TRIM2 and
TRIM3. The immunogenic peptide (C-ASPRASPAKQRGPEA) is well conserved amongst

the three TRIM32 sequences but not in the other TRIM familymembers.
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1. E.coli extract expressing 6XHis-TRIM32 (pET14b_HNF)
2. BHK extract expressing 6XHis-TRIM32 (pcDNA+HNF)
3. BHK extract expressing TRIM32 (pcDNA-HNF)

4. BHK extract (untransfected)
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Figure 12: Specificity of anti-TRIM32 antibody by immunoblotting (A) Immunoblots of E.coli and mammalian cell
protein extracts showing recognition of recombinant TRIM32 by affinity purified ascites (recognition is blocked by
synthetic TRIM32 peptide).
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Figure 13: Multiple tissue immunoblot for TRIM32. (A) Immunopurified anti-TRIM32 (anti-peptide) was used at 1/100 (same
preparation as shown in figure 12). Tissue samples are arranged identical to the northern blot shown in figure 8 with TRIM32 transfected
BHK cell extract loaded on either side as a control (25 ng of each sample is loaded). The appropriate size for TRIM32 is marked with an
arrow. The antiserum contains mild reactivity to albumin due to the purification process, hence the strong band migrating at ~70 kDa. No
band corresponding to TRIM32 appears to be detected. Note the SDS-PAGE was performed on a 7.5% gel. (B) Similar blot using a whole
protein anti-TRIM32 rabbit antiserum at 1:500 kindly provided by collaborators (same as was used in Horn et al 2004). A band with the
correct size of monomeric TRIM32 was detected in the tissues with the highest levels of mRNA expression. TRIM32 migrates at ~80 kDa
when measured against a prestained protein ladder but at ~72 kDa when using an unstained ladder (data not shown), reflecting the
inaccuracy of prestained ladders. Note the SDS-PAGE was performed on a4 -15% gradient gel.



These were the tissues that showed the highest levels of TRIM32 mRNA by northern blot.
Numerous other bands were detected, most of which were probably unrelated cross-reacting
proteins. It is not known if any of these other bands are alternate forms of TRIM32.

(F) Subcellular localization

Localization studies of the TRIM32 protein are important for understanding its
function and for designing future experiments. The missense mutation found in LGMD2H
patients may very well affect the localization as a result of misfolding or failure to interact

with normal partners in the cell. The TRIM32 sequence does not contain any localization
signals and is predicted to be a cytoplasmic protein.

Immunofluorescence, largely in cell culture, was used to determine the subcellular
localization of TRIM32. The mouse anti-TRIM32 preparation discussed above appears to
be both sensitive and specific when used to detect endogenous TRIM32 via
immunofluorescence (Figure 14). TRIM32 appears to be present mainly in the cytoplasm in
a diffuse punctate pattern. This agrees with previous observations on cells transfected with
GFP-tagged TRIM32 constructs.”’> TRIM32 staining is not disrupted in patients cells
compared to controls suggesting that the D487N mutation does not affect localization or
folding (Figure 15). Interestingly, the antibody was able to detect this same pattern of
staining in a diverse variety of cells from different tissues and species including: human
myoblasts, mouse myoblasts (C2C12D), human fibroblasts, canine tracheal smooth muscle
cells, and hamster kidney cells (BHK21) (some data not shown).

Myoblasts were the main subject of study in our experiments and approximate muscle

stem cells or satellite cells. When these cells are stressed, usually by serum starvation, they
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Figure 14: Specificity of anti-TRIM32 antibody by immunofluorescence. Normal human myoblasts were stained using the same anti-
TRIM32 antibody as in figure 12. FITC (green) was used to visualize the binding of anti-TRIM32 and propidium iodide (red) was used to

stain nuclei. Preadsorbtion with the immunogenic peptide abolishes the TRIM32 signal. Note a large multinucleated myotube is present in
the bottom left corner (red arrows), and the TRIM32 signal appears to be absent or no longer punctate.
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Figure 15: TRIM32 in normal and patient cells. Immunoflourescence microscopy of human cells from patient and
control using anti-TRIM32 antibody. FITC (green) was used to visualize the binding of anti-TRIM32 and propidium
iodide (red) was used to stain nuclei. No differences are apparent between patient and controls.
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Figure 16: TRIM32 in fused myoblasts. Immunoflourescence microscopy of human cells using anti-TRIM32 antibody. FITC (green)
was used to visualize the binding of anti-TRIM32 and propidium iodide (red) was used to stain nuclei. The majority of cells are not fused
as expected for semi-transformed myoblasts. Those that did fuse (blue arrows) appear to lack the punctate staining present in those cells
that remained unfused.



With primary antibody (TRIM32) Without primary antibody

Figure 17: TRIM32 in muscle sections. Mouse (upper panels) and human (lower
panels) muscle sections stained with the anti-TRIM32/FITC-secondary (green)
and nuclei are stained with propidium iodide (red). Fresh frozen sections were
mounted and stained unfixed using the same protocol for cells from tissue culture.
Note, these were heavily stained areas in comparison tomostofthesection.

95



begin to fuse into myotubes. These myotubes are similar to mature muscle fibres. When
TRIM32 staining was done in fused cells it was noticed that in the largest, most evident
myotubes, the punctate staining pattern was no longer present (Figure 16). Either the
TRIM32 was no longer being expressed or it was no longer punctate and became more
diffuse. Similar results were obtained in muscle sections from mouse and human (Figure 17).
There appeared to be only focal areas that stained well for TRIM32, although there was no
obvious restriction to satellite cells (present along the periphery of the fibres, between the
sarcolemma and the basement membrane). These results suggest that TRIM32 may be more
important in pre- muscle cells rather than the myofibres themselves.
(G) Interaction screening

The bacterial two hybrid system (Stratagene), a bacterial version of the classical yeast
two hybrid system, was used to identify potential interacting proteins of TRIM32. Screening
was done according to the protocol outlined in chapter 3 using a rat skeletal muscle library.
In short, portions of TRIM32 were fused to the DNA binding domain of 8cl protein and the
library mRNAs were fused to the "'-subunit of RNA-polymerase (Figure 4). Interaction
between bait and target allows recruitment of transcriptionally active complexes to promoters
containing 8cl binding sites. A reporter episome is present with both $-galactosidase and
$-lactamase under the control of 8cl sites and interaction can be detected by breakdown of
X-gal and resistance to carbenicillin. Selection for the presence of the two plasmids and the
reporter episome is accomplished by antibiotic resistance: chloramphenicol on the bait
plasmid (pBT); tetracycline on the library plasmid (pTRG XR); and kanamycin on the

reporter episome. Original screens using the entire coding sequence of human TRIM32 as
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Table 9: Summary of TRIM32 interaction screening

TRIM32 Bait

RING/B-Box - N-Terminal

NHL Repeats - C-Terminal

Cfu's Screened

Library Coverage

Positives Picked

Identified

Confirmed

3.12 X 10°

1.2X

58

28

None

1.08 X 10’

Low Stringency: 2 X 10°

High Stringency: 1.06 X 10’

4X

137

Low Stringency: 84

High Stringency: 53

48

None
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bait were plagued by very high levels of background. Therefore, separate screens were done
using only the N-terminal portion or the C-terminal portion of TRIM32 (Table 9).

The N-terminal screen was performed using a low stringency (250 :g/ml
carbenicillin) dual reporter setup ($-galactosidase and $-lactamase ). This screen yielded 58
positive clones, 28 of which we were able to identify (Table 10). There were seven genes
associated with energy metabolism - ALDOA, CKM, GAPD, LDHA, ENO1, mt-CO1, and
PKM2; three genes associated with the contractile apparatus - ACTAL, TPM1, and ACTNS;
two genes associated with nucleotide metabolism - AMPD1 and AK3; two chaperone proteins
- HSPA8 and HSPBG; and two sarcoplasmic reticulum proteins - HERPUD1 and CASQL. In
addition, there are three genes with no clear function - NDRG2, ISLR, and H19. Four of these
genes were found in multiple clones including - ALDOA, CKM, GAPD, and ACTAL, but it
is not clear whether this is an important finding or whether they are false positives since all
of them are known to be highly expressed in muscle.

The C-terminal screen was originally performed in the same way as the N-terminal
screen. However, the percentage of positives compared to the number of plasmids screened
was extremely high. A second screen at a high stringency (500 : g/ml carbenicillin) was
performed that yielded 84 positives, 48 of which we were able to identify (Table 11). There
were again seven genes associated with energy metabolism - GAPD, CKM, ALDOA, mt-
CO1, IDH3A, PKM2, and LOC361713; five genes associated with the contractile apparatus -
TNNT3, LOC311029, DES ACTAL, and TPM1; two chaperone proteins - CABC1 and
HSPBG; and two sarcoplasmic reticulum genes - LOC360310 and LOC305234. Interestingly,

in addition to alpha-actin itself, there were five genes identified that were involved in actin
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Table 10: TRIM32 N-terminal interacting proteins (TRIPs)

TRIP # Gene Full Name / Alternates Function
Symbol

2,7,13 ALDOA?® Aldolase A, Fructose Bisphosphate Aldolase Glycolysis (myopathy w/ hemolytic anemia)b

3 AMPD1  Adenosine monophosphate deaminase 1 (isoform M) Purine nucleotide cycle (exercise-induced myopathy)
4,10,11,15,34,47 CKM Creatine Kinase, muscle Energy metabolism
5A HSPAS Hsp70 #8 Constitutive chaperone, uncoating vesicles

5B,9 GAPD Glyceraldehyde-3-phosphate dehydrogenase Glycolysis
12 NDRG2  N-myc Downstream regulated gene Wide expression, neurite outgrowth?

14 CASQ1 Calsequestrin SR lumen, stores Ca’" (dec. in DMD)

16,46 ACTA1 Alpha actin 1 Contraction, thin filaments (nemaline myopathy)
18 TPM1 Tropomyosin 1 alpha Contraction, regulatory (hyper. cardiomyopathy 3)
25 LDHA Lactate dehydrogenase Glycolysis (exertional myoglobinuria)

29 ENO1 Enolase alpha Glycolysis

31 ISLR Ig Domain LR-repeat Membrane protein, function unknown

36 HERPUD1 Homocysteine, ER stress-inducible Ub-like domain member 1 SR membrane, recruits proteasome during ER-stress
39 AK3 Adenylate kinase 3 Mitochondrial matrix, regulates phospho-nt pools

43 mt-CO1  Cytochrome c oxidase subunit 1 Respiration

44 HSPB6 Heat shock protein, alpha-crystallin-related, B6 Contraction? Partner of aB-crystallin (MFM)

45 ACTN3 Alpha actinin 3 Component of the Z-line

51 H19 Expressed Non-translated RNA Maternally imprinted locus, Near IGF2 gene

54 PKM2 Pyruvate kinase (muscle) Glycolysis

Yellow highlighting signifies genes that were identified in both N-terminal and C-terminal screens
®Human muscle disorders associated with the gene in question
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Table 11: TRIM32 C-terminal interacting proteins (TNIPs)

TNIP # Gene Symbol Full Name / Alternates Function
1 TNNT3 Troponin 13 Contraction, regulatory (DAL congenital contractures)
2 MPST Mercaptopyruvate sulfurtransferase Transfers sulfer to thiol compounds like cyanide
3 LOC364451 Similar to enlongation factor 1-gamma Translation
4 RT1-Da RT1 class Il, locus Da MHC class Il antigen

5,8,43,44 GAPD Glyceraldehyde-3-phosphate DeH Glycolysis
6 OAZ1 Ornithine Decarboxylase antizyme 1 Regulation of polyamine synthesis
7,11, 13, 21, 26, 38, 47 CKM Creatine Kinase, muscle Energy metabolism

9,10 LOC360310 related to Serpinhl (serine protease inhibitor) SR lumen protein, may be chaperone for collagen
12 CABC1 Chaperone, ABC1 activity of BC1 complex-like Chaperone, may suppress cell growth
14 AP1G1 Adaptor protein complex AP-1, gamma 1 subunit Vesicular formation and trafficking

17, 23, 32 ALDOA Aldolase A, Fructose Bisphosphate Aldolase Glycolysis

18 GSN Gelsolin Actin depolymerization

19, 22 SYNPO2 Synaptopodin 2, Myopodin, Genethonin 2 Actin bundling, myoblast fusion (decreased in DMD)
20 LOC311029 Similar to Nebulin Thin filment length, assembly (nemaline myopathy)
25 mt-CO1 Cytochrome c oxidase subunit 1 Respiration

27,40 DES Desmin Intermediate filament at Z-disc (MFM)

28, 33 IDH3A Isocitrate DeH 3 alpha TCA cycle
29 PKM2 Pyruvate kinase (muscle) Glycolysis
30 NMT1 N-myristoyltransferase 1 Myristoylation of N-term glycines
31 LOC366742 Similar to Ig heavy chain V region precursor ??
34 LOC361713 Similar to muscle glycogen phosphorylase Glycogen breakdown (McArdle myopathy)

35, 39, 45, 48, 50, 52 ACTA1l Alpha actin 1 Contraction, thin filaments (nemaline myopathy)

36 DUSP13 Dual specificity phosphatase Active on phospho Tyr and Ser/Thr
37 TPM1 Tropomyosin 1 alpha Contraction, regulatory
41 Unknown Unknown Gene ??
46 HSPB6 Heat shock protein, alpha-crystallin-related, B6 Contraction? Partner of a B-crystallin (MFM)
49 ARPC1A Supressor of profilin/p41 of actin related complex Controls actin polymerization
51 LOC305234 Similar to Genethonin 1 Found in T-tubule and SR membrane

yellow highlighting signifies genes that were identified in both N-terminal and C-terminal screens
®Human muscle disorders associated with the gene in question
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dynamics - GSN, SYNPO2, LOC311029, TPM1, and ARPC1A. As with the other screen,
many of these genes were found in multiple clones. One of these, SYNPOZ2, is not known to
have a particularly high expression in muscle compared to some of the components of the
sarcomere or enzymes of energy metabolism, suggesting it may be a true interacting protein.

Due to limitations in the bacterial two hybrid system it has not been possible to
reliably confirm the positives that we have obtained by either of these screens. As such, it is
very possible that many of these positives are spurious and do not reflect a true interaction
with TRIM32. All of the potential positives will have to be recloned and tested by more
traditional methods such as coimmunoprecipitation before it will be clear whether they are
able to bind to TRIM32. An alternative to this has recently become available from Stratagene
due to the many problems researchers have had with this system. They have created a new
reporter strain that apparently reduces background by 100 fold (use of streptomycin
resistance and an auxotrophic marker). Between these two methods, confirmatory results will
undoubtedly be obtained in the near future.
4.3 Discussion

On the basis of observed recombinants, the candidate gene for LGMD2H was
previously defined to be in a 3.9-6.2 ¢cM interval between D9S302 and D9S1850.>” This
interval is now estimated to be 6.4 Mb. Through the study of additional families with
LGMD2H and additional microsatellite markers, we reduced the candidate region to a 560
kb interval flanked by D9S1126 and D9S/737 on the basis of haplotype analysis. The region

contains three annotated genes, PAPPA, ASTN2, and TRIM32, and one unannotated gene.
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TRIM32 is located within intron 12 of ASTN2 in the opposite orientation, and part of the
unannotated gene is within introns 9 and 10 of PAPPA in the opposite orientation (Figure 7).

All exons within the candidate region were screened for mutations. Of the four
sequence variations detected, V1 and V2 could readily be excluded as disease causing
because they do not consistently segregate with the disease. V3(T) appears to be an unlikely
candidate because it does not lead to an amino acid change, does not lead to a codon with
significantly altered usage, and does not appear to lead to alternative splicing. The latter was
confirmed by RT-PCR of mRNA isolated from skin fibroblasts obtained from one patient
and a control. However, at this time we cannot exclude the possibility that the V3(T) allele

160.161 o alters the

disrupts an exonic splicing enhancer which functions only in muscle
secondary structure of the mRNA.**’

The best candidate mutation for LGMD2H is the missense mutation V4 in TRIM32
that changes codon 487 of the TRIM32 protein from aspartate to asparagine (D487N). There
is strong evidence that this D487N causes LGMD2H, because (i) all affected individuals in
our study are homozygous for V4(Asn); (i) it was not observed in 100 controls; (iii) it occurs
in a protein domain referred to as an NHL domain®’ in an aspartate residue that is one of the
two most conserved amino acids in NHL domains (Table 8); and (iv) the change from
aspartate to asparagine is a nonconservative change that could result in a significant
alteration in the structure and function of the TRIM32 protein. Thus, we consider D487N to
be the disease-causing mutation for LGMD2H in our patients. The information we currently

possess does not exclude the possibility that V3 may contribute additional effects to the

phenotype.
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The TRIM32 protein has, from the N to C terminal end, a RING finger domain
(InterPro accession [IPR001841), a B1 box (IPR002991), a coiled-coil domain (IPR003649),
and six NHL domains (IPR001258)(www.ebi.ac.uk/interpro/).” It is a member of a growing
family of TRIM or RING-B-box-coiled-coil proteins (Figure 10).'>*" Current knowledge
concerning the RING finger domain indicates that it may have intrinsic ubiquitin (Ub) ligase
activity'” and it is thought that all RING finger proteins are E3 Ub ligases.® This information
suggests that TRIM32 is an E3 Ub ligase that may function in the ubiquitin-proteasome
pathway.

The ubiquitin-proteasome pathway is a specialized mechanism for the
posttranslational regulation of protein levels. The initial step in the Ub-proteasome pathway
is the activation of Ub by an E1 Ub activating enzyme. The activated Ub is transferred to the
E2 Ub conjugating enzyme. The E3 ligase interacts with E2-Ub complex and recruits a
protein to be targeted to the 26S proteasome. The E3 ligase catalyzes the transfer of Ub to
the target protein. The ubiquitinated protein is released from the complex and is recognized
by factors associated with the 26S proteasome. The 26S proteasome digests the ubiquitinated
protein into small peptides. The E3 enzymes are responsible for the selection of proteins for
ubiquitination by this pathway and it is thought that a large number of these enzymes exist.*
It has been shown that the RING finger domain of an E3 ligase mediates interaction with the
E2 conjugating enzyme and is the source of the ligase activity."*® This suggests that
recognition of target proteins by E3 ligases occurs through protein-protein interactions with
areas of the protein other than the RING finger domain. In the case of TRIM32 this function

may be fulfilled by a series of NHL domains.
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NHL domains have been shown to be important for the function of a number of
proteins including LIN-41 of C. elegans and Brat of D. melanogaster both of which act as
post-transcriptional repressors. Of the seven apparent loss-of-function mutations in lin-41
discussed by Slack et al. (2000), five led to amino acid substitutions found in the NHL
domains.”® Loss-of-function mutants of Brat include both deletions of the NHL domains as
well as missense mutations.*** All of these mutations abolish an interaction with another
protein, thereby leading to functional consequences.

This information suggests interesting possibilities as to the role of TRIM32 in
LGMD. If TRIM32 is indeed an E3 ubiquitin ligase, the NHL domains could mediate
interaction with either other members of an E3 Ub ligase complex or the proteins that the
complex targets to the proteasome. Considering the limited distribution of symptoms in
LGMD2H patients and the wide tissue distribution of TRIM32, it is tantalizing to postulate
that the third NHL repeat is involved in interacting with and therefore targeting of one or a
group of proteins to the proteasome to be degraded. A mutation in the NHL domain would
prevent this process and these proteins would accumulate to higher concentrations (Figure
18). The restriction of symptoms to muscle tissue may have two explanations: (i) the third
NHL domain may be interacting with muscle specific proteins; (ii) although the increased
level of proteins is not restricted to muscle, it may only have a toxic effect in muscle.
Increased levels of some proteins have been reported to cause myopathic symptoms, as
shown by work involving transgenic mouse lines that over-express caveolin-3 or
8-sarcoglycan.”®*® Furthermore, the gene mutated in rare forms of Parkinson disease,

PARK?2, is thought to work via a similar pathogenic mechanism. Parkin, the product of
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Figure 18: Schematic of the proposed pathogenic mechanism of LGMD2H. The figure shows TRIM32 as an E3 ubiquitin
ligase responsible for the recognition of a target protein (bullseye). WhenTRIM32 is functional, the target gets ubiquitinated and
degradedwhereas when TRIM32 is non-functional (LGMD2H) it accumulates and potentially causes a myopathy.



PARK2, is known to be a RING finger containing E3 Ub ligase.”” The neuronal death seen
in Parkinson disease is thought to be a direct result of the accumulation of proteins which are
no longer ubiquitinated by mutant forms of parkin and therefore are not degraded by the
proteasome.'***” We favour such a model in the pathogenesis of LGMD2H.

Recently a paper was published, linking TRIM32 to skin cancer, that provided some
evidence that this hypothesis may be correct.'** TRIM32 was shown to be upregulated in
certain models of skin cancer as well as in human skin tumours. They found that TRIM32
was associated with ubiquitinated proteins and was ubiquitinated itself. These characteristics
are suggestive of an E3 Ub ligase. The authors concluded that TRIM32 exerted its effects
during carcinogenesis by inhibiting apoptosis. This suggests that LGMD2H may be a result
of increased apoptosis due to inactivation of TRIM32 by mutation.

We have been able to perform limited characterization of the TRIM32 gene product
ourselves and while we have not been able to show a direct link between this protein and the
Ub proteasome system we have uncovered some very interesting information. TRIM32
appears to exist in large ‘bodies’ in the cytoplasm of the cell. This leads to a diffuse punctate
staining when the cells are subjected to immunofluorescence microscopy. These bodies no
longer appear to be present in fused myotubes and there is only small focal areas of staining
in mature muscle tissue. This suggests that TRIM32 may be more important in the
regeneration of muscle via myoblast fusion rather than in the maintenance of individual
myofibres.

The potential interacting proteins identified by bacterial two hybrid screen, while

confusing, hold promise to shed some light on the native function of TRIM32. Our original
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intention was to identify an E2 enzyme using the N-terminal portion of TRIM32 (RING and
B-Box) and a substrate with the C-terminal portion of TRIM32 (NHL repeats). None of the
genes found are known to have E2 conjugating ability and it remains to be seen if any of the
potential interacting proteins are substrates for TRIM32. There is the indication that TRIM32
may have some role in regulating actin dynamics or in maintaining a functional sarcoplasmic
reticulum. Six genes that are known to bind actin were identified as well as four SR resident
proteins and three chaperones. The identification of myopodin (SYNPO2) as a potential
interacting protein is particularly intriguing as it is thought to be involved in actin
polymerization during myoblast fusion. This further strengthens the hypothesis that TRIM32
is involved in regenerating muscle.

It remains to be determined how TRIM32 causes LGMD when mutated. It is unclear
how these observations regarding apoptosis, muscle regeneration, actin dynamics, and SR
function relate to one another. There are many potential avenues of research that have to be
explored before there are any definitive answers regarding the pathogenic mechanism

underlying LGMD2H.
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5. Identification of the LGMD2I gene

The bulk of the data presented in this chapter have been published in the following three

articles:

- Poppe M, Bourke J, Eagle M, Frosk P, Wrogemann K, Greenberg C, Muntoni F, Voit T,
Straub V, Hilton-Jones D, Shirodaria C, Bushby K. Cardiac and respiratory failure
in limb-girdle muscular dystrophy 21. Ann Neurol 2004; 56(5): 738-741.

- P Frosk, CR Greenberg, AA Tennese, R Lamont, E Nylen, C Hirst, D Frappier, NM
Roslin, M Zaik, K Bushby, V Straub, M Zatz, F de Paula, K Morgan, TM Fujiwara,
K Wrogemann. The most common mutation in FKRP causing limb girdle muscular
dystrophy type 21 (LGMD2I) may have occurred only once and is present in
Hutterites and other populations. Hum Mutat 2005; 25(1): 38-44.

- PFrosk, MR Del Bigio, K Wrogemann, CR Greenberg. Hutterite brothers both affected
with two forms of limb girdle muscular dystrophy: LGMD2H and LGMD2I. Eur J

Hum Genet 2005 (In Press).

I'would like to acknowledge the contributions of the following individuals: (1) Ryan Lamont
for performing the genome scan described in this chapter, (2) Ted Nylen, Cheryl Hirst,
Alyssa Tennese, and Amanda Fortier for the determination of some genotypes, (3) Dr. Ken
Morgan and Mary Fujiwara for help with the genome scan, calculating LOD scores, and
preparing the Human Mutation manuscript, and (4) Drs. Kate Bushby, Mayana Zatz, and

Volker Straub for providing non-Hutterite LGMD2I patient samples.
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5.1 Introduction

Prior to the identification of the gene causing LGMD2H (chapter 4), it became
apparent that a selection of Hutterite LGMD families did not show linkage to chromosome
nine. As expected, none of the affected individuals in this group tested positive for the
TRIM32 mutation once it had been discovered. We hypothesized that at least one other locus
was responsible for LGMD in this subset. A genome-wide scan was undertaken in five of
these families and significant LOD scores were obtained for markers at chromosome region
19q13.3, the site of a previously described LGMD locus, LGMD2l. LGMD?2| was first
reported in a large consanguineous Tunisian family and mapped to a 3.2 Mb region
delineated by the markers D19412 and D19S879.° Haplotyping was performed in our
Hutterite families and we were able to reduce this region to 1 Mb, flanked by the markers
D19+#A12 and D19606. This region contained five genes, none of which were good
candidates for a muscular dystrophy gene.

Concurrent with our study, another group (Brockington et al.) searching for
congenital muscular dystrophy (MDC) genes by a bioinfomatic / homology method identified
a novel gene on chromosome 19.°° This approach was used because MDC is very
heterogeneous and families are generally quite small because the disease is severe and
manifests at birth. This makes linkage analysis very difficult when looking for novel loci.
The gene that was identified, FKRP (fukutin-related protein), was highly homologous to the
fukutin gene, in which mutations cause a common MDC in Japan (Fukuyama congenital

muscular dystrophy, OMIM #607440).'*-*** Mutations in FKRP were found to be responsible
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for a subset of MDC patients and the disorder was given the name MDCI1C (OMIM
#606612).%°

FKRP was an ideal candidate for the LGMD2| gene and we were able to localize it
within the region delineated in our study. We screened FKRP and found ¢.826C>A, a mild
leucine to isoleucine mutation in the Hutterite patients (L2761). While attempting to
determine if this was the true causative mutation and not a common polymorphism, the group
that identified FKRP published a manuscript describing a later-onset LGMD caused by
mutation in FKRP.?” Subsequently, Driss et al. identified FKRP mutations in the original
Tunisian family, confirming that FKRP is the LGMD2I gene.®’ Interestingly, the L2761
mutation identified in the Hutterites was also found by Brockington et al. in a majority of
their LGMD2I patients, which they attributed to a mutational hotspot.”” Recent work has
shown that LGMD2I is one of the most common forms of LGMD worldwide, largely
because of the prevalence of the L2761 mutation.*

FKRP is thought to be a glycosyltransferase that may function in the O-linked
glycosylation (mucin-type) of proteins such as ""-dystroglycan, potentially disturbing the
DGC link to the extracellular matrix.”*'** Since the discovery of this gene there has been an
enormous amount of work done on this and other similar proteins.'"* O-linked glycosylation
defects have been found to underlie many congenital forms of muscular dystrophy including
Fukuyama Congenital Muscular Dystrophy (FCMD, OMIM #607440), Walker Warburg
Syndrome (WWS, OMIM #236670), Muscle-Eye-Brain Disease (MEB, OMIM #253280)
and Muscular Dystrophy Congenital type 1D (MDCI1D, OMIM #608840).'%'% These

disorders usually show neurological and occasionally optic defects in association with the
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muscular dystrophy, largely due to the importance of "'-dystroglycan in the brain and
eye.'"®""" FKRP is peculiar in this respect because not only do severe mutations usually not
cause extra-muscular manifestations but mild mutations lead to a more benign later-onset
disorder.

Due to the unique population that we were working on, we have been able to perform
certain analyses that could not have been done otherwise. A comparison of the clinical
characteristics of the two LGMD patient groups in the Hutterites has allowed us to make
some genotype-phenotype correlations. LGMD2I patients generally have an earlier age at
diagnosis, amore severe course, and higher SCK levels. A subset of individuals affected with
LGMD2I show calf hypertrophy, cardiac symptoms, and severe reactions to general
anaesthesia. None of these features are present amongst LGMD2H patients.

In addition, we have been able to make some conclusions regarding the natural
history of the L2761 mutation in FKRP. A single common haplotype surrounding the FKRP
gene was identified in the Hutterite LGMD?2I patients. An identical core haplotype was also
identified in 19 other non-Hutterite LGMD?2I patients from Europe, Canada, and Brazil. The
occurrence of this mutation on a common core haplotype suggests that L2761 is a founder
mutation that is widely dispersed among Caucasian populations.

5.2 Results
(A) Subjects
DNA samples from 39 Hutterites, including 12 affected with LGMD, from 4 families

were included in a genome-wide scan (pedigrees L-O, Figure 19). In addition, to these larger
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Figure 19: LGMD2I pedigrees. Each pedigree is assigned an identifier (L-V)
and individuals are numbered according to generation. Birth order has been
randomized to protect anonymity. Individuals denoted with “NA” were not
available for study. Individuals highlighted by a grey background were not used
in the original genome scan.
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families, we collected 7 other small Hutterite families with 10 individuals affected with
LGMD (pedigrees P-V, Figure 19). There are families from all 3 subdivisions of the
Hutterites: 4 are Schmiedeleut (M, O, Q, and U), 6 are Dariusleut (L, N, P, R, S, and T), and
1 is Lehrerleut (V). All families, with the exception of pedigree V, can be linked into one
large, complex pedigree on the basis of our two available genealogical records (Schmiedeleut
and Dariusleut).'”**' The LGMD2H families referred to in this study are those in chapter 4
(pedigrees A-K, Figure 5). Note that individual Q II:1 is a carrier of one LGMD2H allele
(Figure 19). A slightly larger control group of 111 healthy individuals was used, compared
to the original 100 used in the LGMD2H study.

(B) Genome scan and haplotype analysis

A full genome-wide scan was performed in collaboration with the Montreal Genome
Centre. The five LGMD families were included alongside samples for another Hutterite
disorder, Bowen-Conradi syndrome (BCS), and the scan was performed by a colleague. The
fine details of the scan have been recently published in a manuscript describing the discovery
of the BCS locus."’ In short, the genome-wide scan consisted of 389 microsatellite markers
with an average spacing of 9.1 cM. Singlepoint parametric linkage analysis with a fully
penetrant autosomal recessive disease model was performed using GENEHUNTER 2.1.'47-1%8
LOD scores were calculated for each of the 4 families individually because inclusion of all
the interrelations made the calculation intractable. A maximum LOD score of 1.50 at
D19387 was obtained. The second highest score was 0.87 at the adjacent marker, D19S178,
and the third highest score was 0.67 at D2S407. These LOD scores were all at zero

recombination. Using multipoint linkage analysis, the maximum multipoint LOD score was
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3.18 at D19S178. The region with the next highest multipoint LOD score was 0.67 at
D2307.

To define a candidate gene interval, families were genotyped for 14 additional
microsatellite markers in a 13 ¢cM region between two genome-scan markers, D19S178 and
D193246 (Figure 20). Excluding markers used in the genome scan ~2500 genotypes were
generated for markers on chromosome 19. One of these markers, D19902, had a singlepoint
LOD score of 5.33 at zero recombination, clearly identifying this region of chromosome 19
as the causative locus in these families. This was the site of the LGMD2I locus, a 3.2 Mb
region delineated by the markers D19412 and D19S879.% Recombinations in our families
were observed between markers D19002 and D193596 (L I11:1) and somewhere between
DM and D19340 (L II:6)(Figure 20). We were also able to infer two ancestral
recombinations in pedigree N that further reduced the region of homozygosity to between the
markers DM and D193606 (Figure 20). Using the data presented in the original LGMD2|
mapping paper we can conclude that the LGMD?2I gene must lie in the 1 Mb region between
the markers D19412 and D19606 (Figure 21).

(C) Mapping and mutation identification

When we had identified the LGMD2I locus, the human genome project had just
recently published the draft sequence."”'*”* The chromosome 19q13.3 area had some major
gaps and rearrangements but in the most recent build the sequence is high quality and
contiguous.”*'*" Surprisingly, very little has changed regarding gene content or the relative
positions of the genes. Within the region delineated by haplotype analysis were five known

genes; PRKD2, STRN4, S_C1A5, AP2S1, and GRLF1 (Table 12). All of these genes were
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Figure 20: Chromosome region 19q13
haplotypes. Recombinations are evident
(L II:1 and L III:6) that define a
candidate region for LGMD2| between
the markers DM and D193596 (an area
now known to be 3.0 Mb). Inferred
ancestral recombinations do not change
the upper boundary (N I:1) but do raise
the lower boundary (N I:2). This reduces
the region to 1.7 Mb, flanked by DM and
D193606 (region enclosed by the open
rectangle). Microsatellite alleles are
given in bp, 0 indicates no data. SNP
alleles are presented in nucleotides
unless there is a coding change and then
itis in three letter amino acid code. Black
background on haplotypes indicates
consensus disease-associated alleles,
white indicates non-consensus disease
associated alleles, and yellow/green
indicates a normal parental
chromosome. Alleles without an outer
vertical border indicate that the allele is
uninformative for a crossover. Note the
five central markers from FKRPS52 to
FMSX2, one of which is the causative
mutation, were not available at the time
of fine mapping. They were included to
allow for comparison with haplotypes
presented in figure 24.



UCSC (Mb)

Marker/Gene May 2004
D19S587 39.9
D19S896 42.2 Gene mutated in
RYR1 43.7<+— Malignant hyperthermia
D19S223 46.1 and Central core disease
D19S217 49.0
D195178 49.1
D195903 49.7
D19S918 50.2 N
D195908 0.6 TIDnl\ellF?}z,recleoxf;th:il;[)hrzz >49 repeats
D19S219 50.7/ cause Myotonic dystrophy
DM 51.0
D195412 2l1.7
Combined 51.9
candatc 52.0
~1 Mb 52.2
D19S606 52.7
D19S902 53.0
D19S596 53.9
D19S879 54.2
D19S550 54.6
D19S867 55.2
D195904 95.5

Figure 21: LGMD2I candidate region. A selection of markers and genes in
chromosome region 19q13. The minimal region identified in this study is
shown in yellow. The original published LGMD2I locus is shown in blue.
Combined, these data suggest a smaller 1 Mb region in which to search for
potential causative genes.
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Table 12: Genes within the LGMD2I region and positions in relation to FKRP

Locus Locus ID? Full Name Description
PRKD2 25865 Protein Kinase D2 Serine / Threonine kinase, may control exit from trans -golgi
STRN4 29888  Striatin, calmodulin binding protein 4 Scaffolding / signalling protein, expressed in brain
SLC1A5 6510  Solute carrier family 1, member 5 Neutral amino acid transporter
AP2S1 1175 Adaptor-related protein complex 2, sigma 1 subunit  Links clathrin to receptors on coated vesicles
GRLF1 2909  Glucocorticoid receptor DNA binding factor 1 Represses glucocorticoid receptor mediated transcription
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relatively well characterized and none of them showed any similarity to previously
characterized muscular dystrophy genes. In addition, there were no obvious indications for
novel uncharacterized genes such as spliced ESTs. There were two known muscle disease
genes in the relative vicinity, DMPK causing myotonic dystrophy (DM1, OMIM #160900)
and RYR1 causing a sensitivity to malignant hyperthermia episodes (MHS1, OMIM
#145600) and central core disease (CCD, OMIM #117000), but they were outside of the
region (Figure 21). In fact, they were outside of even the large region determined by Driss
et al.®

The same week that we completed our fine mapping studies, Brockington et al.
reported that a form of congenital muscular dystrophy was caused by mutations in FKRP.
This novel gene was a promising candidate gene for LGMD2I and we found that it was
indeed localized within the 1 Mb region defined by our studies. The reason that it was not
apparent originally was that the 5' ends of FKRP and STRN4 overlap, with FKRP facing
centromeric>telomeric and STRN4 facing telomeric>centromeric, confounding many of the
gene prediction and alignment programs.

The entire coding region of FKRP was sequenced in one Hutterite LGMD2I patient
who was found to be homozygous for a missense mutation, c.826C>A (L276I), that results
in the substitution of isoleucine for leucine. A testing method was devised to detect the L2761
mutation based on a natural restriction site that is abolished by the C>A change (Figure 22).
Upon digestion of a 686 bp fragment by Bfal (NEB) the C allele yields 438 and 248 bp
fragments whereas the A allele remains uncut. This test only works consistently if very small

amounts of fragment are digested (0.5 -1 of PCR amplicon digested in a 20 -1 volume), if
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Figure 22: Detection of L2761 in FKRP. (A) Electropherogram of sequence from exon 4 of
FKRP showing the L2761 mutation. The upper sequence was obtained from an unaffected
individual and the lower from an affected individual. The mutation changes a Leu codon
(CTA) to an Ile codon (ATA). (B) Assay for L2761 based on a natural Bfal site (CTAG)
abolished by the change. The full length fragment is 686 bp and when the site is present, Bfal
digestion will produce 438 bp and 248 bp fragments. N = homozygous L276, C =
heterozygous, A = homozygous L276l. Individuals shown were randomly selected, in all
cases L2761 segregates with the disease phenotype.
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larger amounts are used much of the fragment remains uncut regardless of the genotype. We
found that every Hutterite LGMD patient, who was not homozygous for the TRIM32
mutation, was homozygous for FKRP L276I. In addition, L2761 was not found in our control
group of 111 individuals.”

As we were completing this work, Brockington et al. reported a later-onset LGMD
being caused by mild mutations in FKRP.?” The suggestion was that depending on the nature
of the mutation you could get phenotypes ranging from congenital muscular dystrophy to
LGMD. The same mutation found in the Hutterite patients was also found by their group,
with the patients from 15 of their 17 LGMD2| families, being homozygous (five families)
or heterozygous (10 families). The group that originally identified the LGMD?2I locus in a
large Tunisian family was able to identify mutations in FKRP although they were novel and
did not include L2761.°" Since then many studies have been done on patients with LGMD2I
[174208275

and it is found that the bulk of Caucasian patients carry at least one copy of L276

(D) Genotype-phenotype correlations

To date we have identified 74 Hutterite individuals from 22 families who are
homozygous for either TRIM32 D487N or FKRP L276I. Table 13 shows clinical details on
individuals who are homozygous or heterozygous for the mutations. There is considerable
clinical variability even among siblings. SCK levels tended to be higher in the LGMD2I than
inthe LGMD2H patients. Severe dilated cardiomyopathy was the presenting symptom in one
LGMD2I patient and has subsequently been found in another two patients. Calf hypertrophy

with proximal muscle wasting reminiscent of that seen in patients with Becker muscular
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Table 13: Clinical differences between LGMD2H and LGMD2I in Hutterites

Age of . . .
Mutation Status Num b @ Onset Calf Hypertrophy Cardiac Status hllelE Rgstmg bz DU S L §tatus
Individuals (years) CK (U/litre) of Max Normal (age range in years)
13 Asymptomatic (7-42), 26
9-42 Normal (14), Ambulatory (9-53), 4 Assisted
a -
Homozygote 46 Mean=24  A\DSent(46) Not studied (32) 81 - 5,556 10X ambulation (42-47), 3 Wheelchair
LGMD2H/ bound (60-66)
TRIM32 D487N
Heterozygote 54 na Absent (54) Not studied (51) 44 - 1,460 1X 54 Asymptomatic (6-77)
95 Absent (11), Dilated cardiomyopathy 20 Ambulatory (5-45), 1 Assisted
Homozygote 22P Mean = 12 Borderline (2), (3), Normal (11), Not 322 - 26,087 33X ambulation (40), 1 Deceased /
- Present (9) Studied(8) congestive heart failure (40)
LGMD21/
FKRP L2761
Heterozygote 39 na Absent (39) Not studied (39) 52-411 1X 39 Asymptomatic (6-70)
Double Absent (7), Not . ) 7 Asymptomatic (12-47), Not
Both Heterozygote 8 na studied (1) Not studied (8) 35-294 1X studied/Deceased (1)

SIx of these are also heterozygous for LGMD2I with no obviously different phenotype

P One of these is also heterozygous for LGMD2H with no obviously different phenotype
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dystrophy has been observed in the LGMD2I patients in our study but is not a constant
feature. No other muscular hypertrophy, including macroglossia, was noted.

Two children presented with reactions to inhalation anaesthetics (succinylcholine /
halothane) during dental surgery, one with a masseter spasm and the other with severe
rhabdomyolysis. Both of these patients recovered post-operatively. They showed persistently
elevated resting SCK levels and muscle biopsies with dystrophic features. Both were
subsequently found to be L2761 homozygotes. Recently a German LGMD2I patient
(compound heterozygote for L2761 and V121E) was reported to also have had a malignant
hyperthermia-like episode subsequent to inhalation anaesthetic *”°. This suggests that
LGMD2I patients, in general, are at risk for reactions to anaesthetic, possibly due to linkage
disequilibrium with the RYRL locus, in which mutations are known to cause malignant
hyperthermia susceptibility (Figure 21).**

Unlike LGMD?2I, to our knowledge LGMD2H patients have shown none of the
following characteristics: muscle hypertrophy, reaction to general anaesthetics, or
development of cardiomyopathy. In addition, none of the LGMD patients of either type that
we have studied have shown signs of facial weakness or any respiratory symptoms; however,
subtle respiratory difficulties cannot be ruled out .

Among the Hutterite LGMD families that we studied, there was one individual who
was homozygous for FKRP L2761 and heterozygous for TRIM32 D487N. This individual (Q
II:1, Figure 19) has proximal muscle weakness and a highly elevated SCK level of 9,190
U/L. There were also six individuals who were homozygous for TRIM32 D487N and

heterozygous for FKRP L276I, representing two families (a father and daughter from one
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family [D III:1 and I'V:2] and a set of four siblings from another family [F II1:4, IIL:5, II1:6,
and III:10])(Figure 5).Individual D II:1 is ambulatory but has proximal muscle weakness, a
dystrophic muscle biopsy, and a SCK level of 669 U/L. His daughter is asymptomatic at this
time and her SCK level is 267 U/L. In the remaining family, all four siblings have SCK
levels >10x maximum normal (range 1,700 - 2,960 U/L), one has had a clearly dystrophic
muscle biopsy, and two show proximal weakness but they are all ambulatory. Within both
of these families there are eight individuals who are heterozygous for both mutations. Seven
of these individuals were available for study and were clinically normal. SCK values for
these individuals ranged from 35 - 294 U/L.

Recently, a new nuclear family that is part of one of the LGMD2H pedigrees (F,
Figure 5) came to our attention. The father, F I1I:4, had participated in our original LGMD2H
study and was identified to be homozygous for the TRIM32 mutation.”’*”® Due to parental
concern of decreased stamina in F IV:10 and IV:11 (10 and 7 yrs), a detailed clinical
examination of the entire family was performed and findings are shown in Table 14 (none
of these individuals are included in Table 13 with the exception of the father, FIII:4). Both
of the boys in question had slender builds with no muscle hypertrophy or atrophy and no
joint contractures. There were no objective signs of muscle weakness, normal cranial nerves,
a negative Gower sign, and normal running in the clinical setting. The children had normal
cardiac and respiratory exams, and echocardiograms showed no evidence of cardiac disease.
SCK levels were elevated at 1555 and 1055 U/L respectively (normal <165 U/L). The other
3 sons F IV:9,1V:12, and IV:13 (11, 6 and 4 yrs), had similar builds to their brothers and

normal physical examinations. Their SCK levels were 160, 151 and 213 U/L respectively
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Table 14: Clinical data on Hutterite family with both LGMD mutations

Current Age at Cardiac Highest
age (yrs) onset Presenting complaint Muscle Testing Assessment Resting Other Comments Current status
2= (yrs) CK (U/L)
Fllla 20 Latg Chronically fatigued  Moderate proximal muscle Normal 2030 Marked _ Slowly progressive
twenties legs weakness trendelenberg gait  weakness
F111:22 33 NA None No sign of atrophy or weakness Normal 117 Asymptomatic
F1V:9 11 NA None No sign of atrophy or weakness Normal 213 Asymptomatic
. . . Actively dystrophic .

FIV:10 10 8 Decreased stamina No sign of atrophy or weakness Normal 1055 biopsy Decreased stamina
FIv:11 7 5 Decreased stamina No sign of atrophy or weakness Normal 1555 Decreased stamina
FIv:12 6 NA None No sign of atrophy or weakness Normal 151 Asymptomatic
FIV:13 4 NA None No sign of atrophy or weakness Normal 160 Asymptomatic
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(normal <165 U/L). Their 33 year old mother, I11:22, was also asymptomatic (CK level 117
U/L; normal 28-110 U/L) and their 40 year old father, III:22, had moderate slowly
progressive proximal muscle weakness and an SCK level of 2030 U/L (normal 52-175 U/L).
A muscle biopsy was performed on individual F IV:10 that showed moderately severe
dystrophic changes (see chapter 6, Figure 29).

Genotyping for the two LGMD-causing mutations and surrounding markers was
performed. Both parents (F I1I:4 and I11:22) and all five sons (F IV:9-13) were found to be
homozygous for the LGMD2H mutation (Figure 23). Genotyping of the LGMD2I mutation
revealed that both F II1:4 and II1:22 were carriers as were their three asymptomatic sons. The
two sons with parental concerns of decreased exercise tolerance (IV:10 & IV:11) were also
homozygous for the LGMD2I mutation (Figure 23).

There is clearly an enormous amount of variation within our LGMD2H cohort (Table
13). We have identified a number of individuals that are asymptomatic even in their third
decade. Our estimate of the average age at onset is about 24 yrs and there is a tendency for
males to manifest signs and symptoms earlier and have higher SCK values.” It is not
surprising to us that the three boys and their mother, unlike the father, are not showing signs
of muscular dystrophy, although we expect disease to manifest eventually. There is also a
large amount of variation within our LGMD2I cohort, however we estimate the average age
at onset to be about 12 yrs (range is 2 - 25 yrs). This appears to explain why only the two
boys homozygous for the LGMD2I mutation are symptomatic at a young age.

These observations seem to indicate that while similar, LGMD2H and LGMD2I are

different in many respects and can often be differentiated. Also on the basis of patients with
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Figure 23: Haplotypes of Hutterite family with both LGMD mutations. Shown are the chromosome regions surrounding the
causative mutations of LGMD2H and LGMD2I respectively (in boxes). Alleles corresponding to the consensus Hutterite disease-
associated haplotypes are outlined in black, alleles not corresponding are white. Green and yellow haplotypes are the paternal and
maternal non-disease-associated haplotypes respectively. Alleles for microsatellite markers are designated by length in bp, single
nucleotide polymorphism (SNP) alleles are designated by nucleotide or amino acid (for coding SNPs), and deletions are designated
by +/- (not deleted/deleted).



various combinations of genotypes at the two loci it appears that there is very little
interaction between them. Even a double homozygote does not differ objectively on physical
examination from a homozygote for either LGMD2H or 21, at least at an early age.
(E) Natural history of the common LGMD2I mutation

In addition to our work involving genotype-phenotype correlations, we wished to
determine why the L2761 mutation in FKRP was so common. The original publication by
Brockington et al. contained a figure with numerous haplotypes and they implied that there
was a hotspot for mutation. However, closer inspections of the haplotypes revealed that the
markers used in the study were widely spaced and we postulated that markers located closer
around the L2761 mutation might reveal a different picture. We therefore obtained DNA from
19 non-Hutterite LGMD2I patients. Twelve are from the UK, five from Brazil (4 Caucasian,
1 African-Brazilian), one is from Germany, and one is German-Canadian. Fourteen of these
patients are homozygous for the FKRP L276] mutation and the remaining five are
heterozygous for this mutation. The second mutation in four of the five compound
heterozygotes is ¢.928G>T (E310X), c.836G>A (W279X), c.898G>A (V300M), or
c.919T>A (Y307N) while no other mutation was identified in the coding sequence of FKRP
for the remaining heterozygote.

We also discovered four novel markers nearer to the L2761 mutation to supplement
those used for our gene identification studies. These novel markers were identified by
sequence comparison between the two available drafts of the human genome sequence.'*'*”

The markers thus identified were FKRP52, rs3810288, FKRP ¢.135C>T, and FM&2.

FKRP52, a CA/CAA repeat found within an intron of the PRKD2 gene, was amplified by
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polymerase chain reaction (PCR) with FKRP52_F and FKRP52 R.'*° Rs3810288 in the
FKRP promoter was amplified in a 118 bp fragment using rs3810288 F and rs3810288 R.
A mismatch in rs3810288 R creates an Hpy188I site (NEB), the C allele yields two
fragments when digested (96 bp and 22 bp) and the G allele remains uncut. FKRP ¢.135C>T
is a silent variant within codon 45 of FKRP. It was amplified in a 702 bp fragment using
FKRP ex.4(1)F and FKRP ex.4(1)R. The fragment was then digested with NgoMIV (NEB),
the C allele yields two fragments (499 bp and 203 bp) and the T allele remains uncut. FMS2,
a CA repeat found within the 3' UTR of SLC1AS5, was amplified with FMS2 F and
FMS2 R."’

Genotypes were obtained and compared to those found in the Hutterite patients. The
majority of Hutterites who are homozygous for the L2761 mutation are also homozygous for
D19A412 (109 bp), FKRP52 (110 bp), rs3810288 (G allele), c.135C>T (T allele), FMS2 (142
bp) and D193540 (184 bp) (for example see individuals in Figure 20). This indicates that a
genomic segment of about 0.5 Mb is shared among Hutterites carrying L2761 and is likely
identical by descent from a common ancestor. In comparison to the allele frequencies of our
111 controls (Table 15) there is a strong association of L2761 in the non-Hutterite patients
with the 110 bp allele of FKRP52 (52 kb centromeric of L276I), the G allele of rs3810288
(10 kb centromeric of L2871), the T allele of ¢.135C>T (0.7 kb centromeric of L2761), and
the 142 bp allele of FMS2 (19 kb telomeric of L276I). The association of L2761 with the 109
bp allele of D19A412 (250 kb centromeric from L2761) and the 184 bp allele of D19S540

(250 kb telomeric of L2761) does not appear as strong (Table 15). The markers flanking this
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Table 15: Frequency of L276I-associated alleles

: : : Physical distance
Hutterite 276l Non-Hutterite 2761 Frequency in control from the L276I

ML Al chromosomes (%) chromosomes (%) chromosomes (%) : 2
mutation (bp)
DM 22 repeats 92° 0 nd -986,085
D19S412 109 bp 100 70 36 -248,199
FKRP52 110 bp 97° 82 2 -52,237
rs3810288 G 100 97 34 -10,554
FKRP ¢.135C>T T 100 100 14 -691
FKRP L276I lle 100 100 0 0
FMS2 142 bp 100 94 18 +18,767
D19S540 184 bp 100 79 31 +247,548
D19S606 184 bp 87° 10 nd +714,207

4UCSC Human Genome Assembly website (http://genome.ucsc.edu/index.html; April 2003 assembly)
®The other observed alleles were DM / 5 and 13 repeats; FKRP52 /112 bp; D19S606 / 180 and 182 bp



Hutterite  NCL-01 NCL-02 NCL-03 NCL-04 NCL-05 NCL-06 NCL-07 NCL-09 NCL-11
DM 13 7 7 7 7 12 12 6 6 6 6 12 12 14 15 5 15
D19S412 WoAm 109 109 | 109 109 97 97 109 109
FKRP52 110 110§ 110 110 110 110§ 110 110 110 110§ 110 110
SNP:rs3810288 G G G G G G G G G G G G
FKRP ¢.135C>T T T T T T T T T T T T T
FKRP L276I lle lle lle lle lle lle lle lle lle lle lle lle
FMS2 142 142 ] 142 142 142 142 | 142 142 142 142 | 142 142
D19S540 188 188 [EEZEENR:Y1 184 184 | 184 184 JEZNEYY 188 188
D19S606 180 180 180 180 182 182 180 184
Compound

Heterozygotes E310x/L2761 W279X/L276] 2 /L2761 V300M/L2761 Y307N/L276I
NCL-08 NCL-10 NCL-12  C17.553 G-04
DM 12 15 10 5 5 5 0 0 11 11

D19S412 109 89 99 97 111 ek

FKRP52 114 100 103 94 116 108

SNP:rs3810288 C C C C C G

FKRP ¢.135C>T| C C T T C T

FKRP L2761 | Leu Leu MIEH Leu Leu G

FMS2 148 146 by 142 152 Y]

D19S540 190 186 KLy 184 184 KL

D19S606 0 178 180 180 186 180

G-01
13

13

C6.625

11

C8.749

14 14 0 0
109 109 | 109 109

108 108 108 108

C10.882

142 142 | 142 142
184 184 | 184 184
180 180 180 180

Figure 24: Genotypes of non-Hutterite LGMD2I patients. Markers are spread across a 1.7 Mb region flanking FKRP. The
Hutterite haplotype corresponds to the most frequent haplotype in the Hutterites. NCL-01 through 12 are Caucasian patients
collected in the UK. C6.625, C8.749, C11.975 and C17.553 are Caucasian Brazilian patients and C10.882 isAfrican-Brazilian . G-
01 is German and G-04 is German-Canadian. Black regions indicate alleles that are consistent with the consensus Hutterite
haplotype; grey shading indicates alleles that are one repeat unit different and may have arisen by slipped mispairing during DNA
replication; boxed areas indicate alleles that were phased by PCR cloning. Alleles for microsatellite markers are designated by
length in bp except for DM which is reported in the number of CAG repeats. For the ¢.135C>T and rs3810288 alleles are designated
by nucleotide and for FKRP L2761 alleles are designated by amino acid.
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C11.975
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region (DM, 1 Mb centromeric and D193606, 0.7 Mb telomeric) show no association with
L2761 in the patients that we studied (Table 15).

Using these genotypes we were able to construct probable haplotypes in these non-
Hutterite LGMD2I patients (Figure 24). Recombination appears to have occurred between
L2761 and FMS2 on one chromosome (C11.975) and between rs3810288 and ¢.135C>T on
another (NCL-10). This results in a very small common core haplotype consisting of the
mutation itself and c.135C>T. The likelihood that this set of associations has occurred by
chance is low and reflects strong linkage disequilibrium. Thus, L2761 appears to have arisen
only once and is identical by descent in most, and possibly all patients. The presence of a
homozygous African-Brazilian individual showing these same associations (C10.882) raises
the possibility that the mutation is not specific to Caucasians. However, with our limited data
this cannot be conclusively determined, particularly in light of the extreme amount of
admixture amongst Brazilians *%*.

Of note are the discrepancies present at the FKRP52 locus. A possible mutation in
FKRPS52 due to slipped strand mispairing during DNA replication is present on five of the
nine Brazilian chromosomes (110 bp > 108 bp). This suggests a recent Brazilian mutational
event in a common ancestor of three of these five Brazilian patients **. In addition, within the
Hutterite population there are also individuals with a 112 bp allele instead of'a 110 bp allele
on the same haplotype as the L2761 mutation. Through cloning and sequencing we have
found a large amount of variation in FKRP52 (Figure 25). There is variation in both a
dinucleotide (CA) and trinucleotide (CAA) stretch between the FKRPS52 primers, however,

trinucleotide variation is much less common. We have found that the range of variation in

131



[43!

S I A PR R C AL AC AAC A AGRRCAC ACACACAC ACACACACACACACA ACTGAGGTTCTAAGAT
ARt 1 AC AAC A A C ACACACACAC A ACTGAGGTTCTAAGLT
100bp : ¥ ACACACH ACTGAGGTTCTAAGLT
101bp c AARCARCA - A ACTGAGGTTCTAAGAT
102bp : ; A - 3 CACACACACH e ACTGAGGTTCTAAGAT
103bp : 1 A AC A C ARG A ACACAC ACACACACAC ACACACACACAC A AC AC | ACTGAGGTTCTAAGAT
108bp : C NCAACALCAR ACACACAC] ( - ---———————————————— ACTGAGGTTCTAAGAT
10%bp : 1 i) ARCAACH ; LC AC AT ACAC ACACACACACAC ACACAC A ACTGAGGTTCTAAGAT
—Pii10bp : : ACACH : ACACACACACACACACACSH - - ACTGAGGTTCTAAGAT
112bp : ; :: ACACACAC] ; T ACTGAGGTTCTAAGLT
118bp : i : ACACH e ACTGAGGTTCTAAGAT
122bp : CAC A R ACTGAGGTTCTAAGAT
1z24bp : : C CACACACACACAC
128bp : TCTCCAAAAAASTISNIET Tttt

Figure 25: Sequences of selected FKRP52 alleles. Genomic DNA from patients and controls (both homozygous and heterozygous) was
used to amplify the FKRP52 locus and fragments were PCR cloned. Cloneswereanalysed on a polyacrylamide gel to identify both alleles in
heterozygotes (individuals were chosen on the basis of large size differences between the two alleles to allow for differentiation) and one of
each was sequenced. Only a portion of the entire fragment is shown, the full size of each is shown on the left side. The arrow points to the
allele that is in linkage disequilibrium with the L2761 mutation in FKRP. Note the presence of two polymorphic stretches, one is a CAA
repeat (purple) and the other a CArepeat (blue).



the CAA stretch is limited to two possibilities (three or four CAA repeats, four being rare),
whereas the range of variation in the CA stretch is much greater (13 to 31 CA repeats). The
net result is allele sizes in the range of 92 - 128 bp, with variation in the CAA stretch
showing up as odd-sized alleles within this range. Seventeen different alleles were found to
be present in our 111 control samples at frequencies ranging from 0.5% to 26.1%. This
hypervariability readily explains the discrepancies that we have detected at this locus in our
patient samples.

5.3 Discussion

We have demonstrated unexpected locus heterogeneity for LGMD in the Hutterite
population, and have identified patients who are homozygous for a missense mutation in
TRIM32 or homozygous for a missense mutation in FKRP. This provides another example
of genetic heterogeneity of an autosomal recessive disease in a genetically isolated
population. Both locus and allelic heterogeneity were found for LGMD in the Amish, another
Anabaptist isolate.®® At this time, there is no evidence for a third locus causing LGMD in this
population.

LGMD2H appears to be more frequent in the Schmiedeleut subdivision of the
Hutterites, whereas LGMD2I appears to be more frequent in the Dariusleut. Currently, we
do not have an accurate estimate of the relative frequencies of the two mutations in each of
the subdivisions. Overall, we have identified 74 Hutterite LGMD patients.

There is considerable clinical heterogeneity for both LGMD2H and LGMD?2I in spite
of a uniform communal lifestyle and only one mutation for each of the LGMDs. A wide

spectrum in clinical severity has been previously reported for LGMD2I and ascribed to the
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various mutations found in compound heterozygotes.'”* We have similarly large clinical
variation although all our patients are homozygous for the FKRP L2761 mutation. This was
also seen in a recent study by Walter et al. (2004) in which 13/20 patients from
nonconsanguinous matings were homozygous for this mutation and showed similar clinical
variability.?”> Our impression is that patients with LGMD?2I present earlier, follow a more
severe course with possible cardiomyopathy,*”” and have higher SCK levels than LGMD2H
patients. In addition there is no indication of any interaction between the two loci, at least at
ayoung age, as individuals with mutations at both loci are indistinguishable from those with
mutations at only one locus (Table 13 and 14). This is not surprising due to the apparently
different mechanisms by which these genes appear to cause muscular dystrophy.”*"!

It appears that all Hutterite LGMDs are of either type 2H or type 21. This will make
it possible to provide accurate non-invasive diagnostic and carrier testing for LGMD in
Hutterites. Such a DNA-based approach is not yet practical for the non-Hutterite LGMD
population because of the marked locus and allelic heterogeneity. Given the high incidence
of LGMD2I carriers in the Hutterite population, and the risk of cardiomyopathy and
anaesthetic reactions in this group, we would suggest that genetic testing of at-risk
individuals even below the normal age of consent for such testing should be considered and
discussed with the families.

The FKRP L2761 mutation appears to be common worldwide, with respect to
LGMD-causing mutations. Carrier frequency is estimated to be 1/306 on the basis of controls

typed for L2761.°7°%%*" In addition, patients homozygous for L2761 from 28

non-consanguineous families have been reported.’”***”> Our analysis indicates that L2761
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may be a founder mutation, as all Hutterite and non-Hutterite disease chromosomes tested
to date carry the low frequency T allele (14%) at an intragenic SNP (c.135C>T) and the G
allele at rs3810288 in the putative promoter of FKRP (with one exception). The L2761
mutation with the C allele at rs3810288 (NCL-10, Figure 24) is consistent with being a
recombinant chromosome but due to the lack of phase information for most of the genotypes
this cannot be firmly established. The T allele of c.135C>T and the G allele of rs3810288
have been shown to be associated with a further 26 L2761 chromosomes from German

patients,””

strengthening the evidence for a founder mutation. Markers as far away from the
L276I mutation as 0.25 Mb in each direction show readily detectable linkage disequilibrium;
however, markers 0.75 - 1.0 Mb away show very little linkage disequilibrium in the samples
used in this study. This is strong evidence that L2761 has arisen only once. The small
common core haplotype is an indication that the mutation may have occurred long ago.
Further analysis of SNPs in and around FKRP and additional patients will be needed to
confirm that most, if not all, copies of L2761 in the contemporary population are identical by
descent and to accurately estimate the age of the mutation.

The relative frequency of L2761 in Caucasians, compared to other LGMD-causing
mutations, and the high likelihood that it is a founder mutation are readily explained by
genetic drift. However, given the postulated function of FKRP it is tempting to speculate that
a selective advantage may also be contributing to the maintenance of this allele. FKRP is
thought to be a glycosyltransferase and mutations affect the glycosylation of **-dystroglycan,
an essential component of muscle cell membranes.””"*'** An immunoblot of muscle from

39,90,275 vv _

L2761 homozygotes showed a decreased level of fully glycosylated **-dystroglycan.
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Dystroglycan is known to be expressed in numerous tissues and has been shown to be the
receptor for the entry of two different types of pathogens.*>’'*' It is possible that an L2761
heterozygote with a mild defect in glycosylation may have a partial resistance to these or
other pathogens. Over long periods this advantage would then increase the prevalence of the
L276I allele in areas where the pathogen is endemic. On the basis of the data presented here
it appears that the frequent occurrence of L2761 is not the result of multiple ‘de novo’
mutations as was previously thought.” Instead, our findings suggest this mutation has
occurred once and became prevalent through either genetic drift, selective advantage, or

some combination of both.
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6. Identification of the STM gene

Most of the data presented in this chapter were published in the following article:
- B.G.H. Shoser, P. Frosk , A.G. Engel, U Klutzny, H. Lochmller, K. Wrogemann.
Commonality of TRIM32 mutationin causing sar cotubular myopathy and LGMD2H.

(2005) Ann. Neurol. 57:591-595.

I would like to acknowledge the contributions of the following individuals: (1) Isha rivera
and Jossette Douville for determination of some genotypes, (2) Drs. Marc Del Bigio and
Andrew Engel for the preparation of patient muscle samples and pathological examination,
and (3) Dr. Benedikt Schoser for noticing the possible connection between Hutterite LGMD
and STM and kindly initiating an ongoing collaboration with our group. Note, all of the
detailed genetic aspects of this study were performed by our laboratory and the submitted

version of the manuscript was largely written by me.
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6.1 Introduction

Sarcotubular myopathy (STM) was originally described in 1973 by Jerusalem and
coworkers as a congenital disorder in two Hutterite brothers aged 11 and 15 years."”” Both
boys had mild to moderate muscle weakness and wasting (predominantly proximal and
symmetrical) and experienced minor difficulties on strenuous activity. SCK levels were
normal in one brother (X II:4) and moderately elevated to 360 U/L in the other (X II:2,
normal <71 U/L) (Figure 26). The disorder was thought to be autosomal recessive in nature
because the parents of the two boys were asymptomatic as well as consanguineous. STM was
distinguished from other myopathies by its unique structural features."*>'*

The second report of STM was of two brothers aged 33 and 35 yrs from a small
village in Southern Germany.'® The younger brother (W 11:3, Figure 26) had moderate
proximal muscle weakness by age 8 yrs. By age 31, he could walk no further than 10-20 m,
experienced increasingly severe exercise-induced myalgias, and had winged scapulae,
hypertrophied calf muscles, and a positive Gower sign. The older brother (W I1:2, Figure 26)
had a more benign course with only slight weakness, mild exercise-induced myalgias, and
moderate calf hypertrophy. Both had elevated SCK levels, W II:3 to 430 U/L and W II:2 to
1546 U/L (normal <80 U/L). Muscle biopsy studies demonstrated the same vacuolar changes
observed by Jerusalem and coworkers in the two Hutterite brothers as well as other
myopathic features.

As mentioned previously, in 1976, the original description of autosomal recessive

LGMD in Manitoba Hutterites was reported.”* The eleven affected individuals had a slowly

progressive proximal weakness and wasting with mild to moderately elevated SCK levels
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(57 - 562 U/L, normal <40-50). The facial muscles were also affected and it was concluded
that the disorder combined phenotypic features of limb girdle (LGMD) and
facioscapulohumeral (FSHD) dystrophies. The muscle fibres varied in size and contained an
increased number of internal nuclei, and some fibres harbored small vacuoles, although no
connection to sarcotubular myopathy was made. A similar paper was published in 1985 by
the same physician regarding LGMD in Saskatchewan Hutterites and it was presumed to be
the same disorder.”* Our group followed-up on these publications as described in chapter 4
and 5. We discovered that there were in fact two disorders, LGMD2H and LGMD2I, and
they were caused by mutations in TRIM32 and FKRP respectively.’!

A physician treating the two German brothers hypothesized that STM may be caused
by one of the above two LGMD-causing mutations found in the Hutterites. This was mainly
because the original STM family was of Hutterite origin and the clinical presentation of STM
was like that of an LGMD. Our group was contacted and we began a collaboration to
determine if this hypothesis was indeed true.

6.2 Results
(A) Subjects

We were able to obtain genomic DNA from the four reported STM patients as well
as their families through collaboration with Dr. Andrew Engel, one of the authors of the
original Hutterite STM paper (family X), and Dr. Benedikt Schoser, the physician treating
the two German STM patients (family W, Figure 26). Informed consent in writing was

obtained from patients and their families with the exception of one of the Hutterite brothers

who is deceased (X 1I:4). His death appears to be independent from the myopathy (Dr. C.R.

139



Greenberg, personal information). Dr. Engel was able to extract DNA (Qiagen) from muscle
tissue of this individual that was stored at the Mayo Clinic and sent it to our laboratory for
genotyping.

(B) DNA analysis

We genotyped the Hutterite (pedigree X) and German (pedigree W) families for the
D487N mutation in TRIM32 and L2761 in FKRP by the methods described in chapters 4 and
5 respectively. All four patients (W I1:2, W II:3, X II:2, and X 1I:4) proved to be homozygous
for the D487N mutation and none harbored the L2761 mutation. Genotypes were also
obtained for ten markers surrounding TRIM32, a subset of the closest markers used in the
LGMD2H study. Haplotypes were constructed and they revealed not only that the two
families have the same mutation but also that it was on a chromosome that shared identity
by descent with the original LGMD2H disease chromosomes (Figure 27).

(C) Muscle Pathology

In all STM patients, segments of many muscle fibers harbored a myriad of small
abnormal spaces (Figure 28A & B). Electron microscopy studies revealed that the smallest
abnormal spaces arose from focal dilations of the sarcoplasmic reticulum (Figure 28D).
Coalescence of the smaller vacuoles gaverise to larger ones whose limiting membranes often
degenerated (Figure 28C). The membranes limiting the vacuoles showed sarcoplasmic

reticulum (SR)-associated ATPase reactivity (Figure 28D),*

confirming that the vacuoles
arose from the SR. Regenerating or necrotic fibers were not observed and inflammatory

changes were absent in the original Hutterite STM patients. However, the two German STM
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I:1 1:2 1:3 I:4 I:5 1:6 1.7 11:8 1:9 11:10

Figure 26: STM pedigrees. Each pedigree is assigned an identifier (W & X)and
individuals are numbered according to generation. Birth order has been
randomized to protect anonymity. Individuals denoted with an NA were not
available for study. Family W is non-Hutterite from a small Southern German
village and family X is a Hutterite family from South Dakota (Schmiedeleut).
Individual X I1:4 is deceased butDN Awasavailable for study.
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D x Haplotype from Distance from  Frequency of disease-
Hutterite LGMD2H LGMD2H associated allele in
: families mutation (kb) controls (n)

D9S241 208 | 224 D9S241 560 NA
V1_PAPPA = V1_PAPPA -492 0.480 (200)

D9S1126 176 D9S1126 467 0.000 (28)

D9S170 120 D9S170 -394 0.268 (58)
V3_PAPPA C V3_PAPPA 337 0.020 (200)

D9S154 161 D9S154 -120 0.232 (56)
V4_TRIM32 Asp V4_TRIM32 0 0.000 (200)

D9S931 149 D9S931 153 NA

D9S754 132 D9S754 606 0.278 (131)

D9S934 218 D9S934 1635 0.143 (58)

11:1 11:1 11:3 11:5 11:6 11:9 11:10

D9S241 216 | 220 208 | 224 208 | 224 D9S241
V1 _PAPPA = o © + = + V1_PAPPA

D9S1126 180 | 176 176 | 168 176 | 168 D9S1126

D9S170 118 | 120 120 | 118 120 | 118 D9S170
V2_PAPPA | Ser | Ser Tyr | Tyr Tyr | Tyr V2_PAPPA
V3_PAPPA C c (& C C C V3_PAPPA

D9S154 153 | 153 161 | 165 161 | 165 D9S154
V4_TRIM32 | Asp | Asp Asp | Asp Asp | Asp V4_TRIM32

D9S931 141 | 149 149 | 161 149 | 161 D9S931

D9S754 112 | 124 132 | 124 132 | 124 D9S754

D9S934 222 | 218 218 | 222 218 | 222 D9S934

Figure 27: Chromosome region 9q31-33 haplotypes in STM families. STM is caused by the same mutation as LGMD2H. This mutation is
on the same chromosomal background despite the fact that family W is not Hutterite. Alleles are given in bp, 0 indicates no data. Black
background on haplotypes indicates consensus disease-associated alleles, white indicates non-consensus disease associated alleles, and
yellow / green indicate a normal parental chromosome. Alleles enclosed in square brackets are inferred. V4 is the causative mutation of
LGMD2H, the remaining variants are described in chapter 4.
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Figure 28: Muscle pathology of the original Hutterite STM family. (A) and (B) 1 pm-thick
resin sections reveal myriad small abnormal spaces in a proportion of the muscle fibers. Note
segmental distribution of the abnormal spaces. (C) Electron microscopy shows coalescing
membrane bound spaces. Some of the limiting membranes are degenerating (asterisk). Bars
= 10 pm in (A) and (B), and 1 pm in (C). (D) Electron cytochemical localization of

255

sarcoplasmic reticulum (SR)-associated ATPase by the method of Tice and Engel (1966).
The black reaction product is associated with normal (asterisk) as well as dilated components
of'the SR. Bar= 0.5 um. Note, all sampleswereprepared and analysed in the laboratory of Dr.
Andrew Engel.
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patients had other myopathic features that included abnormal variation of muscle fiber
diameters, an increased number of internally located nuclei, and small foci of Z disk
streaming.'®

In light of the genotyping results, our most recent Hutterite LGMD biopsy was re-
examined to see if we could identify similar pathology to the STM patients. Even though it
was from individual F IV:10 (Figure 5), a homozygote for both the LGMD2I and LGMD2H
mutations (see chapter 5), it was used because there was an abundance of material available
for study. The muscle showed moderately severe dystrophic changes with increased fiber size
variation, scattered necrotic fibers, regenerating fibers, negligible fibrosis, and segmental
vacuolation in at least 5% of fibers. Vacuoles were not associated with acid phosphatase
activity and did not stain with periodic acid-Schiff. Electron microscopic examination
demonstrated clusters of empty vacuoles associated with membranes. In addition, a few
otherwise intact fibers had degenerating nuclei with condensed heterochromatin
(apoptosis-like) immediately next to normal nuclei, a very unusual finding (Figure 30).
Preliminary results from other biopsies suggest that vacuolation is present in many other
LGMD2H patients but there is a wide range from very few vacuoles to amounts rivalling the
STM patients. This vacuolation is clearly not present in the muscle of the one LGMD2I
individual that was studied (Figure 31).
6.3 Discussion

The four STM patients were found to be homozygous for the D487N mutation in

TRIM32. Haplotyping revealed that the chromosomal region surrounding TRIM32 s identical
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Figure 29: Muscle biopsy from
individual F IV:10 (figure 23), a
homozygote for both the
LGMD2H and LGMD2I
mutations. Panels A and B show
photomicrographs of cross-
sections of frozen muscle stained
with hematoxylin & eosin at 20X
and 40X magnification
respectively. There is increased
fiber size variation and rare fibers
with internal nuclei. Panels C and
D show photomicrographs of
plastic sections in cross (C) and
longitudinal (D) orientation taken
at 40X magnification. Small
empty appearing vacuoles are
present in a subset of fibers.Note,
samples were prepared and
analysed in the laboratory of Dr.
Marc Del Bigio.



Figure 30: Electron micrograph of a nucleus undergoing apoptosis. Prepared from the
same biopsy specimen as figure 29. A dark, degenerating nucleus with morphologic features
of apoptosis is shown (red arrow). The nucleus has defined foci of chromatin condensation,
anunusual finding in muscle. Adjacent is an apparently normal nucleus in the very same fiber
(blue arrow). The green bars in the lower right corners correspond to 0.4 mm. Note, samples
were prepared and analysed in the laboratory of Dr.MarcDelBigio.
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10X 40X 40X
Cross-Section Cross-Section Longitudinal

o I [
o @1 ; 4

Individual O II:6
(LGMD2l)
Individual F III:5
(LGMD2H)
Individual F IV:8
(LGMD2H)

Figure 31: Muscle biopsies from a selection of LGMD2H and LGMD2I patients. All panels show photomicrographs of plastic
sections, cross-sectional or longitudinal, and at the indicatedmagnification. Empty appearing vacoules are present in themuscle of
the two individuals with LGMD2H but not in the muscle of the patient with LGMD2I. Note the dark fold appearing in the tissue of
individual F IV:8 are preparatory artifacts. Note, all sampleswereprepared and analysed in the laboratory of Dr.MarcDelBigio.



by descent in all STM and LGMD2H patients. This is surprising because the German family
has no apparent connection with the Hutterite population other than the fact the Hutterites
are largely Germanic in origin. This raises the possibility that the D487N mutation arose
prior to the emergence of the Hutterite religion in central Europe in the 16th century.

We hypothesize that STM and LGMD2H are the same disorder. The phenotypic
variability is large amongst the LGMD2H cohort, from virtually asymptomatic to some older
individuals that require a wheelchair for ambulation. As such, there is little to differentiate
them from the STM patients clinically. Our initial impressions from examining muscle
specimens of LGMD2H patients is that the vacuolar pathology is not usually present at the
frequency or severity that it is in the two families classified as having STM. However,
ascertainment of the vacuolar change requires artifact free sections and the minute size of the
vacuoles (most smaller than 4 Zm) may limit their detection in 10--m thick sections. To
address this hypothesis, we are conducting a detailed retrospective study of available
LGMD2H muscle specimens and are planning to obtain follow-up biopsies on some patients.

A given mutation may lead to different phenotypes in different families and even
within the same family. For instance, all four different caveolinopathy phenotypes can arise

from the same amino acid substitution (chapter 2).***

If our hypothesis is correct, then the
D487N mutation is associated with a spectrum of vacuolar pathology and STM may prove
to be the more histologically severe variant. At this time it is not known whether the presence
or absence of vacuoles has an effect on the progression of the disease or on patient prognosis.

As discussed in chapter 4 initial evidence suggests that TRIM32 is an E3-ubiquitin

ligase and may have anti-apoptotic activity, which may relate to the presence of a potential

148



apoptotic nucleus in the muscle of an LGMD2H patient.'** Perhaps even more interesting is
that the vacuoles present in LGMD2H / STM muscle may originate from the sarcoplasmic
reticulum. This finding suggests that TRIM32 is likely to be involved in the generation of
the SR system or in maintaining its structural integrity. This ties in to the data that we
collected using the bacterial two hybrid system where we found a number of SR membrane
and lumen proteins that potentially interact with TRIM32. The presence of these vacuoles
reinforces the idea that TRIM32 may be intimately involved with the SR and SR-associated

proteins.
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7. Conclusions and future directions

Since the advent of positional cloning, muscular dystrophies as a group have received
an enormous amount of attention. Historically, the dystrophin gene which causes Duchenne
muscular dystrophy, was the first major human disease gene to be identified solely on the
basis of its chromosomal position. Since that time the genetics of muscle disorders have been
very fruitful because of the large amount of heterogeneity. With each new gene identified we
not only begin to understand more about muscle function in health and disease, but it
becomes even clearer how much we do not know regarding this complex tissue.

Another thing that has become clear is that our classification systems for these
disorders are sorely lacking. As I have shown in chapter 2, even in a small subset like the
LGMDs there is considerable phenotypic overlap between disorders caused by mutations at
different loci, considerable phenotypic differences between individuals with mutation at the
same locus, and even different modes of inheritance for a given locus depending on the
mutation. Of the thirteen LGMDs with an identified disease gene, seven are known to cause
at least one other distinct disorder depending on the mutation (eg/laminopathies) or on the
genetic context in which the mutation is expressed (eg/dytrophinopathies). The barriers
between simple differentiation schemes like, myopathy versus muscular dystrophy and
proximal versus distal, are quickly breaking down. There is no easy solution for this but
perhaps a combined clinical and pathological approach to classification would yield the most
useful results.

The study of large kindreds segregating for muscle disorders has been crucial in the

development of our current state of knowledge and remains important, as this study shows.
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We have been able to define at the molecular level the cause of all myopathies of increased
prevalence in the Hutterite population. It is currently possible for us to diagnose any potential
Hutterite patient without resorting to invasive muscle biopsy by simply testing them for the
mutations in TRIM32 and FKRP. We have provided over 200 Hutterite individuals with an
accurate genotype and diagnosis in the process of discovering these two genes. DNA-based
diagnosis like this is currently not feasible in the general population due to the sheer number
of mutations that would have to be assayed for and the high probability of novel mutations.
The next step is to develop a way in which to easily identify other patients (non-Hutterite)
with mutations at the same loci without having to screen for novel mutations in every
potential patient. This is normally done through the development of an antibody that can be
used to screen muscle biopsies, not only as a way to identify novel mutations but also for use
in diagnosis.

For LGMD2H / STM this has not yet been realized. The antibody against TRIM32
we have produced in this study is limited in amount and preliminary results indicate that this
antibody detects no differences in the expression level or distribution of TRIM32 between
affected and control cells. While there is a need for better antibodies toward TRIM32,
particularly with more utility for immunoblotting, it is not yet clear how they could be used
in a clinical setting. The assay for D487N in TRIM32 has some use outside of the Hutterites
with the discovery of the German STM patients but this mutation is not likely to be
particularly common amongst the general population. The characteristic vacuolar pathology
seen in LGMD2H / STM muscle is currently the most promising way to identify patients for

TRIM32 screening. Finding patients in this manner is not perfect however since we do not
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know that every mutation in TRIM32 will cause such pathology and it is not always obvious
that these vacuoles are present due to their small size. We have already begun screening such
patients although we have not yet identified any novel mutations in TRIM32 this way.

In the case of LGMD2I, such an antibody already exists in the form of an anti-
glycosylated "'-dystroglycan antibody.'”® This antibody also has the advantage that it will
detect any of the disorders that result in **-dystroglycan hypoglycosylation and is clearly a
useful clinical tool. In addition, due to the prevalence of the L2761 mutation in FKRP, a
specific assay for this one mutation would also have utility outside of the Hutterite
population.

The research potential for both of these genes is quite large. FKRP is part of a group
genes causing disorders that result from a defect in O-glycosylation and as such there are
many tools available to researchers in this area. At the same time there are also many groups
working on FKRP and there is already quite a bit known about this gene. Very little is known
about TRIM32, both its function and the mechanism by which it causes disease when mutated
are obscure. Since our group is in a very good position to study TRIM32 it is important that
we concentrate our efforts in this area.

Many avenues are open in the study of TRIM32 function and the pathogenic
mechanism underlying LGMD2H / STM. All the current evidence points to TRIM32 being
an E3 ubiquitin ligase. A recent study of all 469 RING finger proteins in the Arabidopsis
thaliana genome showed that the vast majority have detectable ubiquitin ligase activity.**’
In addition, the study by Horn et al. linking TRIM32 to skin cancer provided some evidence

that TRIM32 is an E3 ubiquitin ligase.'** An enzyme assay will be necessary before TRIM32
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can be definitively classified as an E3 but a compatible E2 enzyme will have to be identified
first. Nevertheless it is extremely likely that TRIM32 is an E3. If so, the hypothesis proposed
in chapter four is probably valid, in LGMD2H / STM a protein(s) that undergoes TRIM32-
mediated ubiquitination is no longer being degraded by the proteasome and as such
accumulates to toxic levels. The most pressing question is what this substrate is and how
does it cause its toxic effect.

One possibility is that the key substrate that is being controlled by TRIM32 is pro-
apoptotic. This would explain the observations regarding skin cancer whereby increased
levels of TRIM32 in skin cells prolong cell survival and promote transformation.'** With
defective TRIM32 one would expect this pro-apoptotic factor to accumulate and induce
apoptosis. This may explain the apoptotic nucleus found in the biopsy of an LGMD2H
patient (Figure 30). This process may occur in mature fibers as suggested by this electron
microscopy or in satellite cells as suggested by our immunofluorescence work (Figure 16).

In addition, it could be that the key substrate of TRIM32 travels through the
sarcoplasmic reticulum and is therefore either a secreted protein, a transmembrane protein,
or is within a membrane-bound organelle (excluding the nucleus and mitochondria). This is
based on the observation that the vacuoles found in LGMD2H / STM muscle are of SR
origin and four SR resident proteins were identified via interaction screening (CASQ1,
HERPUD1, LOC360310, and LOC305234). Particularly interesting in this respect was the
finding of HERPUD1 (Table 10) as a binding partner of TRIM32. This SR transmembrane
protein lies largely in the cytoplasm and is thought to recruit the 26S proteasome to the

surface of the SR during periods of stress (accumulations of misfolded proteins within the
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lumen of the SR).””' Since the process of degrading these misfolded proteins requires
ubiquitination prior to proteasomal action it is not unreasonable to hypothesize that E3
enzymes such as TRIM32 would be required at these same sites. If one takes these
observations into account the most likely candidates for the key substrate are muscle
membrane proteins already known to be involved in muscular dystrophies. Caveolin-3 is a
particularly attractive candidate as it is already known to be a folded in the SR,'* degraded
by the ubiquitin system in pathological states,’** has the tendency to aggregate,'” causes a
myopathy when there are increased levels present at the membrane,” and also leads to
impaired fusion when at increased levels in myoblasts.’”* Studies are ongoing to determine
if there are increased levels of caveolin-3 in LGMD2H / STM patient samples.

Regardless of the ultimate mechanism underlying the pathogenesis of LGMD2H /
STM there are a number of things that must be done. The first is to obtain an unlimited
source of anti-TRIM32 antibody that is more active via immunoblot. We are currently
working to obtain such antibodies through the production of monoclonals. Next we need to
fully confirm the potential interacting proteins that were identified by bacterial two hybrid
screen. We will not be able to provide convincing evidence that any of the identified proteins
are binding partners or possible substrates unless we can show that they truly interact and to
define the regions that are interacting. Two of the more promising interaction candidates,
HERPUD1 and SYNPOZ (see chapter four discussion), are currently being tested through
biochemical means and the remaining clones will be confirmed via the new bacterial two

hybrid reporter strain (Stratagene). We will eventually need an animal model of LGMD2H

/ STM to fully realize the potential of work in this area and are working with collaborators
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to produce mouse lines that recapitulate the LGMD2H phenotype. Finally we would like to
directly address our hypothesis through proteomic means by identifying proteins of increased
prevalence in patient cells.

The work outlined in this thesis is evidence that through the use of large families and
/ or inbred populations we can learn much about genetic disorders and the normal
functioning of the human body. However we will only be able to go so far using this
approach, particularly in the field of muscle disorders where there is so much heterogeneity.
It is estimated that just among LGMDs there are 25% of familial cases and 40% of isolated
cases that do not show mutations at any of the known loci."”! We are entering an era where
more global approaches such as large-scale expression profiling based on classical transcript
microarrays, the new protein-based antibody microarrays, or mass spectrometry will be
necessary as a starting point to target mutation detection to a specific gene or pathway. These
techniques may even work on easy to obtain tissues such as lymphocytes or skin, eliminating
the need for muscle biopsy. In the last five years there have been an explosion of such
approaches in research and it is only a matter of time before they are translated into the
clinical realm. It is clearly an exciting time to be working on muscular dystrophies and in the

area of human genetics in general.

155



10.

Reference List

Agarwal AK, Fryns JP, Auchus RJ, Garg A. Zinc metalloproteinase, ZMPSTE24, is
mutated in mandibuloacral dysplasia. Hum Mol Genet 2003; 12(16):1995-2001.

Allamand V, Broux O, Bourg N, Richard I, Tischfield JA, Hodes ME, Conneally
PM, Fardeau M, Jackson CE, Beckmann JS. Genetic heterogeneity of autosomal
recessive limb-girdle muscular dystrophy in a genetic isolate (Amish) and evidence
for a new locus. Hum Mol Genet 1995; 4(3):459-463.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search
tool. J Mol Biol 1990; 215(3):403-410.

Anderson LV, Harrison RM, Pogue R, Vafiadaki E, Pollitt C, Davison K, Moss JA,
Keers S, Pyle A, Shaw PJ, Mahjneh I, Argov Z, Greenberg CR, Wrogemann K,
Bertorini T, Goebel HH, Beckmann JS, Bashir R, Bushby KM. Secondary reduction
in calpain 3 expression in patients with limb girdle muscular dystrophy type 2B and
Miyoshi myopathy (primary dysferlinopathies). Neuromuscul Disord 2000;
10(8):553-559.

Anderson MS, Kunkel LM. The molecular and biochemical basis of Duchenne
muscular dystrophy. Trends Biochem Sci 1992; 17(8):289-292.

Angelini C, Fanin M, Freda MP, Duggan DJ, Siciliano G, Hoffman EP. The clinical
spectrum of sarcoglycanopathies. Neurology 1999; 52(1):176-179.

Apweiler R, Attwood TK, Bairoch A, Bateman A, Birney E, Biswas M, Bucher P,
Cerutti L, Corpet F, Croning MD, Durbin R, Falquet L, Fleischmann W, Gouzy J,
Hermjakob H, Hulo N, Jonassen I, Kahn D, Kanapin A, Karavidopoulou Y, Lopez
R, Marx B, Mulder NJ, Oinn TM, Pagni M et al. The InterPro database, an integrated
documentation resource for protein families, domains and functional sites. Nucleic
Acids Res 2001; 29(1):37-40.

Arama E, Dickman D, Kimchie Z, Shearn A, Lev Z. Mutations in the beta-propeller
domain of the Drosophila brain tumor (brat) protein induce neoplasm in the larval
brain. Oncogene 2000; 19(33):3706-3716.

Azibi K, Bachner L, Beckmann JS, Matsumura K, Hamouda E, Chaouch M,
Chaouch A, Ait-Ouarab R, Vignal A, Weissenbach J. Severe childhood autosomal
recessive muscular dystrophy with the deficiency of the 50 kDa dystrophin-associated
glycoprotein maps to chromosome 13q12. Hum Mol Genet 1993; 2(9):1423-1428.

Azibi K, Chaouch M, Reghis A, Vinet MC, Vignal A, Becuwe N, Beckmann J,
Seboun E, Nguyen S, Cometto M, Fardeau M, Tome F, Leturcq F, Chafey P, Bachner
L, Kaplan JC. Linkage analysis of 19 families with autosomal recessive (Duchenne-
like) muscular dystrophy from Algeria. Cytogenet Cell Genet 1991; 58:1907.

156



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Baghdiguian S, Martin M, Richard I, Pons F, Astier C, Bourg N, Hay RT, Chemaly
R, Halaby G, Loiselet J, Anderson LV, Lopez dM, Fardeau M, Mangeat P,
Beckmann JS, Lefranc G. Calpain 3 deficiency is associated with myonuclear
apoptosis and profound perturbation of the IkappaB alpha/NF-kappaB pathway in
limb- girdle muscular dystrophy type 2A. Nat Med 1999; 5(5):503-511.

Baghdiguian S, Richard I, Martin M, Coopman P, Beckmann JS, Mangeat P, Lefranc
G. Pathophysiology of limb girdle muscular dystrophy type 2A: hypothesis and new
insights into the IkappaBalpha/NF-kappaB survival pathway in skeletal muscle. J
Mol Med 2001; 79(5-6):254-261.

Bansal D, Campbell KP. Dysferlin and the plasma membrane repair in muscular
dystrophy. Trends Cell Biol 2004; 14(4):206-213.

Bansal D, Miyake K, Vogel SS, Groh S, Chen CC, Williamson R, McNeil PL,
Campbell KP. Defective membrane repair in dysferlin-deficient muscular dystrophy.
Nature 2003; 423(6936):168-172.

Barinaga M. A new finger on the protein destruction button. Science 1999;
286(5438):223, 225.

Bashir R, Britton S, Strachan T, Keers S, Vafiadaki E, Lako M, Richard I, Marchand
S, Bourg N, Argov Z, Sadeh M, Mahjneh I, Marconi G, Passos-Bueno MR, Moreira
Ed, Zatz M, Beckmann JS, Bushby K. A gene related to Caenorhabditis elegans
spermatogenesis factor fer-1 is mutated in limb-girdle muscular dystrophy type 2B.
Nat Genet 1998; 20(1):37-42.

Bashir R, Strachan T, Keers S, Stephenson A, Mahjneh I, Marconi G, Nashef L,
Bushby KM. A gene for autosomal recessive limb-girdle muscular dystrophy maps
to chromosome 2p. Hum Mol Genet 1994; 3(3):455-457.

Beckmann JS, Richard I, Hillaire D, Broux O, Antignac C, Bois E, Cann H,
Cottingham RW, Jr., Feingold N, Feingold J. A gene for limb-girdle muscular
dystrophy maps to chromosome 15 by linkage. C R Acad Sci III 1991; 312(4):141-
148.

Bejaoui K, Hirabayashi K, Hentati F, Haines JL, Ben Hamida C, Belal S, Miller RG,
McKenna-Yasek D, Weissenbach J, Rowland LP. Linkage of Miyoshi myopathy
(distal autosomal recessive muscular dystrophy) locus to chromosome 2p12-14.
Neurology 1995; 45(4):768-772.

Bejaoui K, Liu J, McKenna-Yasek D, Le Paslier D, Bossie K, Gilligan DM, Brown
RH. Genetic fine mapping of the Miyoshi myopathy locus and exclusion of eight
candidate genes. Neurogenetics 1998; 1(3):189-196.

157



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ben Hamida M, Ben Hamida C, Zouari M, Belal S, Hentati F. Limb-girdle muscular
dystrophy 2C: clinical aspects. Neuromuscul Disord 1996; 6(6):493-494.

Ben Hamida M, Fardeau M, Attia N. Severe childhood muscular dystrophy affecting
both sexes and frequent in Tunisia. Muscle Nerve 1983; 6(7):469-480.

Ben Othmane K, Ben Hamida M, Pericak-Vance MA, Ben Hamida C, Blel S, Carter
SC, Bowcock AM, Petruhkin K, Gilliam TC, Roses AD. Linkage of Tunisian
autosomal recessive Duchenne-like muscular dystrophy to the pericentromeric region
of chromosome 13q. Nat Genet 1992; 2(4):315-317.

Benkusky NA, Farrell EF, Valdivia HH. Ryanodine receptor channelopathies.
Biochem Biophys Res Commun 2004; 322(4):1280-1285.

Betto R, Senter L, Ceoldo S, Tarricone E, Biral D, Salviati G. Ecto-ATPase activity
of alpha-sarcoglycan (adhalin). J Biol Chem 1999; 274(12):7907-7912.

Betz RC, Schoser BG, Kasper D, Ricker K, Ramirez A, Stein V, Torbergsen T, Lee
YA, Nothen MM, Wienker TF, Malin JP, Propping P, Reis A, Mortier W, Jentsch
TJ, Vorgerd M, Kubisch C. Mutations in CAV3 cause mechanical hyperirritability
of skeletal muscle in rippling muscle disease. Nat Genet 2001; 28(3):218-219.

Biederer C, Ries S, Drobnik W, Schmitz G. Molecular cloning of human caveolin 3.
Biochim Biophys Acta 1998; 1406(1):5-9.

Bione S, Maestrini E, Rivella S, Mancini M, Regis S, Romeo G, Toniolo D.
Identification of a novel X-linked gene responsible for Emery-Dreifuss muscular
dystrophy. Nat Genet 1994; 8(4):323-327.

Bione S, Small K, Aksmanovic VM, D'Urso M, Ciccodicola A, Merlini L, Morandi
L, Kress W, Yates JR, Warren ST. Identification of new mutations in the Emery-
Dreifuss muscular dystrophy gene and evidence for genetic heterogeneity of the
disease. Hum Mol Genet 1995; 4(10):1859-1863.

Bonne G, Di Barletta MR, Varnous S, Becane HM, Hammouda EH, Merlini L,
Muntoni F, Greenberg CR, Gary F, Urtizberea JA, Duboc D, Fardeau M, Toniolo D,
Schwartz K. Mutations in the gene encoding lamin A/C cause autosomal dominant
Emery- Dreifuss muscular dystrophy. Nat Genet 1999; 21(3):285-288.

Bonnemann CG, Laing NG. Myopathies resulting from mutations in sarcomeric
proteins. Curr Opin Neurol 2004; 17(5):529-537.

Bonnemann CG, Modi R, Noguchi S, Mizuno Y, Yoshida M, Gussoni E, McNally
EM, Duggan DJ, Angelini C, Hoffman EP. Beta-sarcoglycan (A3b) mutations cause
autosomal recessive muscular dystrophy with loss of the sarcoglycan complex . Nat
Genet 1995; 11(3):266-273.

158



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Brais B, Bouchard JP, Xie YG, Rochefort DL, Chretien N, Tome FM, Lafreniere RG,
Rommens JM, Uyama E, Nohira O, Blumen S, Korczyn AD, Heutink P, Mathieu J,
Duranceau A, Codere F, Fardeau M, Rouleau GA, Korcyn AD. Short GCG
expansions in the PABP2 gene cause oculopharyngeal muscular dystrophy. Nat
Genet 1998; 18(2):164-167.

Brais B, Rouleau GA, Bouchard JP, Fardeau M, Tome FM. Oculopharyngeal
muscular dystrophy. Semin Neurol 1999; 19(1):59-66.

Brais B, Xie YG, Sanson M, Morgan K, Weissenbach J, Korczyn AD, Blumen SC,
Fardeau M, Tome FM, Bouchard JP, . The oculopharyngeal muscular dystrophy
locus maps to the region of the cardiac alpha and beta myosin heavy chain genes on
chromosome 14q11.2-q13. Hum Mol Genet 1995; 4(3):429-434.

Brockington M, Blake DJ, Prandini P, Brown SC, Torelli S, Benson MA, Ponting
CP, Estournet B, Romero NB, Mercuri E, Voit T, Sewry CA, Guicheney P, Muntoni
F. Mutations in the Fukutin-Related Protein Gene (FKRP) Cause a Form of
Congenital Muscular Dystrophy with Secondary Laminin alpha2 Deficiency and
Abnormal Glycosylation of alpha-Dystroglycan. Am J Hum Genet 2001; 69(6):1198-
1209.

Brockington M, Yuva Y, Prandini P, Brown SC, Torelli S, Benson MA, Herrmann
R, Anderson LVB, Bashir R, Burgunder JM, Fallet S, Romero N, Fardeau M, Straub
V, Storey G, Pollitt C, Richard I, Sewry CA, Bushby K, Voit T, Blake DJ, Muntoni
F. Mutations in the fukutin-related protein gene (FKRP) identify limb girdle
muscular dystrophy 21 as a milder allelic variant of congenital muscular dystrophy
MDCI1C. Hum Mol Genet 2001; 10(25):2851-2859.

Broers JL, Peeters EA, Kuijpers HJ, EndertJ, Bouten CV, Oomens CW, Baaijens FP,
Ramaekers FC. Decreased mechanical stiffness in LMNA-/- cells is caused by
defective nucleo-cytoskeletal integrity: implications for the development of
laminopathies. Hum Mol Genet 2004; 13(21):2567-2580.

Brown SC, Torelli S, Brockington M, Yuva Y, Jimenez C, Feng L., Anderson L, Ugo
I, Kroger S, Bushby K, Voit T, Sewry C, Muntoni F. Abnormalities in alpha-
dystroglycan expression in MDC1C and LGMD2I muscular dystrophies. Am J Pathol
2004; 164(2):727-737.

Bushby KM. Making sense of the limb-girdle muscular dystrophies. Brain 1999;
122(Pt 8):1403-1420.

Bushby KM. The limb-girdle muscular dystrophies: diagnostic guidelines. Europ J
Paediatr Neurol 1999; 3(2):53-58.

Bushby KM, Beckmann JS. The limb-girdle muscular dystrophies--proposal for a
new nomenclature. Neuromuscul Disord 1995; 5(4):337-343.

159



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Bushby KM, Beckmann JS. The 105th ENMC sponsored workshop: pathogenesis in
the non-sarcoglycan limb-girdle muscular dystrophies, Naarden, April 12-14, 2002.
Neuromuscul Disord 2003; 13(1):80-90.

Cao H, Hegele RA. LMNA is mutated in Hutchinson-Gilford progeria (MIM
176670) but not in Wiedemann-Rautenstrauch progeroid syndrome (MIM 264090).
J Hum Genet 2003; 48(5):271-274.

Cao W, Henry MD, Borrow P, Yamada H, Elder JH, Ravkov EV, Nichol ST,
Compans RW, Campbell KP, Oldstone MB. Identification of alpha-dystroglycan as
a receptor for lymphocytic choriomeningitis virus and Lassa fever virus. Science
1998; 282(5396):2079-2081.

Carbone I, Bruno C, Sotgia F, Bado M, Broda P, Masetti E, Panella A, Zara F,
Bricarelli FD, Cordone G, Lisanti MP, Minetti C. Mutation in the CAV3 gene causes
partial caveolin-3 deficiency and hyperCKemia. Neurology 2000; 54(6):1373-1376.

Carpenter S, Karpati G. Pathology of Skeletal Muscle. 1 ed. New York, NY:
Churchill Livingstone Inc., 1984.

Caux F, Dubosclard E, Lascols O, Buendia B, Chazouilleres O, Cohen A, Courvalin
JC, Laroche L, Capeau J, Vigouroux C, Christin-Maitre S. A new clinical condition
linked to a novel mutation in lamins A and C with generalized lipoatrophy, insulin-

resistant diabetes, disseminated leukomelanodermic papules, liver steatosis, and
cardiomyopathy. J Clin Endocrinol Metab 2003; 88(3):1006-1013.

Chan YM, Bonnemann CG, Lidov HG, Kunkel LM. Molecular organization of
sarcoglycan complex in mouse myotubes in culture. J Cell Biol 1998; 143(7):2033-
2044.

Chaouch M, Allal Y, Sandre-Giovannoli A, Vallat JM, Amer-el-Khedoud A,
Kassouri N, Chaouch A, Sindou P, Hammadouche T, Tazir M, Levy N, Grid D. The
phenotypic manifestations of autosomal recessive axonal Charcot-Marie-Tooth due
to a mutation in Lamin A/C gene. Neuromuscul Disord 2003; 13(1):60-67.

Chen L, Lee L, Kudlow BA, Dos Santos HG, Sletvold O, Shafeghati Y, Botha EG,
Garg A, Hanson NB, Martin GM, Mian IS, Kennedy BK, Oshima J. LMNA
mutations in atypical Werner's syndrome. Lancet 2003; 362(9382):440-445.

Conover CA, Oxvig C, Overgaard MT, Christiansen M, Giudice LC. Evidence that
the insulin-like growth factor binding protein-4 protease in human ovarian follicular
fluid is pregnancy associated plasma protein-A. J Clin Endocrinol Metab 1999;
84(12):4742-4745.

160



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Crosbie RH, Heighway J, Venzke DP, Lee JC, Campbell KP. Sarcospan, the 25-kDa
transmembrane component of the dystrophin- glycoprotein complex. J Biol Chem
1997; 272(50):31221-31224.

Crosbie RH, Lebakken CS, Holt KH, Venzke DP, Straub V, Lee JC, Grady RM,
Chamberlain JS, Sanes JR, Campbell KP. Membrane targeting and stabilization of
sarcospan is mediated by the sarcoglycan subcomplex. J Cell Biol 1999; 145(1):153-
165.

Crosbie RH, Yamada H, Venzke DP, Lisanti MP, Campbell KP. Caveolin-3 is not
an integral component of the dystrophin glycoprotein complex. FEBS Lett 1998;
427(2):279-282.

Davis DB, Delmonte AJ, Ly CT, McNally EM. Myoferlin, a candidate gene and
potential modifier of muscular dystrophy. Hum Mol Genet 2000; 9(2):217-226.

Davis DB, Doherty KR, Delmonte AJ, McNally EM. Calcium-sensitive phospholipid
binding properties of normal and mutant ferlin C2 domains. J Biol Chem 2002;
277(25):22883-22888.

de Paula F, Vieira N, Starling A, Yamamoto LU, Lima B, de Cassia PR, Vainzof M,
Nigro V, Zatz M. Asymptomatic carriers for homozygous novel mutations in the
FKRP gene: the other end of the spectrum. Eur ] Hum Genet 2003; 11(12):923-930.

de Seze J, Udd B, Haravuori H, Sablonniere B, Maurage CA, Hurtevent JF, Boutry
N, Stojkovic T, Schraen S, Petit H, Vermersch P. The first European family with
tibial muscular dystrophy outside the Finnish population. Neurology 1998;
51(6):1746-1748.

Diaz BG, Moldoveanu T, Kuiper MJ, Campbell RL, Davies PL. Insertion sequence
1 of muscle-specific calpain, p94, acts as an internal propeptide. J Biol Chem 2004;
279(26):27656-27666.

Doherty KR, McNally EM. Repairing the tears: dysferlin in muscle membrane repair.
Trends Mol Med 2003; 9(8):327-330.

Dohna-Schwake C, Ragette R, Mellies U, Straub V, Teschler H, Voit T. Respiratory
function in congenital muscular dystrophy and limb girdle muscular dystrophy 21I.
Neurology 2004; 62(3):513-514.

Dong X, Stothard P, Forsythe 1J, Wishart DS. PlasMapper: a web server for drawing
and auto-annotating plasmid maps. Nucleic Acids Res 2004; 32(Web Server
issue):W660-W664.

161



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Dove SL, Hochschild A. Conversion of the omega subunit of Escherichia coli RNA
polymerase into a transcriptional activator or an activation target. Genes Dev 1998;
12(5):745-754.

Dove SL, Joung JK, Hochschild A. Activation of prokaryotic transcription through
arbitrary protein-protein contacts. Nature 1997; 386(6625):627-630.

Driss A, Amouri R, Ben Hamida C, Souilem S, Gouider-Khouja N, Ben Hamida M,
Hentati F. A new locus for autosomal recessive limb-girdle muscular dystrophy in
a large consanguineous Tunisian family maps to chromosome 19q13.3. Neuromuscul
Disord 2000; 10(4-5):240-246.

Driss A, Noguchi S, Amouri R, Kefi M, Sasaki T, Sugie K, Souilem S, Hayashi YK,
Shimizu N, Minoshima S, Kudoh J, Hentati F, Nishino I. Fukutin-related protein
gene mutated in the original kindred limb-girdle MD 2I. Neurology 2003;
60(8):1341-1344.

Duclos F, Broux O, Bourg N, Straub V, Feldman GL, Sunada Y, Lim LE, Piccolo F,
Cutshall S, Gary F, Quetier F, Kaplan JC, Jackson CE, Beckmann JS, Campbell KP.
Beta-sarcoglycan: genomic analysis and identification of a novel missense mutation
in the LGMD2E Amish isolate. Neuromuscul Disord 1998; 8(1):30-38.

Durbeej M, Campbell KP. Biochemical characterization of the epithelial
dystroglycan complex. J Biol Chem 1999; 274(37):26609-26616.

Durbeej M, Henry MD, Campbell KP. Dystroglycan in development and disease.
Curr Opin Cell Biol 1998; 10(5):594-601.

Durbeej M, Henry MD, Ferletta M, Campbell KP, Ekblom P. Distribution of
dystroglycan in normal adult mouse tissues. J Histochem Cytochem 1998; 46(4):449-
457.

Edmondson JC, Liem RK, Kuster JE, Hatten ME. Astrotactin: a novel neuronal cell
surface antigen that mediates neuron- astroglial interactions in cerebellar
microcultures. J Cell Biol 1988; 106(2):505-517.

Eriksson M, Brown WT, Gordon LB, Glynn MW, Singer J, Scott L, Erdos MR,
Robbins CM, Moses TY, Berglund P, Dutra A, Pak E, Durkin S, Csoka AB, Boehnke
M, Glover TW, Collins FS. Recurrent de novo point mutations in lamin A cause
Hutchinson-Gilford progeria syndrome. Nature 2003; 423(6937):293-298.

Esapa CT, Benson MA, Schroder JE, Martin-Rendon E, Brockington M, Brown SC,
Muntoni F, Kroger S, Blake DJ. Functional requirements for fukutin-related protein
in the Golgi apparatus. Hum Mol Genet 2002; 11(26):3319-3331.

162



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Fanin M, Angelini C. Muscle pathology in dysferlin deficiency. Neuropathol Appl
Neurobiol 2002; 28(6):461-470.

Fanin M, Fulizio L, Nascimbeni AC, Spinazzi M, Piluso G, Ventriglia VM, Ruzza
G, Siciliano G, Trevisan CP, Politano L, Nigro V, Angelini C. Molecular diagnosis
in LGMD2A: mutation analysis or protein testing? Hum Mutat 2004; 24(1):52-62.

Fardeau M, Eymard B, Mignard C, Tome FM, Richard I, Beckmann JS.
Chromosome 15-linked limb-girdle muscular dystrophy: clinical phenotypes in

Reunion Island and French metropolitan communities. Neuromuscul Disord 1996;
6(6):447-453.

Fardeau M, Hillaire D, Mignard C, Feingold N, Feingold J, Mignard D, de Ubeda B,
Collin H, Tome FM, Richard I, Beckmann J. Juvenile limb-girdle muscular
dystrophy. Clinical, histopathological and genetic data from a small community
living in the Reunion Island. Brain 1996; 119(Pt 1):295-308.

Fatkin D, MacRae C, Sasaki T, Wolff MR, Porcu M, Frenneaux M, Atherton J,
Vidaillet HJ, Jr., Spudich S, De Girolami U, Seidman JG, Seidman C, Muntoni F,
Muehle G, Johnson W, McDonough B. Missense mutations in the rod domain of the

lamin A/C gene as causes of dilated cardiomyopathy and conduction-system disease.
N Engl J Med 1999; 341(23):1715-1724.

Faulkner G, Lanfranchi G, Valle G. Telethonin and other new proteins of the Z-disc
of skeletal muscle. IUBMB Life 2001; 51(5):275-282.

Faulkner G, Pallavicini A, Comelli A, Salamon M, Bortoletto G, Ievolella C,
Trevisan S, Kojic'S, Dalla VF, Laveder P, Valle G, Lanfranchi G. FATZ, a filamin-,

actinin-, and telethonin-binding protein of the Z-disc of skeletal muscle. J Biol Chem
2000; 275(52):41234-41242.

Fee DB, So YT, Barraza C, Figueroa KP, Pulst SM. Phenotypic variability associated
with Arg26Gln mutation in caveolin3. Muscle Nerve 2004; 30(3):375-378.

Figarella-Branger D, Pouget J, Bernard R, Krahn M, Fernandez C, Levy N, Pellissier
JF. Limb-girdle muscular dystrophy in a 71-year-old woman with an R27Q mutation
in the CAV3 gene. Neurology 2003; 61(4):562-564.

Fischer D, Schroers A, Blumcke I, Urbach H, Zerres K, Mortier W, Vorgerd M,
Schroder R. Consequences of a novel caveolin-3 mutation in a large German family.
Ann Neurol 2003; 53(2):233-241.

Fong LG, Ng JK, Meta M, Cote N, Yang SH, Stewart CL, Sullivan T, Burghardt A,
Majumdar S, Reue K, Bergo MO, Young SG. Heterozygosity for Lmna deficiency

eliminates the progeria-like phenotypes in Zmpste24-deficient mice. Proc Natl Acad
Sci U S A 2004.

163



86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Forissier JF, Bonne G, Bouchier C, Duboscg-Bidot L, Richard P, Wisnewski C,
Briault S, Moraine C, Dubourg O, Schwartz K, Komajda M. Apical left ventricular
aneurysm without atrio-ventricular block due to a lamin A/C gene mutation. Eur J
Heart Fail 2003; 5(6):821-825.

Fougerousse F, Broux O, Richard I, Allamand V, de Souza AP, Bourg N, Brenguier
L, Devaud C, Pasturaud P, Roudaut C. Mapping of a chromosome 15 region involved
in limb girdle muscular dystrophy. Hum Mol Genet 1994; 3(2):285-293.

Freemont PS. RING for destruction? Curr Biol 2000; 10(2):R84-R87.

Fridell RA, Harding LS, Bogerd HP, Cullen BR. Identification of a novel human zinc
finger protein that specifically interacts with the activation domain of lentiviral Tat
proteins. Virology 1995; 209(2):347-357.

Frosk P, Greenberg CR, Tennese AA, Lamont R, Nylen E, Hirst C, Frappier D,
Roslin NM, Zaik M, Bushby K, Straub V, Zatz M, de Paula F, Morgan K, Fujiwara
TM, Wrogemann K. The most common mutation in FKRP causing limb girdle
muscular dystrophy type 21 (LGMD2I) may have occurred only once and is present
in Hutterites and other populations. Hum Mutat 2004; 25(1):38-44.

Frosk P, Weiler T, Nylen E, Sudha T, Greenberg CR, Morgan K, Fujiwara TM,
Wrogemann K. Limb-girdle muscular dystrophy type 2H associated with mutation
in TRIM32, a putative E3-ubiquitin-ligase gene. Am J Hum Genet 2002; 70(3):663-
672.

Furukawa T, Ono Y, Tsuchiya H, Katayama Y, Bang ML, Labeit D, Labeit S, Inagaki
N, Gregorio CC. Specific interaction of the potassium channel beta-subunit minK
with the sarcomeric protein T-cap suggests a T-tubule-myofibril linking system. J
Mol Biol 2001; 313(4):775-784.

Galbiati F, Engelman JA, Volonte D, Zhang XL, Minetti C, Li M, Hou H, Jr., Kneitz
B, Edelmann W, Lisanti MP. Caveolin-3 null mice show a loss of caveolae, changes
in the microdomain distribution of the dystrophin-glycoprotein complex, and t-tubule
abnormalities. J Biol Chem 2001; 276(24):21425-21433.

Galbiati F, Volont D, Minetti C, Chu JB, Lisanti MP. Phenotypic behavior of
caveolin-3 mutations that cause autosomal dominant limb girdle muscular dystrophy
(LGMD-1C). Retention of LGMD-1C caveolin-3 mutants within the golgi complex.
J Biol Chem 1999; 274(36):25632-25641.

Galbiati F, Volonte' D, Minetti C, Bregman DB, Lisanti MP. Limb-girdle muscular
dystrophy (LGMD-1C) mutants of caveolin-3 undergo ubiquitination and
proteasomal degradation. Treatment with proteasomal inhibitors blocks the

dominant negative effect of LGMD-1C mutants and rescues wild-type caveolin-3. J
Biol Chem 2000.

164



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Galbiati F, Volonte D, Chu JB, Li M, Fine SW, Fu M, Bermudez J, Pedemonte M,
Weidenheim KM, Pestell RG, Minetti C, Lisanti MP. Transgenic overexpression of
caveolin-3 in skeletal muscle fibers induces a Duchenne-like muscular dystrophy
phenotype. Proc Natl Acad Sci U S A 2000; 97(17):9689-9694.

GamezJ, Navarro C, Andreu AL, Fernandez JM, Palenzuela L, Tejeira S, Fernandez-
Hojas R, Schwartz S, Karadimas C, DiMauro S, Hirano M, Cervera C. Autosomal
dominant limb-girdle muscular dystrophy: a large kindred with evidence for
anticipation. Neurology 2001; 56(4):450-454.

Garg A, Speckman RA, Bowcock AM. Multisystem dystrophy syndrome due to
novel missense mutations in the amino-terminal head and alpha-helical rod domains
of the lamin A/C gene. Am J Med 2002; 112(7):549-555.

Gerull B, Gramlich M, Atherton J, McNabb M, Trombitas K, Sasse-Klaassen S,
Seidman JG, Seidman C, Granzier H, Labeit S, Frenneaux M, Thierfelder L.
Mutations of TTN, encoding the giant muscle filament titin, cause familial dilated
cardiomyopathy. Nat Genet 2002; 30(2):201-204.

Gilchrist JM, Pericak-Vance M, Silverman L, Roses AD. Clinical and genetic
investigation in autosomal dominant limb-girdle muscular dystrophy. Neurology
1988; 38(1):5-9.

Godley LA, Lai F, Liu J, Zhao N, Le Beau MM. TTID: A novel gene at 5q31
encoding a protein with titin-like features. Genomics 1999; 60(2):226-233.

Goizet C, Yaou RB, Demay L, Richard P, Bouillot S, Rouanet M, Hermosilla E, Le
Masson G, Lagueny A, Bonne G, Ferrer X. A new mutation of the lamin A/C gene
leading to autosomal dominant axonal neuropathy, muscular dystrophy, cardiac

disease, and leuconychia. ] Med Genet 2004; 41(3):e29.

Goll DE, Thompson VF, Li H, Wei W, Cong J. The calpain system. Physiol Rev
2003; 83(3):731-801.

Gregorio CC, Trombitas K, Centner T, Kolmerer B, Stier G, Kunke K, Suzuki K,
Obermayr F, Herrmann B, Granzier H, Sorimachi H, Labeit S. The NH2 terminus of
titin spans the Z-disc: its interaction with a novel 19-kD ligand (T-cap) is required
for sarcomeric integrity. J Cell Biol 1998; 143(4):1013-1027.

Gross D. Schmiedeleut Family Record. High Bluff, MB: Sommerfeld Printshop,
1996.

Grozdanovic Z, Baumgarten HG. Nitric oxide synthase in skeletal muscle fibers: a

signaling component of the dystrophin-glycoprotein complex. Histol Histopathol
1999; 14(1):243-256.

165



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Gruenbaum Y, Goldman RD, Meyuhas R, Mills E, Margalit A, Fridkin A, Dayani Y,
Prokocimer M, Enosh A. The nuclear lamina and its functions in the nucleus. Int Rev
Cytol 2003; 226:1-62.

Hack AA, Cordier L, Shoturma DI, Lam MY, Sweeney HL, McNally EM. Muscle
degeneration without mechanical injury in sarcoglycan deficiency. Proc Natl Acad
Sci U S A 1999; 96(19):10723-10728.

Hack AA, Groh ME, McNally EM. Sarcoglycans in muscular dystrophy. Microsc
Res Tech 2000; 48(3-4):167-180.

Hack AA, Lam MY, Cordier L, Shoturma DI, Ly CT, Hadhazy MA, Hadhazy MR,
Sweeney HL, McNally EM. Differential requirement for individual sarcoglycans and

dystrophin in the assembly and function of the dystrophin-glycoprotein complex. J
Cell Sci 2000; 113(Pt 14):2535-2544.

Hackman JP, Vihola AK, Udd AB. The role of titin in muscular disorders. Ann Med
2003; 35(6):434-441.

Hackman P, Vihola A, Haravuori H, Marchand S, Sarparanta J, de Seze J, Labeit S,
Witt C, Peltonen L, Richard I, Udd B. Tibial Muscular Dystrophy Is a Titinopathy
Caused by Mutations in TTN, the Gene Encoding the Giant Skeletal-Muscle Protein
Titin. Am J Hum Genet 2002; 71(3):492-500.

Haliloglu G, Topaloglu H. Glycosylation defects in muscular dystrophies. Curr Opin
Neurol 2004; 17(5):521-527.

Haravuori H, Makela-Bengs P, Udd B, Partanen J, Pulkkinen L, Somer H, Peltonen
L. Assignment of the tibial muscular dystrophy locus to chromosome 2q31. Am J
Hum Genet 1998; 62(3):620-626.

Haravuori H, Vihola A, Straub V, Auranen M, Richard I, Marchand S, Voit T, Labeit
S, Somer H, Peltonen L, Beckmann JS, Udd B. Secondary calpain3 deficiency in 2q-
linked muscular dystrophy: titin is the candidate gene. Neurology 2001; 56(7):869-
8717.

Hauser MA, Conde CB, Kowaljow V, Zeppa G, Taratuto AL, Torian UM, Vance J,
Pericak-Vance MA, Speer MC, Rosa AL. myotilin Mutation found in second
pedigree with LGMD1A. Am J Hum Genet 2002; 71(6):1428-1432.

Hauser MA, Horrigan SK, Salmikangas P, Torian UM, Viles KD, Dancel R, Tim
RW, Taivainen A, Bartoloni L, Gilchrist JM, Stajich JM, Gaskell PC, Gilbert JR,
Vance JM, Pericak-Vance MA, Carpen O, Westbrook CA, Speer MC. Myotilin is
mutated in limb girdle muscular dystrophy 1A. Hum Mol Genet 2000; 9(14):2141-
2147.

166



118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Hemler ME. Dystroglycan versatility. Cell 1999; 97(5):543-546.

Hemler ME. Tetraspanin proteins mediate cellular penetration, invasion, and fusion
events and define a novel type of membrane microdomain. Annu Rev Cell Dev Biol
2003; 19:397-422.

Henry MD, Campbell KP. Dystroglycan inside and out. Curr Opin Cell Biol 1999;
11(5):602-607.

Herrmann R, Straub V, Blank M, Kutzick C, Franke N, Jacob EN, Lenard HG,
Kroger S, Voit T. Dissociation of the dystroglycan complex in caveolin-3-deficient
limb girdle muscular dystrophy. Hum Mol Genet 2000; 9(15):2335-2340.

Hewitt JE, Grewal PK. Glycosylation defects in inherited muscle disease. Cell Mol
Life Sci 2003; 60(2):251-258.

Hnasko R, Lisanti MP. The biology of caveolae: lessons from caveolin knockout
mice and implications for human disease. Mol Interv 2003; 3(8):445-464.

Horn EJ, Albor A, Liu Y, El Hizawi S, Vanderbeek GE, Babcock M, Bowden GT,
Hennings H, Lozano G, Weinberg WC, Kulesz-Martin M. RING protein Trim32
associated with skin carcinogenesis has anti-apoptotic and E3-ubiquitin ligase
properties. Carcinogenesis 2004; 25(2):157-167.

Hosfield CM, Elce JS, Davies PL, Jia Z. Crystal structure of calpain reveals the
structural basis for Ca(2+)- dependent protease activity and a novel mode of enzyme
activation. EMBO J 1999; 18(24):6880-6889.

Hostetler JA. Hutterite Society. Baltimore: Johns Hopkins University Press, 1974.

Hostetler JA. History and Relevance of the Hutterite population for Genetic Studies.
Am J Med Genet 1985; 22:453-462.

Huang J, Forsberg NE. Role of calpain in skeletal-muscle protein degradation. Proc
Natl Acad Sci U S A 1998; 95(21):12100-12105.

Huang Y, Wang KK. The calpain family and human disease. Trends Mol Med 2001;
7(8):355-362.

Hutchison CJ, Worman HJ. A-type lamins: guardians of the soma? Nat Cell Biol
2004; 6(11):1062-1067.

Illa I, Serrano-Munuera C, Gallardo E, Lasa A, Rojas-Garcia R, Palmer J, Gallano
P, Baiget M, Matsuda C, Brown RH. Distal anterior compartment myopathy: a
dysferlin mutation causing a new muscular dystrophy phenotype. Ann Neurol 2001;
49(1):130-134.

167



132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Illarioshkin SN, Ivanova-Smolenskaya IA, Greenberg CR, Nylen E, Sukhorukov VS,
Poleshchuk VV, Markova ED, Wrogemann K. Identical mutation in the dysferlin
gene can cause either a limb girdle muscular dystrophy type 2B or a Miyoshi
myopathy phenotype. Neurology 2000; In Press.

Imai Y, Soda M, Inoue H, Hattori N, Mizuno Y, Takahashi R. An unfolded putative
transmembrane polypeptide, which can lead to endoplasmic reticulum stress, is a
substrate of parkin. Cell 2001; 105(7):891-902.

Itoh-Satoh M, Hayashi T, Nishi H, Koga Y, Arimura T, Koyanagi T, Takahashi M,
Hohda S, Ueda K, Nouchi T, Hiroe M, Marumo F, Imaizumi T, Yasunami M,
Kimura A. Titin mutations as the molecular basis for dilated cardiomyopathy.
Biochem Biophys Res Commun 2002; 291(2):385-393.

Jerusalem F, Engel AG, Gomez MR. Sarcotubular myopathy. A newly recognized,
benign, congenital, familial muscle disease. Neurology 1973; 23(9):897-906.

Joazeiro CA, Weissman AM. RING finger proteins: mediators of ubiquitin ligase
activity. Cell 2000; 102(5):549-552.

Jones EM, Menzel S, Espinosa R, III, Le Beau MM, Bell GI, Takeda J. Localization
of the gene encoding a neutral amino acid transporter-like protein to human
chromosome band 19q13.3 and characterization of a simple sequence repeat DNA
polymorphism. Genomics 1994; 23(2):490-491.

Kaplan J, Fontaine B. Neuromuscular disorders: gene location. Neuromuscul Disord
2004; 14(1):85-106.

Karolchik D, Baertsch R, Diekhans M, Furey TS, Hinrichs A, Lu YT, Roskin KM,
Schwartz M, Sugnet CW, Thomas DJ, Weber RJ, Haussler D, Kent WJ. The UCSC
Genome Browser Database (May 2004 Assembly). Nucleic Acids Res 2003;
31(1):51-54.

Karpati G, Sinnreich M. A clever road from myopathology to genes: the myotilin
story. Neurology 2004; 62(8):1248-1249.

Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, Haussler D.
The human genome browser at UCSC. Genome Res 2002; 12(6):996-1006.

Kirschner J, Bonnemann CG. The congenital and limb-girdle muscular dystrophies:
sharpening the focus, blurring the boundaries. Arch Neurol 2004; 61(2):189-199.

Kirschner J, Brune T, Wehnert M, Denecke J, Wasner C, Feuer A, Marquardt T,
Ketelsen UP, Wieacker P, Bonnemann CG, Korinthenberg R. p.S143F mutation in
lamin A/C: A new phenotype combining myopathy and progeria. Ann Neurol 2004;
57(1):148-151.

168



144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Knoll R, Hoshijima M, Hoffman HM, Person V, Lorenzen-Schmidt I, Bang ML,
Hayashi T, Shiga N, Yasukawa H, Schaper W, McKenna W, Yokoyama M, Schork
NJ, Omens JH, McCulloch AD, Kimura A, Gregorio CC, Poller W, Schaper J,
Schultheiss HP, Chien KR. The cardiac mechanical stretch sensor machinery

involves a Z disc complex that is defective in a subset of human dilated
cardiomyopathy. Cell 2002; 111(7):943-955.

Kobayashi K, Nakahori Y, Miyake M, Matsumura K, Kondo-lida E, Nomura Y,
Segawa M, Yoshioka M, Saito K, Osawa M, Hamano K, Sakakihara Y, Nonaka I,
Nakagome Y, Kanazawa I, Nakamura Y, Tokunaga K, Toda T. An ancient

retrotransposal insertion causes Fukuyama-type congenital muscular dystrophy.
Nature 1998; 394(6691):388-392.

Kojic S, Medeot E, Guccione E, Krmac H, Zara I, Martinelli V, Valle G, Faulkner
G. The Ankrd2 protein, a link between the sarcomere and the nucleus in skeletal
muscle. J] Mol Biol 2004; 339(2):313-325.

Kruglyak L, Daly MJ, Reeve-Daly MP, Lander ES. Parametric and nonparametric
linkage analysis: a unified multipoint approach. Am J Hum Genet 1996; 58(6):1347-
1363.

Kurzchalia TV, Parton RG. Membrane microdomains and caveolae. Curr Opin Cell
Biol 1999; 11(4):424-431.

Lacy MJ, Voss EW, Jr. A modified method to induce immune polyclonal ascites
fluid in BALB/c mice using Sp2/0-Ag14 cells. J Immunol Methods 1986; 87(2):169-
177.

Lamont RE, Loredo-Osti J, Roslin NM, Mauthe J, Coghlan G, Nylen E, Frappier D,
Innes AM, Lemire EG, Lowry RB, Greenberg CR, Triggs-Raine BL, Morgan K,
Wrogemann K, Fujiwara TM, Zelinski T. A locus for Bowen-Conradi syndrome
maps to chromosome region 12p13.3. Am J Med Genet A 2005; 132A(2):136-143.

Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, Devon K,
Dewar K, Doyle M, FitzHugh W, Funke R, Gage D, Harris K, Heaford A, Howland
J,Kann L, Lehoczky J, LeVine R, McEwan P, McKernan K, Meldrim J, Mesirov JP,
Miranda C, Morris W, Naylor J et al. Initial sequencing and analysis of the human
genome. Nature 2001; 409(6822):860-921.

Lapidos KA, Kakkar R, McNally EM. The dystrophin glycoprotein complex:
signaling strength and integrity for the sarcolemma. Circ Res 2004; 94(8):1023-1031.

Lathrop GM, Lalouel JM. Easy calculations of lod scores and genetic risks on small
computers. Am J Hum Genet 1984; 36(2):460-465.

169



154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Lathrop GM, Lalouel JM, Julier C, Ott J. Strategies for multilocus linkage analysis
in humans. Proc Natl Acad Sci U S A 1984; 81(11):3443-3446.

Lathrop GM, Lalouel JM, White RL. Construction of human linkage maps:

likelihood calculations for multilocus linkage analysis. Genet Epidemiol 1986;
3(1):39-52.

Laval SH, Bushby KM. Limb-girdle muscular dystrophies--from genetics to
molecular pathology. Neuropathol Appl Neurobiol 2004; 30(2):91-105.

Lawrence JB, Oxvig C, Overgaard MT, Sottrup-Jensen L, Gleich GJ, Hays LG, Yates
JR, III, Conover CA. The insulin-like growth factor (IGF)-dependent IGF binding
protein-4 protease secreted by human fibroblasts is pregnancy-associated plasma
protein-A. Proc Natl Acad Sci U S A 1999; 96(6):3149-3153.

Lennon NJ, Kho A, Bacskai BJ, Perlmutter SL, Hyman BT, Brown RH, Jr. Dysferlin
interacts with annexins A1 and A2 and mediates sarcolemmal wound-healing. J Biol
Chem 2003; 278(50):50466-50473.

Lim LE, Duclos F, Broux O, Bourg N, Sunada Y, Allamand V, Meyer J, Richard I,
Moomaw C, Slaughter C. Beta-sarcoglycan: characterization and role in limb-girdle
muscular dystrophy linked to 4q12. Nat Genet 1995; 11(3):257-265.

Liu HX, Cartegni L, Zhang MQ, Krainer AR. A mechanism for exon skipping caused
by nonsense or missense mutations in BRCA1 and other genes. Nat Genet 2001;
27(1):55-58.

Liu HX, Zhang M, Krainer AR. Identification of functional exonic splicing enhancer
motifs recognized by individual SR proteins. Genes Dev 1998; 12(13):1998-2012.

Liu J, Aoki M, Illa I, Wu C, Fardeau M, Angelini C, Serrano C, Urtizberea JA,
Hentati F, Hamida MB, Bohlega S, Culper EJ, Amato AA, Bossie K, Oeltjen J,
Bejaoui K, McKenna-Yasek D, Hosler BA, Schurr E, Arahata K, de Jong PJ, Brown
RH, Jr. Dysferlin, a novel skeletal muscle gene, is mutated in Miyoshi myopathy and
limb girdle muscular dystrophy. Nat Genet 1998; 20(1):31-36.

Liu LA, Engvall E. Sarcoglycan isoforms in skeletal muscle. J Biol Chem 1999;
274(53):38171-38176.

Lochmuller H, Johns T, Shoubridge EA. Expression of the E6 and E7 genes of
human papillomavirus (HPV16) extends the life span of human myoblasts. Exp Cell
Res 1999; 248(1):186-193.

Longman C, Brockington M, Torelli S, Jimenez-Mallebrera C, Kennedy C, Khalil

N, Feng L, Saran RK, Voit T, Merlini L, Sewry CA, Brown SC, Muntoni F.
Mutations in the human LARGE gene cause MDCI1D, a novel form of congenital

170



166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

muscular dystrophy with severe mental retardation and abnormal glycosylation of
alpha-dystroglycan. Hum Mol Genet 2003; 12(21):2853-2861.

Louhichi N, Triki C, Quijano-Roy S, Richard P, Makri S, Meziou M, Estournet B,
Mrad S, Romero NB, Ayadi H, Guicheney P, Fakhfakh F. New FKRP mutations
causing congenital muscular dystrophy associated with mental retardation and central
nervous system abnormalities. Identification of a founder mutation in Tunisian
families. Neurogenetics 2003.

Mahjneh I, Marconi G, Bushby K, Anderson LV, Tolvanen-Mahjneh H, Somer H.
Dysferlinopathy (LGMD2B): a 23-year follow-up study of 10 patients homozygous
for the same frameshifting dysferlin mutations. Neuromuscul Disord 2001; 11(1):20-
26.

Markianos K, Daly MJ, Kruglyak L. Efficient multipoint linkage analysis through
reduction of inheritance space. Am J Hum Genet 2001; 68(4):963-977.

Matsuda C, Hayashi YK, Ogawa M, Aoki M, Murayama K, Nishino I, Nonaka I,
Arahata K, Brown RH, Jr. The sarcolemmal proteins dysferlin and caveolin-3 interact
in skeletal muscle. Hum Mol Genet 2001; 10(17):1761-1766.

Mattout-Drubezki A, Gruenbaum Y. Dynamic interactions of nuclear lamina proteins
with chromatin and transcriptional machinery. Cell Mol Life Sci 2003; 60(10):2053-
2063.

Mayans O, van der Ven PF, Wilm M, Mues A, Young P, Furst DO, Wilmanns M,
Gautel M. Structural basis for activation of the titin kinase domain during
myofibrillogenesis. Nature 1998; 395(6705):863-869.

McNally EM, de Sa ME, Duggan DJ, Bénnemann CG, Lisanti MP, Lidov HGW,
Vainzof M, Passos-Bueno MR, Hoffman EP, Zatz M, Kunkel LM. Caveolin-3 in
muscular dystrophy. Hum Mol Genet 1998; 7(5):871-877.

Melacini P, Fanin M, Duggan DJ, Freda MP, Berardinelli A, Danieli GA, Barchitta
A, Hoffman EP, Dalla VS, Angelini C. Heart involvement in muscular dystrophies
due to sarcoglycan gene mutations. Muscle Nerve 1999; 22(4):473-479.

Mercuri E, Brockington M, Straub V, Quijano-Roy S, Yuva Y, Herrmann R, Brown
SC, Torelli S, Dubowitz V, Blake DJ, Romero NB, Estournet B, Sewry CA,
Guicheney P, Voit T, Muntoni F. Phenotypic spectrum associated with mutations in
the fukutin-related protein gene. Ann Neurol 2003; 53(4):537-542.

Messina DN, Speer MC, Pericak-Vance MA, McNally EM. Linkage of familial
dilated cardiomyopathy with conduction defect and muscular dystrophy to
chromosome 6q23. Am J Hum Genet 1997; 61(4):909-917.

171



176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Michele DE, Barresi R, Kanagawa M, Saito F, Cohn RD, Satz JS, Dollar J, Nishino
I, Kelley RI, Somer H, Straub V, Mathews KD, Moore SA, Campbell KP. Post-
translational disruption of dystroglycan-ligand interactions in congenital muscular
dystrophies. Nature 2002; 418(6896):417-422.

Minetti C, Beltrame F, Marcenaro G, Bonilla E. Dystrophin at the plasma membrane
of human muscle fibers shows a costameric localization. Neuromuscul Disord 1992;
2(2):99-109.

Minetti C, Sotgia F, Bruno C, Scartezzini P, Broda P, Bado M, Masetti E, Mazzocco
M, Egeo A, Donati MA, Volonte D, Galbiati F, Cordone G, Bricarelli FD, Lisanti
MP, Zara F. Mutations in the caveolin-3 gene cause autosomal dominant limb-girdle
muscular dystrophy. Nat Genet 1998; 18(4):365-368.

Mologni L, Salmikangas P, Fougerousse F, Beckmann JS, Carpen O. Developmental
expression of myotilin, a gene mutated in limb-girdle muscular dystrophy type 1A.
Mech Dev 2001; 103(1-2):121-125.

Moore SA, Saito F, Chen J, Michele DE, Henry MD, Messing A, Cohn RD, Ross-
Barta SE, Westra S, Williamson RA, Hoshi T, Campbell KP. Deletion of brain
dystroglycan recapitulates aspects of congenital muscular dystrophy. Nature 2002;
418(6896):422-425.

Moreira ES, Vainzof M, Marie SK, Sertic AL, Zatz M, Passos-Bueno MR. The
seventh form of autosomal recessive limb-girdle muscular dystrophy is mapped to
17q11-12. Am J Hum Genet 1997; 61(1):151-159.

Moreira ES, Wiltshire TJ, Faulkner G, Nilforoushan A, Vainzof M, Suzuki OT, Valle
G, Reeves R, ZatzM, Passos-Bueno MR, Jenne DE. Limb-girdle muscular dystrophy
type 2G is caused by mutations in the gene encoding the sarcomeric protein
telethonin. Nat Genet 2000; 24(2):163-166.

Muchir A, Bonne G, van der Kooi AJ, van Meegen M, Baas F, Bolhuis PA, de Visser
M, Schwartz K. Identification of mutations in the gene encoding lamins A/C in
autosomal dominant limb girdle muscular dystrophy with atrioventricular conduction
disturbances (LGMD1B). Hum Mol Genet 2000; 9(9):1453-1459.

Muchir A, van Engelen BG, Lammens M, Mislow JM, McNally E, Schwartz K,
Bonne G. Nuclear envelope alterations in fibroblasts from LGMDIB patients
carrying nonsense Y259X heterozygous or homozygous mutation in lamin A/C gene.
Exp Cell Res 2003; 291(2):352-362.

Muller-Felber W, Schlotter B, Topfer M, Ketelsen UP, Muller-Hocker J, Pongratz
D. Phenotypic variability in two brothers with sarcotubular myopathy. J Neurol 1999;
246(5):408-411.

172



186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

Muntoni F, Brockington M, Torelli S, Brown SC. Defective glycosylation in
congenital muscular dystrophies. Curr Opin Neurol 2004; 17(2):205-209.

Muntoni F, Voit T. The congenital muscular dystrophies in 2004: a century of
exciting progress. Neuromuscul Disord 2004; 14(10):635-649.

Navarro CL, Sandre-Giovannoli A, Bernard R, Boccaccio I, Boyer A, Genevieve D,
Hadj-Rabia S, Gaudy-Marqueste C, Smitt HS, Vabres P, Faivre L, Verloes A, Van
Essen T, Flori E, Hennekam R, Beemer FA, Laurent N, Le Merrer M, Cau P, Levy
N. Lamin A and ZMPSTE24 (FACE-1) defects cause nuclear disorganization and
identify restrictive dermopathy as a lethal neonatal laminopathy. Hum Mol Genet
2004; 13(20):2493-2503.

Nicholas G, Thomas M, Langley B, Somers W, Patel K, Kemp CF, Sharma M,
Kambadur R. Titin-cap associates with, and regulates secretion of, Myostatin. J Cell
Physiol 2002; 193(1):120-131.

Nicol RL, Frey N, Olson EN. From the sarcomere to the nucleus: role of genetics and
signaling in structural heart disease. Annu Rev Genomics Hum Genet 2000; 1:179-
223,

Nigro V. Molecular bases of autosomal recessive limb-girdle muscular dystrophies.
Acta Myol 2003; 22(2):35-42.

Nigro V, de Sa ME, Piluso G, Vainzof M, Belsito A, Politano L, Puca AA, Passos-
Bueno MR, Zatz M. Autosomal recessive limb-girdle muscular dystrophy, LGMD2F,
is caused by a mutation in the delta-sarcoglycan gene. Nat Genet 1996; 14(2):195-
198.

Nimgaonkar VL, Fujiwara TM, Dutta M, Wood J, Gentry K, Maendel S, Morgan K,
Eaton J. Low prevalence of psychoses among the Hutterites, an isolated religious
community. Am J Psychiatry 2000; 157(7):1065-1070.

Nishiyama A, Endo T, Takeda S, Imamura M. Identification and characterization of
epsilon-sarcoglycans in the central nervous system. Brain Res Mol Brain Res 2004;
125(1-2):1-12.

Noguchi S, McNally EM, Ben Othmane K, Hagiwara Y, Mizuno Y, Yoshida M,
Yamamoto H, Bénnemann CG, Gussoni E, Denton PH. Mutations in the dystrophin-

associated protein gamma-sarcoglycan in chromosome 13 muscular dystrophy.
Science 1995; 270(5237):819-822.

Novelli G, Muchir A, Sangiuolo F, Helbling-Leclerc A, D'Apice MR, Massart C,
Capon F, Sbraccia P, Federici M, Lauro R, Tudisco C, Pallotta R, Scarano G,
Dallapiccola B, Merlini L, Bonne G. Mandibuloacral dysplasia is caused by a
mutation in LMNA-encoding lamin A/C. Am J Hum Genet 2002; 71(2):426-431.

173



197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Oak SA, Zhou YW, Jarrett HW. Skeletal muscle signaling pathway through the
dystrophin glycoprotein complex and Racl. J Biol Chem 2003; 278(41):39287-
39295.

Oh SH, Kang SW, Lee JG, Na SJ, Kim TS, Choi YC. Clinical and pathological
characteristics of four Korean patients with limb-girdle muscular dystrophy type 2B.
J Korean Med Sci 2004; 19(3):447-452.

Ono Y, Shimada H, Sorimachi H, Richard I, Saido TC, Beckmann JS, Ishiura S,
Suzuki K. Functional defects of a muscle-specific calpain, p94, caused by mutations
associated with limb-girdle muscular dystrophy type 2A. J Biol Chem 1998;
273(27):17073-17078.

Palenzuela L, Andreu AL, Gamez J, Vila MR, Kunimatsu T, Meseguer A, Cervera
C, Fernandez C, I, van der Ven PF, Nygaard TG, Bonilla E, Hirano M. A novel
autosomal dominant limb-girdle muscular dystrophy (LGMD 1F) maps to 7q32.1-
32.2. Neurology 2003; 61(3):404-406.

Parker JM, Guo D, Hodges RS. New hydrophilicity scale derived from high-
performance liquid chromatography peptide retention data: correlation of predicted
surface residues with antigenicity and X-ray-derived accessible sites. Biochemistry
1986; 25(19):5425-5432.

Parra FC, Amado RC, Lambertucci JR, Rocha J, Antunes CM, Pena SD. Color and
genomic ancestry in Brazilians. Proc Natl Acad Sci U S A 2003; 100(1):177-182.

Passos-Bueno MR, Moreira ES, Vainzof M, Marie SK, Zatz M. Linkage analysis in
autosomal recessive limb-girdle muscular dystrophy (AR LGMD) maps a sixth form
to 5q33-34 (LGMD2F) and indicates that there is at least one more subtype of AR
LGMD. Hum Mol Genet 1996; 5(6):815-820.

Passos-Bueno MR, Vainzof M, Moreira ES, Zatz M. Seven autosomal recessive
limb-girdle muscular dystrophies in the Brazilian population: from LGMD2A to
LGMD2G. Am J Med Genet 1999; 82(5):392-398.

Plasilova M, Chattopadhyay C, Pal P, Schaub NA, Buechner SA, Mueller H, Miny
P, Ghosh A, Heinimann K. Homozygous missense mutation in the lamin A/C gene
causes autosomal recessive Hutchinson-Gilford progeria syndrome. J Med Genet
2004; 41(8):609-614.

Politano L, Nigro V, Passamano L, Petretta V, Comi LI, Papparella S, Nigro G,
Rambaldi PF, Raia P, Pini A, Mora M, Giugliano MA, Esposito MG, Nigro G.
Evaluation of cardiac and respiratory involvement in sarcoglycanopathies.
Neuromuscul Disord 2001; 11(2):178-185.

174



207.

208.

2009.

210.

211.

212.

213.

214.

215.

216.

217.

Poppe M, Bourke J, Eagle M, Frosk P, Wrogemann K, Greenberg C, Muntoni F, Voit
T, Straub V, Hilton-Jones D, Shirodaria C, Bushby K. Cardiac and respiratory failure
in limb-girdle muscular dystrophy 2I. Ann Neurol 2004; 56(5):738-741.

Poppe M, Cree L, Bourke J, Eagle M, Anderson LV, Birchall D, Brockington M,
Buddles M, Busby M, Muntoni F, Wills A, Bushby K. The phenotype of limb-girdle
muscular dystrophy type 21. Neurology 2003; 60(8):1246-1251.

Raffaele DB, Ricci E, Galluzzi G, Tonali P, Mora M, Morandi L, Romorini A, Voit
T, Orstavik KH, Merlini L, Trevisan C, Biancalana V, Housmanowa-Petrusewicz I,
Bione S, Ricotti R, Schwartz K, Bonne G, Toniolo D. Different Mutations in the
LMNA Gene Cause Autosomal Dominant and Autosomal Recessive Emery-Dreifuss
Muscular Dystrophy. Am J Hum Genet 2000; 66(4):1407-1412.

Rambukkana A, Yamada H, Zanazzi G, Mathus T, Salzer JL, Yurchenco PD,
Campbell KP, Fischetti VA. Role of alpha-dystroglycan as a Schwann cell receptor
for Mycobacterium leprae. Science 1998; 282(5396):2076-2079.

Reitter B, Goebel HH. Dystrophinopathies. Semin Pediatr Neurol 1996; 3(2):99-109.

Reymond A, Meroni G, Fantozzi A, Merla G, Cairo S, Luzi L, Riganelli D, Zanaria
E, Messali S, Cainarca S, Guffanti A, Minucci S, Pelicci PG, Ballabio A. The
tripartite motif family identifies cell compartments. EMBO J2001;20(9):2140-2151.

Richard I, Broux O, Allamand V, Fougerousse F, Chiannilkulchai N, Bourg N,
Brenguier L, Devaud C, Pasturaud P, Roudaut C. Mutations in the proteolytic
enzyme calpain 3 cause limb-girdle muscular dystrophy type 2A. Cell 1995;
81(1):27-40.

Roberds SL, Leturcq F, Allamand V, Piccolo F, Jeanpierre M, Anderson RD, Lim
LE, Lee JC, Tome FM, Romero NB. Missense mutations in the adhalin gene linked
to autosomal recessive muscular dystrophy. Cell 1994; 78(4):625-633.

Romero NB, Tome FM, Leturcq F, el Kerch FE, Azibi K, Bachner L, Anderson RD,
Roberds SL, Campbell KP, Fardeau M. Genetic heterogeneity of severe childhood
autosomal recessive muscular dystrophy with adhalin (50 kDa dystrophin-associated
glycoprotein) deficiency. C R Acad Sci III 1994; 317(1):70-76.

Rybakova IN, Patel JR, Ervasti JM. The dystrophin complex forms a mechanically
strong link between the sarcolemma and costameric actin. J Cell Biol 2000;
150(5):1209-1214.

Salmikangas P, van der Ven PF, Lalowski M, Taivainen A, Zhao F, Suila H,
Schroder R, Lappalainen P, Furst DO, Carpen O. Myotilin, the limb-girdle muscular
dystrophy 1A (LGMD1A) protein, cross-links actin filaments and controls sarcomere
assembly. Hum Mol Genet 2003; 12(2):189-203.

175



218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

Sandona D, Gastaldello S, Martinello T, Betto R. Characterization of the ATP-
hydrolysing activity of alpha-sarcoglycan. Biochem J 2004; 381(Pt 1):105-112.

Sandre-Giovannoli A, Bernard R, Cau P, Navarro C, Amiel J, Boccaccio I, Lyonnet
S, Stewart CL, Munnich A, Le Merrer M, Levy N. Lamin a truncation in Hutchinson-
Gilford progeria. Science 2003; 300(5628):2055.

Sandre-Giovannoli A, Chaouch M, Kozlov S, Vallat JM, Tazir M, Kassouri N,
Szepetowski P, Hammadouche T, Vandenberghe A, Stewart CL, Grid D, Levy N.
Homozygous defects in LMNA, encoding lamin A/C nuclear-envelope proteins,

cause autosomal recessive axonal neuropathy in human (Charcot-Marie-Tooth
disorder type 2) and mouse. Am J Hum Genet 2002; 70(3):726-736.

Satoh M, Takahashi M, Sakamoto T, Hiroe M, Marumo F, Kimura A. Structural
analysis of the titin gene in hypertrophic cardiomyopathy: identification of a novel
disease gene. Biochem Biophys Res Commun 1999; 262(2):411-417.

Schapira AHV, Griggs RC. Muscle Diseases. 1 ed. Woburn, MA: Butterworth-
Heinemann, 1999.

Schneiderman LJ, Sampson WI. Genetic studies of a family with two unusual
autosomal dominant conditions: Muscular dystrophy and Pelger-Huet anomaly. Am
J Med 1969; 46:380-393.

Schroder R, Reimann J, Salmikangas P, Clemen CS, Hayashi YK, Nonaka I, Arahata
K, Carpen O. Beyond LGMDI1A: myotilin is a component of central core lesions and
nemaline rods. Neuromuscul Disord 2003; 13(6):451-455.

Selcen D, Engel AG. Mutations in myotilin cause myofibrillar myopathy. Neurology
2004; 62(8):1363-1371.

Shackleton S, Lloyd DJ, Jackson SN, Evans R, Niermeijer MF, Singh BM, Schmidt
H, Brabant G, Kumar S, Durrington PN, Gregory S, O'Rahilly S, Trembath RC.
LMNA, encoding lamin A/C, is mutated in partial lipodystrophy. Nat Genet 2000;
24(2):153-156.

Shen LX, Basilion JP, Stanton VP, Jr. Single-nucleotide polymorphisms can cause
different structural folds of mRNA. Proc Natl Acad Sci U S A 1999; 96(14):7871-
7876.

Shi W, Chen Z, Schottenfeld J, Stahl RC, Kunkel LM, Chan YM. Specific assembly
pathway of sarcoglycans is dependent on beta- and delta-sarcoglycan. Muscle Nerve
2004; 29(3):409-419.

176



229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

Shimura H, Hattori N, Kubo S, Mizuno Y, Asakawa S, Minoshima S, Shimizu N,
Iwai K, Chiba T, Tanaka K, Suzuki T. Familial Parkinson disease gene product,
parkin, is a ubiquitin-protein ligase. Nat Genet 2000; 25(3):302-305.

Shimura H, Schlossmacher MG, Hattori N, Frosch MP, Trockenbacher A, Schneider
R, Mizuno Y, Kosik KS, Selkoe DJ. Ubiquitination of a new form of alpha-synuclein
by parkin from human brain: implications for Parkinson's disease. Science 2001;
293(5528):263-269.

Shin OH, Han W, Wang Y, Sudhof TC. Evolutionarily conserved multiple C2-
domain proteins with two transmembrane regions (MCTPs) and unusual Ca2+-
binding properties. J Biol Chem 2004.

Shokeir MH, Kobrinsky NL. Autosomal recessive muscular dystrophy in Manitoba
Hutterites. Clin Genet 1976; 9(2):197-202.

Shokeir MH, Rozdilsky B. Muscular dystrophy in Saskatchewan Hutterites. Am J
Med Genet 1985; 22(3):487-493.

Shoubridge EA, Johns T, Boulet L. Use of myoblast cultures to study mitochondrial
myopathies. Methods Enzymol 1996; 264:465-475.

Silahtaroglu AN, Tumer Z, Kristensen T, Sottrup-Jensen L, Tommerup N.
Assignment of the human gene for pregnancy-associated plasma protein A (PAPPA)
to 9933.1 by fluorescence in situ hybridization to mitotic and meiotic chromosomes.
Cytogenet Cell Genet 1993; 62(4):214-216.

Slack FJ, Basson M, Liu Z, Ambros V, Horvitz HR, Ruvkun G. The lin-41 RBCC
gene acts in the C. elegans heterochronic pathway between the let-7 regulatory RNA
and the LIN-29 transcription factor. Mol Cell 2000; 5(4):659-669.

Slack FJ, Ruvkun G. A novel repeat domain that is often associated with RING
finger and B- box motifs. Trends Biochem Sci 1998; 23(12):474-475.

Song KS, Scherer PE, Tang Z, Okamoto T, Li S, Chafel M, Chu C, Kohtz DS,
Lisanti MP. Expression of caveolin-3 in skeletal, cardiac, and smooth muscle cells.
Caveolin-3 is a component of the sarcolemma and co-fractionates with dystrophin
and dystrophin-associated glycoproteins. J Biol Chem 1996; 271(25):15160-15165.

Sonoda J, Wharton RP. Drosophila Brain Tumor is a translational repressor. Genes
Dev 2001; 15(6):762-773.

Sorimachi H, Imajoh-Ohmi S, Emori Y, Kawasaki H, Ohno S, Minami Y, Suzuki K.
Molecular cloning of a novel mammalian calcium-dependent protease distinct from
both m- and m-types. J Biol Chem 1989; 264(33):20106-20111.

177



241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

Sorimachi H, Kinbara K, Kimura S, Takahashi M, Ishiura S, Sasagawa N, Sorimachi
N, Shimada H, Tagawa K, Maruyama K. Muscle-specific calpain, p94, responsible
for limb girdle muscular dystrophy type 2A, associates with connectin through IS2,
a p94- specific sequence. J Biol Chem 1995; 270(52):31158-31162.

Sorimachi H, Ono Y, Suzuki K. Skeletal muscle-specific calpain, p94, and
connectin/titin: their physiological functions and relationship to limb-girdle muscular
dystrophy type 2A. Adv Exp Med Biol 2000; 481:383-395.

Sotgia F, Lee JK, Das K, Bedford M, Petrucci TC, Macioce P, Sargiacomo M,
Minetti C, Sudol M, Lisanti MP. Caveolin-3 directly interacts with the C-terminal tail
of beta- dystroglycan: Identification of a central WW-like domain within caveolin
family members. J Biol Chem 2000.

Speckman RA, Garg A, Du F, Bennett L, Veile R, Arioglu E, Taylor SI, Lovett M,
Bowcock AM. Mutational and Haplotype Analyses of Families with Familial Partial
Lipodystrophy (Dunnigan Variety) Reveal Recurrent Missense Mutations in the
Globular C-Terminal Domain of Lamin A/C. Am J] Hum Genet 2000; 66(4):1192-
1198.

Speer MC, Gilchrist JM, Chutkow JG, McMichael R, Westbrook CA, Stajich JM,
Jorgenson EM, Gaskell PC, Rosi BL, Ramesar R. Evidence for locus heterogeneity
in autosomal dominant limb-girdle muscular dystrophy. Am J Hum Genet 1995;
57(6):1371-1376.

Speer MC, Vance JM, Grubber JM, Lennon GF, Stajich JM, Viles KD, Rogala A,
McMichael R, Chutkow J, Goldsmith C, Tim RW, Pericak-Vance MA. Identification
of anew autosomal dominant limb-girdle muscular dystrophy locus on chromosome
7. Am J Hum Genet 1999; 64(2):556-562.

Starling A, Kok F, Passos-Bueno MR, Vainzof M, Zatz M. A new form of autosomal
dominant limb-girdle muscular dystrophy (LGMD1G) with progressive fingers and
toes flexion limitation maps to chromosome 4p21. Eur J Hum Genet 2004 12:1033-
40.

Stenson PD, Ball EV, Mort M, Phillips AD, Shiel JA, Thomas NS, Abeysinghe S,
Krawczak M, Cooper DN. Human Gene Mutation Database (HGMD): 2003 update.
Hum Mutat 2003; 21(6):577-581.

Stone SL, Hauksdottir H, Troy A, Herschleb J, Kraft E, Callis J. Functional Analysis
of the RING-Type Ubiquitin Ligase Family of Arabidopsis. Plant Physiol 2005;
137(1):13-30.

Straub V, Ettinger AJ, Durbeej M, Venzke DP, Cutshall S, Sanes JR, Campbell KP.
epsilon-sarcoglycan replaces alpha-sarcoglycan in smooth muscle to form a unique
dystrophin-glycoprotein complex. J Biol Chem 1999; 274(39):27989-27996.

178



251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

Sugie K, Murayama K, Noguchi S, Murakami N, Mochizuki M, Hayashi YK,
Nonaka I, Nishino I. Two novel CAV3 gene mutations in Japanese families.
Neuromuscul Disord 2004; 14(12):810-814.

Tateyama M, Aoki M, Nishino I, Hayashi YK, Sekiguchi S, Shiga Y, Takahashi T,
Onodera Y, Haginoya K, Kobayashi K, linuma K, Nonaka I, Arahata K, Itoyama Y,

Itoyoma Y. Mutation in the caveolin-3 gene causes a peculiar form of distal
myopathy. Neurology 2002; 58(2):323-325.

Tawil R, Figlewicz DA, Griggs RC, Weiffenbach B. Facioscapulohumeral dystrophy:
a distinct regional myopathy with a novel molecular pathogenesis. FSH Consortium.
Ann Neurol 1998; 43(3):279-282.

Terwilliger JD, Ott J. Handbook of human genetic linkage. Baltimore: Johns Hopkins
University Press, 1994.

Tice LW, Engel AG. Cytochemistry of phosphatases of the sarcoplasmic reticulum.
II. In situ localization of the Mg-dependent enzyme. J Cell Biol 1966; 31(3):489-499.

Toda T, Kobayashi K, Kondo-lida E, Sasaki J, Nakamura Y. The Fukuyama
congenital muscular dystrophy story. Neuromuscul Disord 2000; 10(3):153-159.

Torok M, Etkin LD. Two B or not two B? Overview of the rapidly expanding B-box
family of proteins. Differentiation 2001; 67(3):63-71.

Trinick J, Tskhovrebova L. Titin: a molecular control freak. Trends Cell Biol 1999;
9(10):377-380.

Tskhovrebova L, Trinick J. Extensibility in the titin molecule and its relation to
muscle elasticity. Adv Exp Med Biol 2000; 481:163-173.

Tsubata S, Bowles KR, Vatta M, Zintz C, Titus J, Muhonen L, Bowles NE, Towbin
JA. Mutations in the human delta-sarcoglycan gene in familial and sporadic dilated
cardiomyopathy. J Clin Invest 2000; 106(5):655-662.

Udd B. Limb-girdle type muscular dystrophy in a large family with distal myopathy:
homozygous manifestation of a dominant gene? J Med Genet 1992; 29(6):383-389.

Udd B, Kaarianen H, Somer H. Muscular dystrophy with separate clinical phenotypes
in a large family. Muscle Nerve 1991; 14(11):1050-1058.

Udd B, Rapola J, Nokelainen P, Arikawa E, Somer H. Nonvacuolar myopathy in a

large family with both late adult onset distal myopathy and severe proximal muscular
dystrophy. J Neurol Sci 1992; 113(2):214-221.

179



264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

Vainzof M, Anderson LV, McNally EM, Davis DB, Faulkner G, Valle G, Moreira
ES, Pavanello RC, Passos-Bueno MR, Zatz M. Dysferlin protein analysis in limb-
girdle muscular dystrophies. J Mol Neurosci 2001; 17(1):71-80.

Vainzof M, Zatz M. Protein defects in neuromuscular diseases. Braz J Med Biol Res
2003; 36(5):543-555.

Valle G, Faulkner G, De Antoni A, Pacchioni B, Pallavicini A, Pandolfo D, Tiso N,
Toppo S, Trevisan S, Lanfranchi G. Telethonin, a novel sarcomeric protein of heart
and skeletal muscle. FEBS Lett 1997; 415(2):163-168.

Van den Bergh PY, Bouquiaux O, Verellen C, Marchand S, Richard I, Hackman P,
Udd B. Tibial muscular dystrophy in a Belgian family. Ann Neurol 2003; 54(2):248-
251.

van der Kooi AJ, Bonne G, Eymard B, Duboc D, Talim B, Van d, V, Reiss P,
Richard P, Demay L, Merlini L, Schwartz K, Busch HF, de Visser M. Lamin A/C
mutations with lipodystrophy, cardiac abnormalities, and muscular dystrophy.
Neurology 2002; 59(4):620-623.

van der Kooi AJ, Ledderhof TM, de Voogt WG, Res CJ, Bouwsma G, Troost D,
Busch HF, Becker AE, de Visser M. A newly recognized autosomal dominant limb
girdle muscular dystrophy with cardiac involvement. Ann Neurol 1996; 39(5):636-
642.

van der Kooi AJ, van Meegen M, Ledderhof TM, McNally EM, de Visser M, Bolhuis
PA. Genetic localization of a newly recognized autosomal dominant limb- girdle
muscular dystrophy with cardiac involvement (LGMD1B) to chromosome 1q11-21.
Am J Hum Genet 1997; 60(4):891-895.

van Laar T, van der Eb AJ, Terleth C. Mifl: a missing link between the unfolded
protein response pathway and ER-associated protein degradation? Curr Protein Pept
Sci 2001; 2(2):169-190.

Venema VJ, JuH, Zou R, Venema RC. Interaction of neuronal nitric-oxide synthase
with caveolin-3 in skeletal muscle. Identification of a novel caveolin
scaffolding/inhibitory domain. J Biol Chem 1997; 272(45):28187-28190.

Venter JC, Adams MD, Myers EW, Li PW, Mural RJ, Sutton GG, Smith HO,
Yandell M, Evans CA, Holt RA, Gocayne JD, Amanatides P, Ballew RM, Huson
DH, Wortman JR, Zhang Q, Kodira CD, Zheng XH, Chen L, Skupski M,
Subramanian G, Thomas PD, Zhang J, Gabor Miklos GL, Nelson C et al. The
sequence of the human genome. Science 2001; 291(5507):1304-1351.

180



274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

Volonte D, Peoples AJ, Galbiati F. Modulation of myoblast fusion by caveolin-3 in
dystrophic skeletal muscle cells: implications for Duchenne muscular dystrophy and
limb-girdle muscular dystrophy-1C. Mol Biol Cell 2003; 14(10):4075-4088.

Walter MC, Petersen JA, Stucka R, Fischer D, Schroder R, Vorgerd M, Schroers A,
Schreiber H, Hanemann CO, Knirsch U, Rosenbohm A, Huebner A, Barisic N,
Horvath R, Komoly S, Reilich P, Muller-Felber W, Pongratz D, Muller JS,
Auerswald EA, Lochmuller H. FKRP (826C>A) frequently causes limb-girdle
muscular dystrophy in German patients. ] Med Genet 2004; 41(4):e50.

Wang KK. Calpain and caspase: can you tell the difference? Trends Neurosci 2000;
23(1):20-26.

Weiler T, Bashir R, Anderson LV, Davison K, Moss JA, Britton S, Nylen E, Keers
S, Vafiadaki E, Greenberg CR, Bushby CR, Wrogemann K. Identical mutation in
patients with limb girdle muscular dystrophy type 2B or Miyoshi myopathy suggests
a role for modifier gene(s). Hum Mol Genet 1999; 8(5):871-877.

Weiler T, Greenberg CR, Nylen E, Morgan K, Fujiwara TM, Crumley MJ, Zelinski
T, Halliday W, Nickel B, Triggs-Raine B, Wrogemann K. Limb girdle muscular
dystrophy in Manitoba Hutterites does not map to any of the known LGMD loci. Am
J Med Genet 1997, 72(3):363-368.

Weiler T, Greenberg CR, Zelinski T, Nylen E, Coghlan G, Crumley MJ, Fujiwara
TM, Morgan K, Wrogemann K. A 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. Am J Hum Genet 1998; 63(1):140-
147.

Wheeler MT, Zarnegar S, McNally EM. Zeta-sarcoglycan, a novel component of the
sarcoglycan complex, is reduced in muscular dystrophy. Hum Mol Genet 2002;
11(18):2147-2154.

WipfJ. Family Record List (Dariusleut). 3rd ed. Lakeside Colony: Lakeside Colony
Press, 1993.

Woodman SE, Sotgia F, Galbiati F, Minetti C, Lisanti MP. Caveolinopathies:
mutations in caveolin-3 cause four distinct autosomal dominant muscle diseases.
Neurology 2004; 62(4):538-543.

Wozniak AC, Kong J, Bock E, Pilipowicz O, Anderson JE. Signaling satellite-cell

activation in skeletal muscle: Markers, models, stretch, and potential alternate
pathways. Muscle Nerve 2004.

181



284.

285.

286.

287.

288.

2809.

290.

Wylie JL, Berry JD, McClarty G. Chlamydia trachomatis CTP synthetase: molecular
characterization and developmental regulation of expression. Mol Microbiol 1996;
22(4):631-642.

Yamaoka LH, Westbrook CA, Speer MC, Gilchrist JM, Jabs EW, Schweins EG,
Stajich JM, Gaskell PC, Roses AD, Pericak-Vance MA. Development of a
microsatellite genetic map spanning 5q31-q33 and subsequent placement of the
LGMDI1A locus between D5S178 and IL9. Neuromuscul Disord 1994; 4(5-6):471-
475.

Yasunaga S, Grati M, Cohen-Salmon M, El Amraoui A, Mustapha M, Salem N, El
Zir E, Loiselet J, Petit C. A mutation in OTOF, encoding otoferlin, a FER-1-like
protein, causes DFNBY9, a nonsyndromic form of deafness. Nat Genet 1999;
21(4):363-369.

Yoshida T, Pan Y, Hanada H, Iwata Y, Shigekawa M. Bidirectional signaling

between sarcoglycans and the integrin adhesion system in cultured L6 myocytes. J
Biol Chem 1998; 273(3):1583-1590.

Zacharias AS, Wagener ME, Warren ST, Hopkins LC. Emery-Dreifuss muscular
dystrophy. Semin Neurol 1999; 19(1):67-79.

Zhu X, Hadhazy M, Groh ME, Wheeler MT, Wollmann R, McNally EM.
Overexpression of gamma -Sarcoglycan Induces Severe Muscular Dystrophy.

Implications for the Regulation of Sarcoglycan Assembly. J Biol Chem 2001;
276(24):21785-21790.

Zimprich A, Grabowski M, Asmus F, Naumann M, Berg D, Bertram M,
Scheidtmann K, Kern P, Winkelmann J, Muller-Myhsok B, Riedel L, Bauer M,
Muller T, Castro M, Meitinger T, Strom TM, Gasser T. Mutations in the gene
encoding epsilon-sarcoglycan cause myoclonus-dystonia syndrome. Nat Genet 2001,
29(1):66-69.

182



Appendix 1

Limb Girdle Muscular Dystrophies (LGMDs) in Manitoba Populations
Participant Information and Consent Form

Principal Investigator: Co-Investigator:
Dr. Klaus Wrogemann Dr. Cheryl Greenberg
Department of Biochemistry Section of Genetics and Metabolism
University of Manitoba Children’s Hospital
770 Bannatyne Avenue FE229 Community Services Building
Winnipeg, Manitoba R3E 0W3 Winnipeg, Manitoba R2E 0Z3
Telephone: (204)-789-3701 Telephone: (204)-787-2711
FAX: (204)-789-3900 Pager: (204)-787-2071

You are being asked to participate in a research study. Please take your time to review this
consent form and discuss any questions you may have with the study staff. You may take your
time to make your decision about participating in this study and you may discuss it with your
friends, family or (if applicable) your doctor before you make your decision. This consent form
may contain words that you do not understand. Please ask the study staff to explain any words or
information that you do not clearly understand.

Purpose of Study

This research study is being conducted to identify the genetic factor or factors which lead to the
form of muscular dystrophy 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 dystrophy seen in
individuals from your family in the attempt to identify the exact type of limb girdle 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 nucleic acid (DNA) analysis
and the analysis of gene function using RNA and protein studies. DNA is a chemical compound
found at the center (nucleus) of almost every cell in the human body. DNA carries the complete
genetic blueprint for all inherited traits. Differences in the DNA make-up of different
individuals can be used to track the DNA changes that result in traits such as muscular
dystrophy. It is necessary that we examine the DNA of family members who do not have
muscular dystrophy as well as those who do. RNA is another chemical compound that is found
in almost every cell in the body. RNA is used to study gene function. Gene function can also be
studied by looking at the expression of specific proteins in muscle.

Participant Information and Consent Form Participant Initials:
Version January 3, 2002 Page 1 of 5



Study Procedures

If you take part in this research study you will have the following procedures :

1) We will review your past medical history and test the muscle strength manually in your
arms and legs.

i) For DNA analysis, a blood sample is requested. We will prepare the DNA from the blood
sample and in some instances we will take a fraction of blood cells and grow them in the
laboratory. Growing the cells in the laboratory means that we have an essentially
permanent source of DNA and RNA. A very 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. It is unlikely, if you have no symptoms or signs 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 of CK
in your blood will, however, at this time not help us differentiate between a carrier and a
non-carrier for limb girdle muscular dystrophy, remembering that silent gene carriers do
not develop signs of muscle weakness.

ii1) Analysis of gene function by RNA analysis will proceed from the RNA isolated from
your blood sample. In addition, if there is a sample of muscle left over from the muscle
biopsy you underwent for diagnostic purposes, protein expression studies will be done in
this tissue. These protein studies will only be performed if there is stored muscle tissue.
No biopsy of muscle will be requested solely for research purposes.

Drs. Greenberg and Wrogemann will be performing the DNA and RNA analysis and will
coordinate the overall project. We will not use the blood samples for any unrelated studies. This
study may involve long-term followup.

Risks and Discomforts

Your blood sample will be obtained using the routine technique known as venipuncture with
withdrawl 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. Otherwise there are no physical or non- physical (such as inability to work) risks
by participating in this study.

Benefits

There may or may not be direct benefit to you from participating in this study. We hope the
information learned from this study will benefit other people with limb girdle muscular
dystrophy in the future.

Costs
All the procedures, which will be performed as part of this study, are provided at no cost to you.

Participant Information and Consent Form Participant Initials:
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Confidentiality

Information gathered in this research study may be published or presented in public forums,
however your name and other identifying information will not be used or revealed. Despite
efforts to keep your personal information confidential, absolute confidentiality cannot be
guaranteed. Your personal information may be disclosed if required by law.

Medical records that contain your identity will be treated as confidential in accordance with the
Personal Health Information Act of Manitoba.

The University of Manitoba Health Research Ethics Board may review records related to the
study for quality assurance purposes.

Voluntary Participation/Withdrawal from the Study

Your decision to take part in this study is voluntary. You may refuse to participate or you may
withdraw from the study at any time. Your decision not to participate or to withdraw from the
study will not affect your care at this center. If the study staff feel that it is in your best interest to
withdraw you from the study, they will remove you without your consent.

We will tell you about any new information that may affect your health, welfare, or willingness

to stay in this study.

Questions

You are free to ask any questions that you may have about your treatment and your rights as a
research participant. If any questions come up during or after the study, contact Dr. Cheryl R.
Greenberg at 204-787- 2711 or Dr. Klaus Wrogemann at 204-789-3701.

For questions about your rights as a research participant, you may contact The University of
Manitoba, Bannatyne Campus Research Ethics Board Office at (204) 789-3389

Do not sign this consent form unless you have had a chance to ask questions and have received
satisfactory answers to all of your questions.

Statement of Consent

I have read this consent form. I have had the opportunity to discuss this research study with Dr.
Cheryl Greenberg and/or her study colleagues and staff. I confirm that the DNA and gene
expression studies proposed to identify the genes causing limb girdle muscular dystrophy have
been explained to me. I have had my questions answered by them in language I understand. The
risks and benefits have been explained to me. The results of these tests will be conveyed to me
and this information may be shared, if requested, 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. I have been assured that my
record will be kept confidential and that no information will be released or printed that will
reveal my identity without my permission. I understand that I will be given a copy of this consent
form after signing it. I understand that my participation in this study is voluntary and that [ may
choose to withdraw at any time. I freely agree to participate in this research study.

I understand that information regarding my personal identity will be kept confidential, but that
confidentiality is not guaranteed. I authorize the inspection of any of my records that relate to
this study by The University of Manitoba Research Ethics Board for quality assurance purposes.

Participant Information and Consent Form Participant Initials:
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Limb Girdle Muscular Dystrophies (LGMDs) in Manitoba Populations

AsDNA may be stored indefinitely, for the following statements| am indicating my choices
asto thelong-term handling and storage of my DNA, specifically:

1. I give my consent for the DNA sample extracted from my YES NO
blood to be used in the search for genes causing LGMD, but

my DNA will be discarded once the initial results of the

investigation are available.

2. If my DNA is destroyed, I understand that if [ want any YES NO
further genetic testing to be done in the future I will need to
have another blood sample taken.

3. The DNA obtained from me may be stored for 20 years in a YES NO
DNA bank so that further testing of genes related to limb girdle
muscular dystrophy may be performed in the future.

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

5. Samples may be used in this laboratory or sent to other YES NO
laboratories for research on other genetic diseases after all the

identifying information has been removed so that my identity

cannot be known or traced either by members of the research

team or by the requesting research laboratory.

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

7. My first-degree relatives will be allowed access to my stored YES NO
DNA after my death.
I may request that my DNA be removed from the DNA bank at any time.

By signing this consent form, I have not waived any of the legal rights that I have as a participant
in a research study.

Participant signature: Date:

Participant printed name:

Parent/legal guardian's signature: Date:

Parent/legal guardian's printed name:

Child's signature: Date:

Participant Information and Consent Form Participant Initials:
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Child's printed name:

Legal guardian's signature: Date:

Legal guardian's printed name:

I, the undersigned, attest that the information in the Participant Information and Consent Form
was accurately explained to and apparently understood by the participant or the participant's
legally acceptable representative and that consent to participate in this study was freely given by
the participant or the participant's legally acceptable representative.

Witness signature: Date:

Witness printed name:

I, the undersigned, have fully explained the relevant details of this research study to the
participant named above and believe that the participant has understood and has knowingly given
their consent

Printed Name: Date:

Signature:

Role in the study:

Participant Information and Consent Form Participant Initials:
Version January 3, 2002 Page 5 of 5
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Appendix 3

Name Forward (5'-3") Name Reverse (5'-3") Amplifies (Sk;?:)!
PAPPA_ex.1(1)F GGGGAGCAGATTAGCATACG PAPPA_ex.1(1R CAAATCCAGAGCCGCATGTC  PAPPA exon 1 (1) 557
PAPPA ex.1(2F AAGAAGGGTGAAGAAGCGAAG PAPPA_ex.1(2JR  GAGCAAAGTGAGGCTCTCAG  PAPPA exon 1(2) 692
PAPPA_ex.2F TTAACCCCCCCTCCTTTTC PAPPA_ex.2(1)R  TCACAGTTGGCCAGGATGAG  PAPPA exon 2 (1) 889
PAPPA_ex.2(2F  GCAGTGCCCTGAATCACAAC PAPPA_ex.2R CAAGTTCAACTTTCAACTGGG  PAPPA exon 2 (2) 800
PAPPA_ex.3F GCTCTAAATTATTTGGAGAGG PAPPA_ex.3R GCACTAAGTGTATTACTGTCC PAPPA exon 3/V1 291
PAPPA_ex.4F GCACCAAGAAGCAGAGTACC PAPPA_ex.4R ACATCTGACATCCAGACCTG PAPPA exon 4 395
PAPPA_ex.5F GTCATTACTCTCTCATATGCC PAPPA_ex.5R GCTTCCCTTCCAAGTTTCC PAPPA exon 5 335
PAPPA_ex.6F CATTCAACTGTTCCTAAGTCG PAPPA_ex.6R AGCTGTTCTTTGCACACTCC PAPPA exon 6 227
PAPPA ex.7(1)F  GAATAAAGCTCTTTCCCCAAG PAPPA_ex.7(1)R  CCAGGGAGATGTTCTTCCCAC PAPPA exon 7 (1) 301
PAPPA_ex.7(2)F GTTGGCTGTCAGTGGGAAG PAPPA_ex.7(2JR2 CCACCCACTTAATAAACTCC PAPPA exon 7 (1) 320
PAPPA_ex.8F GTCTGCCCAGTATTGTAATTG PAPPA_ex.8R CTCTTGACCTAACCAGCATCC PAPPA exon 8 232
PAPPA_ex.9F CATGGTTTTAAGACTAAATTGG PAPPA_ex.9R ACCGTTCATTTCTTCATGAAGG PAPPA exon 9 189
PAPPA_ex.10F GTCTGCAGGAAATGCCACAC PAPPA_ex.10R CTCTCCCTTTCTATGTCAATC PAPPA exon 10 259
PAPPA_ex.11F CTTCTGACACTCTCTAAAACATG PAPPA_ex.11R GATTCCAAAGCTCTCAGAGC PAPPA exon 11 193
PAPPA_ex.12F GAGTGCACATGTGACCCTCC PAPPA_ex.12R GAAAGCAAGCCAAGACCAAG PAPPA exon 12 206
PAPPA_ex.13F GGCCTAGGGCGAGTCTGC PAPPA_ex.13R GGCCTTGAGTAATGAGCC PAPPA exon 13 296
PAPPA_ex.14F ATATTGCAGGTGGCATGTGAG PAPPA_ex.14R3 CTGTCCTGTGAGGAGACTCC PAPPA exon 14 258
PAPPA_ex.15F CTGCCACTCCTCACTATGC PAPPA_ex.15R CAAAGGAAGGCTGAGCTGG PAPPA exon 15 257
PAPPA_ex.16F GACTCCTCCCTCCTCTAACC PAPPA_ex.16R TCCCAGAGACCATAAGTTTGC PAPPA exon 16 291
PAPPA_ex.17F GAGATGTCTCCTGTTTGATCC PAPPA_ex.17R CATGGTATCAATCTCAAGTTCC PAPPA exon 17 237
PAPPA_ex.18F CTCTCTTGGTCCTAACTCTG PAPPA_ex.18R GAATTGCCCCTCCTACTGC PAPPA exon 18 /V3 225
PAPPA_ex.19F CCTGAGCTGCGCCTCATGC PAPPA_ex.19R GGTGGGTAGATGTCCCTGG PAPPA exon 19 170
PAPPA_ex.20F CAAGCCCATCTGACCTTTC PAPPA_ex.20R CAGGGAACTGAGGAGTGC PAPPA exon 20 142
PAPPA_ex.21F CAGGATGCTAACAAGGCCTC PAPPA_ex.21R GTGGGCAGGAGGCAGCTG PAPPA exon 21 187
PAPPA_ex.22F GACCAAATCACCTGATTCAC PAPPA_ex.22R CACAGATGGGCACACTCTAG PAPPA exon 22 474
P14 _BsmAlF GCTGGCTGTGGAGAATGCgT P14_BsmAlR AGCACCTGCACATACCTGtC V2 145
PAPPAL16/17 AACGGGCCTTCAAGACTCAG PAPPA19/20 ACAACTCTCTCTACCCGTG PAPPA cDNA 439
ASTN2_ex.6F CAGGGCTTCTAGCAGGTG ASTN2_ex.6R GTCTCTGGGGTTTAACCATC ASTN2 exon 6 253
ASTN2_ex.7F TCCCTCACTTCTGTAAATGG ASTN2_ex.7TR CCATAACTACCCTGTTGC ASTN2 exon 7 250
ASTN2_ex.8F GACTCAGACAAGCAATGTGC ASTN2_ex.8R GATGTGAAGCTAATTCTGAGC ASTN2 exon 8 264
ASTN2_ex.9F GACTCGGTGTGTGGTCAGG ASTN2_ex.9R CAGCAGTCTCCACTTCCTCG ASTN2 exon 9 227
ASTN2_ex.10F GTGCTAAATTATTCCAAGTCC ASTN2_ex.10R GTGAACAATGTGGTGTGAAGC ASTN2 exon 10 214
ASTN2_ex.11F GGCAGCTCAGTTGTCTCC ASTN2_ex.11R CCACCGTATAATTTGCTAGC ASTN2 exon 11 328
ASTN2_ex.12F GACAAAGGGTCCACAAGG ASTN2_ex.12R GTTTACCTTTCGCTCTTCC ASTN2 exon 12 378
ASTN2_ex.13F AGGACAGGAGTGTGAGTCC ASTN2_ex.13R CGATGGCTCACATCATGGC ASTN2 exon 13 286
ASTN2_ex.14F CTTCCCAAGACAGATGAGACC ASTN2_ex.14R GTGCTGGCTGCCAAACAC ASTN2 exon 14 290
ASTN2_ex.15F CTCATGCCATTCCTCTTAGG ASTN2_ex.15R CTCACTATGGCCTGAGCTG ASTN2 exon 15 263
ASTN2_ex.16F GATTAGTGACTGTTGGGTGC ASTN2_ex.16R CTTCCCTGCAACTCCCAG ASTN2 exon 16 245
ASTN2_ex.17F GATAAAGCCTAGTCTCAGC ASTN2_ex.17R GAAGCCCATGCTTATATCC ASTN2 exon 17 350
ASTN2_ex.18(1)F GATCTGGACTTCTTTAATCATGG ASTN2_ex.18(1)R CCATGGAGAGTCTCTGTGC ASTN2 exon 18 (1) 304
ASTN2_ex.18(2)F2 CGTGAGCACAGAGACTCTCC ASTN2_ex.18(2)R2 GTCCATGGCAGGAAGAAAGC  ASTN2 exon 18 (2) 359
ASTN2_ex.18(3)F AGGCAGAAGTTTTCAGGTGG ASTN2_ex.18(3)R GGTCTCTCAAGCACATTCC ASTN2 exon 18 (3) 380
HT2A ex.2(1)F GACTGAATGACTGGTCATAGC HT2A_ex.2(1)R CTTGCTGCAAAAGGGACAGC  TRIM32 exon 2 (1) 377
HT2A ex.2(2)F CAGTAGCATCAATGGTGTCC HT2A_ex.2(2)R TATACCTTGCCTGAAGGTCC  TRIM32 exon 2 (2) 386
HT2A ex.2(3)F CTTGGAAGGTGTCTCCAAGG HT2A_ex.2(3)R GTAACAGAGGTAGAGGCAGC  TRIM32 exon 2 (3) 456
HT2A ex.2(4)F2  GCTGCCTCTACCTCTGTTAC HT2A_ex.2(4R2  CATAGCTGTCAGTCACACC TRIM32 exon 2 (4) 403
HT2A ex.2(5)F GGTGTGACTGACAGCTATG HT2A_ex.2(5)R GATGAGATCACCACGAGC TRIM32 exon 2 (5) 444
HT2A_ex.2(6)F GCTGCATTGCTGGCATGTG HT2A_ex.2(6)R CATAGGCTGAGTCTATTCTGC  TRIM32 exon 2 (6) 333
HT2A ex.2(7)F GGTTGTTAGTGGCACATGC HT2A_ex.2(7)R GGAAACAATGGATCAAGGG TRIM32 exon 2 (7) 326

- - H2_HpyR AGCTTTCCACCTTCCACGT V4 (w/ HT2A_ex.2(5)F) 152
HT2A NdelF GGAATTCCATATGGCTGCAGCAGCAGCTTCTC - Cloning TRIM32, full -
HT2A Nde2F GGGAATTCCATATGAAAGGCAGCACTCCAGGAA - Cloning TRIM32, C-term -
New_ex1F ATTTGATCCTAGGCTGGACAG New_ex1R TGGAGGCCAAGGCTTTGG Novel Gene exon 1 583
New_ex2F TTTGGGAAACTGGGTTTGTC New_ex2R TGGGATGCAAAACCTTCCTTG Novel Gene exon 2 525
New_ex3F GTGCAAGAGCTCTTTGAATCC New_ex3R ACAGGTGGACAGCAGTCAC Novel Gene exon 3 588
New_ex4F CTCCCTGCCTCCCTTTCTTC New_ex4R GAAAGAAGCTTGGACAAGTG Novel Gene exon 4 569
FKRP_ex4(1)F CTGCCTTCCCTTTCGTCC FKRP_ex4(1)R CCGAGAGGTTGAAGAGGT FKRP exon 4 (1) 702
FKRP_ex4(2)F CCTGGACGGAGATGCTGT FKRP_ex4(2)R GGTAGAAGGGCCACAGGT FKRP exon 4 (2) 686
FKRP_ex4(3)F GGAGAAGGCGGTCGAGG FKRP_ex4(3)R CCAAAACTCTGCCCCTGC FKRP exon 4 (3) 694
FKRP_ex4(4)F CTGCCCAAGATTCCGAGAGC FKRP_ex4(4)R GAGCTGCGATTCAGAAGTCG  FKRP exon 4 (4) 675
FKRP_ex4(5)F GAGGAGGAAATGCTCAGAGC FKRP_ex4(5)R GCAAAAGTCATTGGGATGAGG FKRP exon 4 (5) 804
FKRP_ex4(6)F GGTATTTGGGCATGTATTCCC FKRP_ex4(6)R GGCTGATCTTGAACTCTTGG  FKRP exon 4 (6) 776
FKRP_ex4(1)F2  TCAGGGAGTGCTTCCTGGAGAAG  FKRP_ex4(3)R2  CCCTCTAGTGGCGGAAGCAAC FKRP exon 4 2235
rs3810288_F TCCAACCTGCACCTGGCTAGG rs3810288_R AGCTGGAGGGGTCTGGGAGALCTFKRP promoter SNP 118
FKRP52_F TCTCCAAAAAACAACAACAAC FKRP52_R CTAGTGTTCTGGGACCTTT FKRP52 STR 92-128
FMS2 F GGAGGGAATAGGGGATCTGG FMS2 R CACCATGCTGGTTATTTTGGC FMS2 STR 140-152
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