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Abstract
Muscular dystrophy is a devastating disease for which no cures or preventative
treatments are currently available. There has been great progress in the identification of
genetic mutations that cause some forms of muscle disease; however, genetic
heterogeneity is the rule rather than the exception. Molecular diagnosis of these
disorders is challenging because the large number of known causative genes makes
exhaustive clinical testing very expensive and the similarity of clinical presentation
makes selection of likely candidate genes difficult. The Duke Limb‐Girdle Muscular
Dystrophy (LGMD) group strives to identify the mutations causing disease in affected
members of families with molecularly undiagnosed, dominantly inherited forms of
muscular dystrophy while potentially identifying and characterizing genes and
mutations that have not been previously shown to be involved in muscle disease
pathogenesis.
One strategy to identify disease‐causing mutations in families with many
affected individuals is to perform linkage analysis to identify a region of the genome
that is likely to contain the disease‐causing variant followed by candidate gene
sequencing within the peak to isolate the mutation. Linkage analysis was performed for
a family with a molecularly undiagnosed form of scapuloperoneal muscular dystrophy.
Three suggestive linkage regions were identified on chromosomes 3, 4, and 14
iv

respectively. Each affected individual in the family carried a heterozygous deletion of a
lysine residue at position 1784 in exon 37 of MYH7, which maps to one of the linked loci.
Other groups have also identified this variant in individuals with similar symptoms. The
deletion of the lysine residue is likely the causative mutation in this family.
An alternate strategy for mutation identification is exome capture and
sequencing. This approach may be used to screen genes that are known to be involved
in muscle disease pathogenesis while potentially identifying candidate disease‐causing
variants in genes that have not previously been shown to be involved in the disease.
This strategy was evaluated through the analysis of exome sequencing data obtained
from multiple affected family members in two families with different muscle disease
symptoms. Variant filtration and Sanger sequencing follow‐up were performed to
identify those variants located in genes known to be involved in skeletal and/or cardiac
muscle disease that fit the expected inheritance patterns in each family and are rarely
identified in the general population, and likely functional. The mutation, desmin IVS3+3
A>G, was identified in the first family, and the mutation, filamin C p.W2710X, was
identified in the second family. These mutations segregated with affection status in the
complete families. They have been identified in other individuals with similar
phenotypes and were found to affect the proteins by functional analyses. Therefore, the
mutations likely caused disease in affected members of these two families as well.
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For families in which initial analysis of exome sequencing data does not reveal a
likely disease‐causing variant in genes in which mutations are known to cause skeletal
muscle disease, it is necessary to determine whether the exome sequencing data
provided deep, high‐quality coverage at each base in their coding and splicing regions.
Coverage variability in genes known to be involved in skeletal and/or cardiac muscle
disease was examined for eleven example exomes. After duplicate removal, the mean
coverage per exome ranged from 42X to 84X, and 85.7%‐92.8% of the expected capture
region was covered at ≥10X as calculated with the command GATK –DepthOfCoverage.
Depth and quality of coverage were examined in the coding and splicing regions of 102
genes that are known to be involved in skeletal and/or cardiac muscle disease; they were
found to vary across different exome captures. Some regions were not well covered in
any of the exomes sequenced. The results indicate that while many causative genes are
well‐covered, gaps exist which may interfere with the identification of some disease‐
causing mutations. In some cases, these gaps may be filled by increasing overall
coverage.
The initial screen indicated that mutations in known disease genes may be
frequent in the Duke LGMD families, so the use of a single exome in a family to screen
genes that are known to be involved in muscle disease was attempted. Exome sequence
analysis was performed for single affected individuals from seven families with multiple
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affected family members. For each exome, the candidate set was restricted to variants
found within the coding and splicing regions of 102 skeletal and/or cardiac muscle
disease genes. Strict filters were applied to identify extremely rare, high quality variants
located within those genes, and Sanger sequencing follow‐up was performed to
determine which variants segregated with affection status in the complete family. In five
of the seven families, potential disease‐causing variants were found in a heterozygous
state in all affected individuals. When possible, functional testing of these alleles,
preferably in an in vivo model, would be beneficial to assist in determining whether each
allele is likely to be pathogenic.
The described work utilized linkage analysis followed by candidate gene
sequencing as well as exome capture and sequencing to attempt to isolate the mutations
responsible for muscular dystrophy in affected family members. While linkage analysis
may continue to be important to identify regions of the genome that are identical by
descent in extended families, the use of next generation sequencing technologies to
isolate mutations that cause rare, highly penetrant disorders in smaller families can be
effective. However, it is necessary to examine the depth and quality of coverage within
the consensus coding and splicing regions of genes in which mutations are known to
cause a similar phenotype to that found in a family of interest. In the future, functional
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follow‐up will be important to assist in the interpretation of variants of unknown
significance.
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1. Introduction
Since the mid‐1980s, the Duke Limb‐Girdle Muscular Dystrophy (LGMD) group
has enrolled families with molecularly undiagnosed forms of muscular dystrophy in a
study to identify the mutations causing disease in affected family members. The group
has primarily focused on families with multiple affected individuals in which the
disease inheritance pattern is clearly autosomal dominant. The goals of this research
project are to find the causative mutations in these families while potentially identifying
and characterizing genes and mutations that have not been previously shown to be
involved in muscle disease pathogenesis. To accomplish these goals, it is necessary to
understand the components of skeletal muscle as well as the types of muscle disease,
previously described disease‐causing mechanisms, and methods of symptom evaluation
and molecular diagnosis.

1.1 Normal muscle function
Some key components of muscle are briefly described below.

1.1.1 Motor unit
Each motor unit contains a single motor neuron and a muscle unit, which
consists of a cluster of muscle fibers that are innervated by that neuron. The axons of
motor neurons leave the central nervous system and are responsible for the innervation
of muscle cells (Karpati 2010, 1). The muscle fibers are multinucleated cells with a
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cylindrical shape whose centers each contain a contractile apparatus composed of
sarcomeres (Karpati 2010, 3). The synapse between the terminal end of the motor nerve
and the muscle fiber is called the neuromuscular junction (NMJ). Formation of the NMJ
depends upon multiple proteins, including MuSK (MuSK, a muscle specific tyrosine
kinase receptor), agrin (activator of MuSK), low density lipoprotein receptor‐related 4,
and the intracellular receptors downstream of tyrosine kinase 7 and rapsyn (DOK7 and
RAPSN, bind MuSK and the acetylcholinesterase receptor) (Karpati 2010, 45).

1.1.2 Myotendinous junction
Myotendinous junctions are formed by the adhesion of skeletal muscle to
tendons. They are the location where stresses from force generation by the muscle cell
are placed on the substratum (Tidball, OʹHalloran, and Burridge 1986).

1.1.3 Sarcolemmal region
Muscle fiber cell membranes are called the sarcolemma, whereas the sarcoplasm
is the cytoplasm in the muscle fiber (Silverthorn 2004, 391).The sarcolemma is composed
of the basal lamina and the plasma membrane and is located at the periphery of the
muscle fiber (Karpati 2010, 3, 142). Infoldings within the sarcolemma are called T‐
tubules and contain voltage‐gated calcium channels, chloride channels, and transporters.
The T‐tubules approach the sarcoplasmic reticulum at calcium release junctions, or
triads. Action potential is coupled with mechanical contraction at these triads (Karpati
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2010, 3). The sarcoplasmic reticulum wraps around each myofibril and is a specialized
type of endoplasmic reticulum. While these longitudinal tubules are the site of calcium
release, the sarcoplasmic reticulum also includes terminal cisternae which concentrate
and contain calcium (Silverthorn 2004).

1.1.4 Sarcomere
Sarcomeres are the individual contractile components of muscle. The sarcomere
contains thick filaments, made of myosin, and thin filaments composed of actin. These
filaments are organized in scaffolding networks which condense at the ends of the
sarcomeres to form Z‐bands. The condensation of the scaffolding networks in the center
of the sarcomeres are M‐bands, the anchoring site of the thick filaments (Silverthorn
2004, 394). The thin filaments are anchored in the Z‐disk, which is transversely oriented
to the M‐band (Karpati 2010, 3‐5). Myofibrils are collections of these sarcomeres (Karpati
2010, 128).

1.1.5 Cytoskeleton and intermediate filaments
The cytoskeleton network surrounds the myofibrils and links the muscle interior
and the extracellular matrix. The intermediate filaments maintain the position and shape
of organelles in muscle. These filaments attach the cytoskeleton to the organelles as well
as to the Z‐disks and sarcoplasmic reticulum (Karpati 2010, 3‐5).

3

1.1.6 Extracellular matrix and basal lamina
At the innermost part of the extracellular matrix (ECM) is the basal lamina,
which contains the extracellular domains of a variety of membrane proteins. These
proteins interact with the cytoskeleton, glycoproteins, and proteins that bind ECM
components (Karpati 2010, 4‐5). The basal lamina serves as mechanical support and is
involved in organization, induction, and signaling in the muscle (Sanes 2003). The ECM
is composed of collagen and bears the majority of muscle passive load. It is divided into
three separate connective tissue layers, although these divisions may be too simplistic to
provide a complete description of the complexity of ECM structure. These layers include
the endomysium which surrounds the muscle cells, the perimysium which surrounds
groups of muscle cells, and the epimysium which surrounds whole muscle (Gillies and
Lieber 2011). Qualitative studies show that collagen type I is the primary form of
collagen in the perimysial layer. Collagen type III is the predominant form in the
endomysial and epimysial layers. Fibrosis, or the accumulation of excess ECM, is a
common feature of many myopathies that is evident upon histology which shows an
increase in endomysium and perimysium (Gillies and Lieber 2011). The basal lamina
and ECM are important to muscle development and injury recovery (Karpati 2010, 5).
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1.1.7 Dystrophin-associated protein complex
The dystrophin‐associated protein complex serves as a structural link between
proteins of the extracellular matrix and the actin cytoskeleton of muscle fibers.
Additionally, it may mediate signal transduction pathways that are needed to maintain
muscle fiber viability (Karpati 2010, 37).

1.1.8 Description of muscle contraction
In normal skeletal muscle, contractions are stimulated by signals that originate in
motor neurons. This chemical signal passes down the axon to the neuromuscular
junction (NMJ) where it becomes an electrical signal, or action potential, that quickly
continues along the T‐tubule to the inside of the muscle fiber. These action potentials
induce calcium signals which initiate the contraction‐relaxation cycle. Contraction and
relaxation occur through the sliding of the thick and thin filaments past each other. The
energy for this movement is provided by mitochondria in the surrounding cytosol
(Silverthorn 2004).

1.2 Muscle disease
Some of the earliest descriptions of muscular dystrophy were of Duchenne
muscular dystrophy by Conte et al. in 1836, by Edward Meryon in 1851, and most
famously by Guillaume Duchenne in 1868. Initially, these disorders were often confused
with side effects of tuberculosis or paralysis of neurologic origin (Conte and Gioja 1836;
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Duchenne 1868; Meryon 1852). Today, muscular dystrophies are considered to be a
subset of myopathies, or neuromuscular disorders in which the main symptom is
muscle weakness resulting from defects in the muscle fiber. The National Institute of
Neurological Disorders and Stroke defines muscular dystrophy as a type of inherited
myopathy that is “characterized by progressive weakness in voluntary muscles” (Office
of Communications and Public Liaison 2011).

1.2.1 Naming conventions
The terminology used to describe muscle diseases can be confusing. The name of
an individual patient’s diagnosis may be based on descriptive terminology, well‐
described phenotypic subsets, familial inheritance pattern (X‐linked, etc), and/ or on
their molecular diagnosis if available. For example, prior to a molecular diagnosis, the
muscle disease of an individual with a mutation in myotilin would likely be called limb‐
girdle muscular dystrophy based on the muscle weakness pattern and potentially
referred to as autosomal dominant if enough other members of the individual’s family
are affected to determine the inheritance pattern. If a muscle biopsy is available, then the
disease could be called myofibrillar myopathy if classic myofibrillar myopathy features
are identified in the muscle. Upon the identification of a disease‐causing mutation in
myotilin, the patient’s disorder would be called myotilinopathy and/or LGMD1A. The
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main descriptive disease categories that are derived from grouping patients based on
skeletal muscle symptoms are described below.
1.2.1.1 Duchenne and Becker muscular dystrophies
Dystrophin mutations cause the X‐linked disorders Duchenne and Becker
muscular dystrophy. Duchenne muscular dystrophy (DMD) is a relatively common
disorder that affects approximately 1 in 3,500 live male births. While skeletal muscle
involvement is the primary symptom in patients with DMD, the heart and central
nervous system are also affected. Many patients have difficulty learning to walk, and
they typically lose that ability by age 12. Weakness occurs in the shoulder and pelvic
girdle muscles, and contractures and calf pseudohypertrophy are common. Most
patients succumb to respiratory failure by the late teens to early twenties, although the
cause of death for approximately 20% of patients is cardiac disease (Karpati 2010, 205).
Without molecular testing, the disorder may initially be difficult to differentiate from
congenital muscular dystrophy and spinal muscular atrophy.
In general, Becker muscular dystrophy (BMD) affects the same muscles as DMD,
but is milder, with a later onset. It can be confused with limb‐girdle muscular dystrophy.
One in 17,000 live male births is affected and symptoms appear between the teenage
years and the sixth decade of life. Many patients have calf cramping after exercise, and
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nearly all develop cardiomyopathy. Female carriers of DMD or BMD can manifest
symptoms of varying levels of severity due to X‐inactivation (Karpati 2010, 206).
1.2.1.2 Scapuloperoneal muscular dystrophy
Occasionally, patients with muscular dystrophy present with a scapuloperoneal
pattern of weakness. In these individuals, the proximal upper‐extremity peri‐scapular
muscles and the distal lower‐extremity muscles in the anterior compartment are
predominantly affected (Karpati 2010, 166). Mutations in slow beta‐myosin heavy chain
7 (MYH7) and four‐and‐a‐half LIM domain protein 1 (FHL1) can result in this pattern of
weakness. The phenotype of patients with scapuloperoneal muscular dystrophy can
occasionally be described as limb‐girdle weakness, myosin storage myopathy, or Laing
distal myopathy (Muelas et al. 2010).
1.2.1.3 Limb‐girdle muscular dystrophy
The term limb‐girdle muscular dystrophy is a broad descriptive term. Limb‐
girdle muscle weakness is the most common pattern of muscle weakness and is found in
limb‐girdle, Duchenne, Becker, Emery‐Dreifuss, humeroperoneal, facioscapulohumeral,
and congenital muscular dystrophies as well as in nemaline, central core, centronuclear,
and inflammatory myopathies (Karpati 2010, 164‐165). The predominantly affected
muscles are the proximal extremity muscles although the distal extremity muscles and
axial muscles, such as the neck flexors, can also be involved. Limb‐girdle muscle
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weakness can be inherited in an autosomal dominant or autosomal recessive manner,
and mutations that cause this phenotype can be found in more than twenty‐five genes
(Mitsuhashi and Kang 2012). Age of onset is highly variable, but symptoms typically
present in the second or third decade (Laval and Bushby 2004).
1.2.1.4 Emery‐Dreifuss muscular dystrophy
Emery‐Dreifuss muscular dystrophy (EDMD) presents from childhood to
adulthood and progresses slowly, although progression can occur more rapidly in
adulthood. A major feature of EDMD is joint contractures. Dilated cardiomyopathy,
cardiac conduction defects, and impaired respiratory function can also occur. Muscle
weakness is in a humeroperoneal distribution. Mutations that cause EDMD are in
emerin and lamin A, and the disease is inherited in an X‐linked, autosomal dominant,
or, rarely, autosomal recessive manner. In addition to EDMD, laminopathies can result
in dilated cardiomyopathy with conduction system disease, limb‐girdle muscular
dystrophy type 1B, Charcot‐Marie‐Tooth type 2, and partial lipodystrophy syndrome
(Karpati 2010, 300‐305).
1.2.1.5 Facioscapulohumeral muscular dystrophy
Facioscapulohumeral muscular dystrophy (FSHD) is a highly penetrant,
relatively common form of muscular dystrophy with variable severity, progression, and
age of onset. The disorder is mostly inherited in an autosomal dominant manner,
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although sporadic and mosaic cases have been noted. The most striking feature is facial
weakness without involvement of the extraocular muscles. This facial weakness,
however, can also be a feature of other types of muscular dystrophy. Weakness is often
asymmetrical and starts in the muscles of the upper body before affecting the muscles of
the lower body. The scapular, humeral, truncal, and lower‐extremity muscle groups are
affected. Cardiac defects and respiratory impairment are rarely seen in these patients
(Karpati 2010, 314‐315).
The mechanism of molecular pathogenesis for this disorder has been a major
subject of debate. Initial studies indicated that FSHD is due to a contraction, when it
occurs on specific haplotypes, of the D4Z4 microsatellite region on chromosome 4. The
expression of a gene in the region, double homeobox protein 4 (DUX4), induces cell
toxicity and has been predicted to cause effects similar to the FSHD phenotype (Richards
et al. 2012). However, recent results show that the contraction is not present in all
individuals with FSHD, and the previously associated haplotype may be a benign
polymorphism. These results indicate that the disorder is genetically heterogeneous and
potentially incompletely penetrant (Hawkins 2012; Scionti et al. 2012).
1.2.1.6 Oculopharyngeal muscular dystrophy
Oculopharyngeal muscular dystrophy, or OPMD, is the most common form of
late‐onset, autosomal dominant muscular dystrophy. A rare autosomal recessive form of
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OPMD also exists. The first symptoms of this disorder are typically eyelid ptosis and
dysphagia that can eventually be followed by a limb‐girdle pattern of weakness. OPMD
is found in any population, but is more common in the French, French‐Canadian, and
Bukhara Jewish populations. The disorder is caused by mutations in polyadenylate‐
binding protein nuclear 1 (PABPN1). These mutations are typically triplet repeat
expansions or rare point mutations (Karpati 2010, 341).
1.2.1.7 Congenital muscular dystrophy and congenital myopathy
Congenital muscular dystrophies are a diverse group of disorders in which
weakness presents in the first few months of life and patient muscle biopsies show
dystrophic signs, although these signs may not appear until a later age. This broad
group of disorders includes abnormalities of α‐dystroglycan glycosylation, other
membrane receptors, nuclear proteins, and the endoplasmic reticulum. Mutations in
over ten genes can cause congenital muscular dystrophy (Karpati 2010, 257).
Symptoms of congenital myopathy also present within the first few months of
life. These myopathies have structural abnormalities visible in muscle biopsies such as
central cores, multi‐minicores, central nuclei, and/or nemaline bodies. Like congenital
muscular dystrophy, congenital myopathies are genetically heterogeneous and can be
caused by mutations in more than ten genes (Karpati 2010, 282‐283).
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1.2.1.8 Distal myopathies
In patients with distal myopathy, weakness begins in the distal extremity muscle
of the hands and/or feet and continues to involve the muscles of the lower legs and/or
forearms. Distal myopathies are less common than proximal dystrophies, but they may
be underdiagnosed. The disease has variable ages of onset and can be inherited in an
autosomal dominant or autosomal recessive manner. The autosomal dominantly
inherited disorders that are characterized as distal myopathies include Welander
myopathy, tibial muscular dystrophy, zaspopathy, myotilinopathy, desmin‐related
myopathy, desminopathy, Laing myopathy, vocal cord and pharyngeal myopathy,
distal neuromyopathy, adult distal myopathy, distal myopathy with respiratory failure,
and early adult distal myopathy. Nonaka myopathy, Miyoshi myopathy, and distal
nebulin myopathy are autosomal recessively inherited forms of the disorder (Karpati
2010, 323‐324).
Ten other myopathies that are not technically distal myopathies can appear to
have this muscle weakness pattern including scapuloperoneal syndrome, FSHD,
centronuclear myopathy, myotonic dystrophy type 1, telethoninopathy, branching and
de‐branching glycogenoses, caveolinopathy, oculopharyngodistal myopathy, nemaline
myopathy, and sporadic inclusion body myopathy myositis. Muscle biopsies and
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magnetic resonance imaging (MRI) scans can be useful in distinguishing between these
disorders (Karpati 2010, 323‐337).
1.2.1.9 Metabolic myopathies
Metabolic myopathies are the result of defects in the pathways involved in the
production of adenosine triphosphate (ATP), which is necessary for muscle contraction
and relaxation. Some metabolic defects are severe and result in severe multisystem
disorders in infants that can lead to death. In adults and children, these disorders appear
acute or static. The acute form is characterized by recurrent, reversible muscle
dysfunction which occurs with myalgia, cramps, and myoglobinuria. The static form
also includes progressive weakness that can be dystrophic, inflammatory, or neurogenic.
These disorders can also result in cardiomyopathy, hypoglycemia, encephalopathy,
defective respiratory function, and renal defects. Many metabolic myopathies can be
diagnosed through biochemical and molecular testing. Some of these disorders are
treatable with enzyme replacement therapy and/or diet changes (Karpati 2010, 390‐406).
1.2.1.10 Inflammatory myopathies
Inflammatory myopathies are characterized by moderate to severe muscle
weakness and inflammation that is obvious with a muscle biopsy. The most common
form of inflammatory myopathy is idiopathic inflammatory myopathy, although other
types, including secondary forms of inflammatory myopathy, can also occur. Idiopathic
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inflammatory myopathies, which each have autoimmune features, include polymyositis,
dermatomyositis, and inclusion body myositis. Age of onset is variable and can develop
quickly or over an extended period of time. Weakness in polymyositis and
dermatomyositis is in the proximal muscles and is typically symmetric.
Dermatomyositis is accompanied by a characteristic rash (Karpati 2010, 427‐428).
Inclusion body myopathy has a characteristic pattern of weakness that includes
weakness in the distal upper extremities and proximal lower extremities (Karpati 2010,
166). It can also include facial and neck flexor weakness. Polymyositis and
dermatomyositis progress more rapidly than inclusion body myopathy, which can
appear similar to limb‐girdle muscular dystrophies (Karpati 2010, 427‐428).
1.2.1.11 Congenital myasthenia
Congenital myasthenic syndromes (CMS) present in infancy and affect
neuromuscular transmission. Classes of CMS include presynaptic, synaptic basal‐
lamina‐associated, and postsynaptic. The presence of muscle weakness as a result of
exercise, and relatively easy fatigue of ocular, bulbar, and respiratory syndromes are
hallmarks of CMS. Repetitive nerve stimulation and single‐fiber electromyography are
the methods used to detect impairments of neuromuscular transmission. Mutations in at
least ten genes cause CMS (Karpati 2010, 460‐461).
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1.2.1.12 Myasthenia gravis
Myasthenia gravis is an autoimmune condition caused by antibodies against
membrane proteins at the motor end‐plate. In most patients, myasthenia gravis is due to
antibodies against the acetylcholinesterase receptor. Exercise leads to an increase in
muscle weakness in patients that improves with rest. Weakness of the extraocular, facial,
and proximal limb muscles are typical. Weakness can also be seen in finger extensors,
neck flexors, and bulbar region. In some patients, the diaphragm and intercostal muscles
become paralyzed. Anticholinesterase treatment and immunosuppressive therapy can
result in a decrease in symptoms (Karpati 2010, 453‐457).

1.2.2 Known muscle disease mechanisms
Muscle diseases are also commonly described based on disease mechanism. Skeletal
muscle disease can arise through a variety of mechanisms. Deleterious mutations in
proteins involved in the extracellular matrix, sarcolemma, cytoskeleton, contractile
apparatus, nuclear envelope, lysosomes, and autophagic vacuoles are all known to cause
muscle disorders. Appendix A lists many of the genes in which mutations are known to
cause skeletal and/or cardiac muscle disorders.
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1.2.2.1 Proteins associated with dystrophin
Mutations in proteins associated with dystrophin cause multiple forms of
muscular dystrophy including dystroglycanopathies, sarcoglycanopathies, and
dystrophin‐associated disorders.
Dystroglycanopathies are common autosomal recessive muscular dystrophies
that are linked with basement membrane fragility. They are the result of defects in
glycosylation of α‐dystroglycan and cause congenital muscular dystrophy, LGMD2I,
LGMD2K, LGMD2M, LGMD2N, congenital muscular dystrophy with brain and eye
anomalies, congenital muscular dystrophy with mental retardation, Walker‐Warburg
syndrome, muscle‐eye‐brain disease, or dilated cardiomyopathy (Karpati 2010, 37‐40).
Severely affected patients can also have structural brain defects that may be due to a
decreased level of α‐dystroglycan ligand‐binding in the basement membrane. Causative
mutations are found in the glycotransferases protein O‐mannosyltransferase 1 (POMT1),
protein O‐mannosyltransferase 2 (POMT2), protein O‐mannose beta‐1,2‐N‐
acetylglucosaminyltransferase (POMGNT1), and acetylglucosaminyltransferase‐like
protein (LARGE) as well as in fukutin (FKTN) and fukutin‐related protein (FKRP)
(Karpati 2010, 37‐40).
Sarcoglycans are necessary for assembly and trafficking within muscle cells.
These single‐pass transmembrane proteins have glycosylation and conserved cysteine
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residues. In striated muscle, the sarcoglycan subunits α (SGCA), β (SGCB), γ (SGCG),
and δ (SGCD) join to form a sub‐complex of the dystroglycan complex (DGC), and
mutations in these subunits cause LGMD2D, LGMD2E, LGMD2C, and LGMD2F
respectively (Karpati 2010, 40‐41).
Functional dystrophin is necessary for DGC assembly and stability. Mutations in
dystrophin cause X‐linked cardiomyopathy as well as the skeletal muscle disorders
Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD). DMD
and BMD occur in 1/3500 and 1/17500 live male births respectively. DMD is more severe
than BMD; while BMD is a relatively mild, late‐onset muscular dystrophy, patients with
DMD rarely survive beyond 30 years. The majority of mutations that cause DMD
disrupt the reading frame of the protein, and dystrophin is absent or nearly‐absent in the
majority of muscle fibers. In contrast, dystrophin is retained to varying degrees in the
muscle of BMD patients (Karpati 2010, 41‐43).
1.2.2.2 Sarcolemmal proteins
Disruption of the sarcolemma can also cause muscle disease. These disruptions
include deleterious mutations in transmembrane, neuromuscular junction, membrane
trafficking, and membrane repair proteins.
A sarcolemma transmembrane protein that has been implicated in muscle
disease is integrin alpha 7 (ITGA7) which is a receptor of laminin‐α2. Defects in ITGA7
17

cause a rare congenital myopathy characterized by mild muscle weakness without the
hallmarks of degeneration and regeneration seen in most myopathies. The mechanism of
action of these defects is probably impairment of force transmission across the
myotendinous junction (Karpati 2010, 45).
Defects in more than 10 proteins within the neuromuscular junction (NMJ) are
known to result in congenital myasthenic syndromes (CMS). These NMJ components
reside in the presynaptic nerve terminal, the synapse, or in the postsynaptic apparatus.
Mutations in choline acetyltransferase (ChAT) cause the only defects in the presynaptic
nerve terminal that are known to result in CMS in humans. The acetylcholinesterase
collagen‐like tail subunit (COLQ) is located in the synapse; mutations cause an endplate
myopathy in which defective protein leads to decreased acetylcholinesterase breakdown
and an increase in the duration of endplate current that results in muscle weakness
(Karpati 2010, 45‐46).
The majority of CMS cases are the result of postsynaptic defects. Disruptions in
subunits of the acetylcholinesterase receptor (AChR), mainly either the cholinergic
receptor nicotinic epsilon peptide (CHRNE) or rapsyn (RAPSYN), result in slow and fast
channel phenotypes. Slow channel syndrome is the only dominantly inherited CMS and
is caused by mutations in any adult AChR subunit (α, β, δ, or ε). Fast channel syndrome
is inherited in a recessive manner and results from defects in the AChR subunits (α, δ, or
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ε). Additional postsynaptic causes of CMS are mutations in the postsynaptic sodium
channel, the skeletal muscle receptor tyrosine kinase (MuSK), or the cytoplasmic
activator of MuSK, downstream of tyrosine kinase 7 (DOK7). DOK7 is necessary for
neuromuscular synaptogenesis, and recessive DOK7 mutations typically cause limb‐
girdle weakness with a waddling gait and ptosis. Biopsies of patients with defective
DOK7 show normal AChR and acetylcholinesterase function but have smaller than
normal endplates. In some biopsies, the NMJ maintains its normal size and structural
integrity. Muscle disease from changes in DOK7 is thought to be underdiagnosed
(Karpati 2010, 47‐48).
Alternatively, in some cases the NMJ can be disrupted by the autoimmune
disease myasthenia gravis. Myasthenia gravis weakens the ocular, bulbar, and limb
muscles and in 80‐85% of cases occurs when patients have autoantibodies against AChR.
30% of the remaining patients have autoantibodies against MuSK (Karpati 2010, 48).
Defects in the genes dysferlin (DYSF), caveolin 3 (CAV3) and calpain 3 (CAPN3) can
also cause skeletal muscle disorders. DYSF has seven calcium binding domains and a
C2A domain that binds phospholipids in a calcium dependent manner. Dysferlin
mutations cause LGMD2B, Miyoshi myopathy, and a distal anterior compartment
myopathy that progresses to the anterior and tibial muscles. Both LGMD2B and Miyoshi
myopathy onset between late childhood and adulthood, progress slowly, and are
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characterized by high creatine kinase values. LGMD2B includes proximal muscle
weakness and atrophy, whereas Miyoshi myopathy predominantly affects the distal
muscles. The absence of functional dysferlin impairs normal muscle repair. Affected
muscle shows sarcolemmal gaps, sarcolemmal aggregates of small vesicles, and
structural abnormalities of both the sarcolemma and the basal lamina (Karpati 2010, 53).
CAV3 and CAPN3 interact with DYSF and are probably involved in the same
repair process. Caveolins are proteins within the caveolae that are utilized in the
formation of the T‐tubule, sequestration of receptors and their cargo, lipid homeostasis,
and cell adhesion. Mutations in CAV3 are thought to be dominant negative and are
responsible for a distal myopathy, rippling muscle disease, persistently high creatine
kinase (CK) values, and LGMD1C. LGMD1C onsets in the 1st decade of life and features
mild to moderate proximal muscle weakness, calf hypertrophy, high CK values,
cramping after exercise, and slow progression. Muscle pathology is consistent with
muscular dystrophy and can include impaired caveolae formation, discontinuity of the
plasma membrane, subsarcolemmal vacuoles, and papillary projections (Karpati 2010,
54).
CAPN3 plays a role in the regulation of the dysferlin protein complex, and
mutations in CAPN3 cause LGMD2A (Huang et al. 2008). This autosomal recessively
inherited disorder presents from age two to forty and affects the proximal limb muscles
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with no cardiac or facial involvement. Muscle biopsies show evidence of myopathy
(Zatz and Starling 2005).
Myotubularin dephosphorylates phosphoinositide residues that regulate
membrane trafficking. Mutations in myotubularin cause a severe form of CMS with
death due to respiratory insufficiency within the first few months of life. The disorder is
X‐linked, and although female carriers are frequently asymptomatic, they can have
weakness that begins between childhood and adulthood with mild weakness and
progressive ptosis. The muscle biopsies of affected patients often include an excess of
type I muscle fibers and central nuclei in multiple fibers that are surrounded by
cytoplasmic halos without myofibrils in which organelles including mitochondria
accumulate (Karpati 2010, 54).
Another centronuclear myopathy is caused by deleterious changes in dynamin 2
(DNM2). This dominant myopathy includes limb‐girdle features as well as weakness of
the trunk and neck muscles. It is a relatively mild disorder that typically presents
between adolescence and adulthood and occasionally includes distal muscle weakness
as well as ptosis with limited eye movement. DNM2 is a GTPase that is involved in
membrane fission by triggering the scission of coated vesicles from the parent
membrane. The muscle biopsy shows central nuclei and sarcoplasmic strands that are
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arranged radially around the central nuclei. Defects within the PH domain of DNM2 are
associated with Charcot‐Marie Tooth (Karpati 2010, 55).
Bridging integrator 1 (BIN1) mutations have been isolated in three
consanguineous families with centronuclear myopathy that onsets between birth and
childhood. This disorder includes proximal muscle weakness in all families as well as
some cases with contractures, ptosis, ophthalmoplegia, facial weakness, and feeding
difficulties. BIN1 is known to interact with DNM2, and the muscle specific isoform is
important to the biogenesis of T‐tubules (Karpati 2010, 55).
1.2.2.3 Lysosomal and autophagic vacuole proteins
Pompe disease, Danon disease, and LGMD2D are the result of defects in lysosomal
and autophagic vacuole proteins. These proteins are involved in the digestion of large
proteins and organelles.
Pompe disease is a metabolic myopathy which can present as a severe, multisystem
disease in infants, or as a childhood, juvenile, or adult onset disorder with involvement
of the respiratory and proximal muscles. Many patients have severe cardiomyopathy.
Muscle biopsies show varied features depending on the age of the individual. Vacuolar
myopathy with glycogen accumulation is a feature in young affected individuals, while
older individuals may have normal biopsies or increased acid phosphatase activity. The
disease is the result of mutations in glucosidase alpha acid (GAA), which cause acid
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maltase deficiency. The treatment of affected individuals with recombinant human α‐
glucosidase can result in symptom improvement (Karpati 2010, 395).
Mutations in a lysosomal membrane protein can affect the process by which early
autophagic vacuoles mature to late autophagic vacuoles. Mutations in lysosome‐
associated membrane protein 2 (LAMP2), cause Danon disease. This disorder is X‐
linked, and can cause intellectual disability, cardiomyopathy, liver disease, retinal
problems, and/or myopathy in patients with onset of symptoms between childhood and
adolescence. Patient muscle biopsies stain positively for a variety of sarcolemmal and
basal lamina proteins (Karpati 2010, 56).
DNAJB6 is a ubiquitously expressed co‐chaperone with multiple functions such as
suppression of protein aggregation and participation in autophagic and proteasomal
turnover of proteins (Hageman et al. 2010; Rose et al. 2011). Mutations within DNAJB6
cause LGMD1E (Harms et al. 2012; Sarparanta et al. 2012). Patients with LGMD1E have
weakness in the proximal and distal lower extremities, as well as occasional weakness in
the proximal upper extremities. Age of onset ranges from the 20s to mid‐50s, and serum
creatine kinase levels are elevated in some patients. Respiratory failure and cardiac
involvement have not been seen in these patients. Muscle biopsies from affected
individuals show myopathic features, abnormal protein accumulation and autophagic
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pathology. The disorder appears to be caused by defects in the cytoplasmic function of
the protein (Sarparanta et al. 2012).
Multiple muscle disorders that have not yet been molecularly diagnosed are
believed to be the result of defective autophagy. These disorders include X‐linked
vacuolar myopathy with excessive autophagy (XMEA), infantile autophagic vacuolar
myopathy, adult‐onset autophagic vacuolar myopathy with multiorgan involvement,
and X‐linked congenital autophagic vacuolar myopathy (Karpati 2010, 56).
1.2.2.4 Ion channelopathies
Ion channelopathies are the result of mutations in ion channels that result in
hyperexcitability or inexcitability of muscle cells. Hyperexcitability symptoms are seen
in conjunction with mutations in chloride or sodium channels. Disruption of chloride
conductance perturbs the electrical balance in the sarcolemma, causing potassium to
accumulate in the T‐tubules. That accumulation leads to prolonged contractions, or
myotonia, which are seen in patients with myotonia congenita. Both autosomal recessive
and dominant negative mutations have been identified in the skeletal muscle chloride
channel 1 (CLCN1) gene in patients with Becker or Thomsen myotonia (Karpati 2010, 57).
Mutations in the voltage‐gated sodium channel type 4 (SCN4A) gene are dominantly
inherited and associated with both hyperexcitability and inexcitability diseases
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including potassium‐aggravated myotonia, paramyotonia congenita, hyperkalemic
periodic paralysis, and hypokalemic periodic paralysis.
Calcium channel and potassium channel mutations cause muscle cell
inexcitability. Defects in the L‐type voltage dependent calcium channel alpha‐1S subunit
(CACNA1S) gene are involved in a portion of cases of the dominantly inherited
disorders hypokalemic periodic paralysis and malignant hyperthermia. Mutations in the
inwardly rectifying potassium channel subfamily J member 2 (KCNJ2) gene cause a
hyperkalemic periodic paralysis disorder called Andersen syndrome while mutations in
the voltage‐gated potassium channel ISK‐related subfamily member 3 (KCNE3) gene cause a
form of hypokalemic periodic paralysis (Karpati 2010, 58‐59).
1.2.2.5 Sarcomere
Defective proteins in the sarcomere lead to a variety of skeletal muscle diseases.
These proteins include actin, myosin, tropomyosin, troponin, and titin‐associated
proteins. Disruption of skeletal muscle actin alpha 1 (ACTA1) is the result of dominantly
inherited or de novo mutations that are detrimental to the contractile function of the
sarcomere. These mutations result in nemaline myopathy which is characterized by
muscle weakness and nemaline rods that are visible in muscle biopsies. Defects in
ACTA1 and tropomyosin interaction lead to a heterogeneous congenital myopathy
called congenital fiber type disproportion (Karpati 2010, 59‐60).
25

Aside from ACTA1 alterations, mutations in many thin filament‐associated
proteins are known to cause skeletal muscle disease including tropomyosin 3 (TPM3;
cap myopathy, congenital myopathy with fiber type disproportion, nemaline
myopathy), tropomyosin 2 (TPM2; cap myopathy, nemaline myopathy, distal
arthrogryposis), cofilin‐2 (CFL2; nemaline myopathy), and troponin T1 (TNNT1;
nemaline myopathy) (Karpati 2010, 60). Another protein that is important to sarcomere
contraction is titin (TTN). TTN is probably involved in passive tension maintenance and
the assembly of thick muscle filaments. Skeletal muscle disorders due to mutations in
TTN include tibial muscular dystrophy, LGMD2J, Edstrom myopathy with early
respiratory failure, and early‐onset myopathy with fatal cardiomyopathy. Mutations in a
protein which binds TTN and may be involved in the anchoring of TTN to the Z‐disk,
telethonin (TCAP or titin‐cap), lead to LGMD2G (Karpati 2010, 60‐61).
A protein which interacts with myosin‐binding protein C at the sarcomere, four‐
and‐a‐half LIM domain 1 (FHL1), can contain mutations responsible for scapuloperoneal
myopathy; X‐linked myopathy with postural muscle atrophy, X‐linked myopathy with
reducing bodies, or Emery‐Dreifuss muscular dystrophy‐6 (Karpati 2010, 61).
Multiple disorders result from myosin defects. The thick filaments in muscle are
made of heavy and light myosin chains. The heavy chains are the site of both ATPase
activity and actin‐binding. The interaction of thick filaments with actin is necessary for
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the sliding action that results in the shortening of sarcomeres, leading to muscle
contraction (Karpati 2010, 3). Myosin heavy chain 7 (MYH7) mutations cause hyaline
body myopathy, Laing myopathy, myosin storage myopathy, scapuloperoneal
myopathy, dilated cardiomyopathy, and hypertrophic cardiomyopathy. Deleterious
myosin heavy chain 2 (MYHC2A) changes lead to hereditary inclusion body myopathy
(Karpati 2010, 60).
1.2.2.6 Nuclear proteins
Triplet repeat expansions within the 3’ UTR of myotonic dystrophy protein
kinase (DMPK) and intron 1 of zinc finger protein 9 (ZNF9) cause myotonic dystrophy 1
and myotonic dystrophy 2, respectively. These expansions are thought to be transcribed,
form a hairpin structure, and sequester RNA‐binding proteins that are important to the
normal splicing of muscle proteins. Defective nuclear envelope proteins are also
involved in muscle diseases (Karpati 2010, 66).
Lamins are important components of the nuclear lamina that provide nuclear
envelope structural support and are partially responsible for the stable localization and
retention of inner nuclear membrane proteins. Mutations in lamin A (LMNA) cause
many disorders; those which affect skeletal muscle include autosomal dominant Emery‐
Dreifuss muscular dystrophy and LGMD1B. X‐linked Emery‐Dreifuss muscular
dystrophy with cardiac involvement results from mutations in emerin (EMD), a protein
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which binds lamin A, is involved in cell signaling, and may have multiple other roles
within the muscle cell. The diseases caused by LMNA and emerin defects cause muscle
weakness and contractures that progress and often lead to spine rigidity. Cardiac
abnormalities can include heart block, atrioventricular conduction disturbances, and
dilated cardiomyopathy. The disease is typically more severe when the underlying
change occurs in LMNA. Biopsy findings are often non‐specific, with the exception of
the X‐linked form in which emerin may be absent from the nuclear membrane (Karpati
2010, 64‐66).
1.2.2.7 Sarcoplasm
Muscle weakness and/or pain are common symptoms of metabolic disorders,
which can be difficult to differentiate from primary muscle diseases. Biochemical
analysis is used to accurately diagnose these disorders and can include measurement of
enzymatic activity in fibroblasts or lymphocytes. Frequently, muscle biopsies of patients
with mitochondrial disorders have ragged‐red fibers, abnormal mitochondria that
accumulate in affected muscle and appear red with Gomori trichrome stain (Karpati
2010, 69).
1.2.2.8 Sarcoplasmic reticulum
Calcium release and uptake within the sarcoplasmic reticulum are important to
the normal function of muscle. Two proteins involved in calcium transport that are
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affected in some skeletal muscle diseases are ryanodine receptor 1 (RYR1), a calcium
release channel with four subunits, and selenoprotein 1 (SEPN1), an enzyme involved in
oxidation‐reduction reactions that interacts with RYR1. Both recessive and dominant
mutations in RYR1 result in muscle disorders. RYR1 defects cause central core disease,
minicore myopathy with external ophthalmoplegia, and congenital neuromuscular
disease with uniform type 1 fibers. These disorders are characterized by a predominance
of type 1 fibers, myofibrillar disruption, and regions within fibers that lack
mitochondria. RYR1 mutations also cause malignant hyperthermia. SEPN1 is believed to
be involved in muscle development and RYR1 regulation. Mutations in SEPN1 cause
rigid spine muscular dystrophy 1, multi‐minicore myopathy, congenital fiber type
disproportion, and Mallory body myopathy. The phenotypes of these disorders are
similar to each other and often include scoliosis and respiratory impairment (Karpati
2010, 70‐72).
1.2.2.9 Cytoskeletal proteins
Microtubule, intermediate filament, and actin filament defects lead to
disruptions in muscle structure. Specific cytoskeletal proteins which are mutated in
muscular dystrophy include desmin (DES), αβ‐crystallin (CRYAB), plectin (PLEC1),
myotilin (MYOT), and filamin C (FLNC) (Karpati 2010, 61‐65). The intermediate filament
desmin forms a scaffold that connects the contractile apparatus with other parts of the
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cytoskeleton and organelles, and CRYAB is a heat shock protein involved in desmin
filament assembly. Defects in DES and CRYAB cause myofibrillar myopathy and Kaeser
type neurogenic scapuloperoneal syndrome. PLEC1 is a crosslinker protein between
different parts of the cytoskeleton in which mutations cause epidermolysis bullosa
simplex with muscular dystrophy (EBS‐MD). EBS‐MD includes a blistering skin
condition and muscle weakness that ranges from mild to dystrophic with necrosis and
regeneration (Karpati 2010, 63).
MYOT is a part of the Z‐disk that binds other proteins in the cytoskeleton. Some
patients with either myofibrillar myopathy or spheroid body myopathy have MYOT
mutations. Defective MYOT is the primary cause of LGMD1A. Key features of LGMD1A
include adult‐onset, slowly progressive weakness of muscles that begins in the hip
girdle, and occasional nasal, dysarthric speech. Rimmed vacuoles, protein aggregates,
and misshapen patches of Z‐line material are seen in the muscle biopsies of patients. The
gene FLNC interacts with myotilin and other sarcolemmal and myofibrillar proteins.
Mutations in FLNC cause some cases of myofibrillar myopathy and distal myopathy
with adult‐onset and protein aggregates (Karpati 2010, 63).
1.2.2.10 Basement membrane
The basement membrane performs a variety of roles in muscle. It contributes
tensile strength and is important to development, regeneration, and synaptogenesis.
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Disorders of the basement membrane are the result of deleterious mutations in any of
the three collagen VI α chains (COL6A1, COL6A2, COL6A3) or in laminin‐α2 (LAMA2).
Defects in COL6A1, COL6A2, or COL6A3 may result in an adhesion defect between the
muscle fiber and surrounding matrix or in defective interaction of collagen VI with other
proteins. Collagen VI α mutations cause Ullrich congenital muscular dystrophy (UCMD)
and Bethlem myopathy (BM). UCMD is a severe disorder with characteristic muscle
weakness, kyphosis of the spine, joint contractures, torticollis, hip dislocation,
hyperextensibility, and respiratory insufficiency by the end of the second decade of life.
By comparison, Bethlem myopathy is a milder disorder with later onset. Both UCMD
and BM can be inherited in either a recessive or a dominant manner. LAMA2 is an
essential component of the basement membrane in which mutations cause merosin‐
deficient congenital muscular dystrophy (MDC1A). Patients with MDC1A have
hypotonia and increased white matter intensity upon MRI (Karpati 2010, 48‐52).

1.3 Symptom evaluation and initial diagnosis
Prior to molecular testing, a variety of tests can be performed by a physician to
assist in obtaining an accurate diagnosis for individuals with muscular dystrophy. These
start with a family history, physical exam, and serum creatine kinase level testing.
Further testing can also include neurophysiological studies, muscle biopsies, magnetic
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resonance spectroscopy, histology, immunocytochemistry, and immunoblotting (Karpati
2010, 185; Mitsuhashi and Kang 2012).

1.3.1 Family history and physical exam
When taking a family history, it is important that the examiner asks specific
questions about the physical function of each family member. These questions include
inquiries about mobility aids, skeletal deformities, and orthopedic disorders. With
inherited disorders, it is possible that patient report of a family member’s affection
status will be inaccurate, so an inherited disorder cannot be discredited without a
thorough exam and consideration of the possibility of incomplete penetrance. The past
medical history of the individual as well as any symptoms which may indicate a
systemic disorder, such as those within the eyes, ears, kidneys, gastrointestinal system,
endocrine system, skin, nervous system, liver, and heart should also be noted. Rarely,
environmental factors are a concern in individuals with a potential myopathy, such as
human immunodeficiency virus status and alcohol consumption (Karpati 2010, 172‐177).
The original examination of an individual should include a visual inspection for
wasting, hypertrophy, involuntary movement, and/or skeletal abnormalities. Palpation
of muscles is performed to identify atrophy or abnormal muscle texture. The strength
and fatigability of each of the muscle groups is assessed, and respiratory function should
be examined for all patients. At this point, a physician can typically determine whether
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the disorder is hereditary or acquired and is able to describe the pattern of muscle
weakness (Karpati 2010, 137‐143).

1.3.2 Electrophysiological study
For many individuals with muscle weakness, it is possible to determine whether
the disorder is neurogenic or myopathic with electromyography and studies of nerve
conduction and neuromuscular transmission (Karpati 2010, 185‐186). Electromyography
(EMG) is a valuable tool to evaluate the potential presence of a myopathy as well as its
distribution and activity level. Needle EMG involves the use of needle electrodes that
measure spontaneous muscle activity and voluntary motor unit potentials (Karpati 2010,
81‐82).
Motor and sensory nerve conduction tests are each typically performed on both a
nerve in the arm and a nerve in the leg. The results of motor nerve conduction tests do
not provide a precise diagnosis, but these tests can exclude a diagnosis of a peripheral
neuropathy or a myopathy with low‐amplitude motor responses if a patient has normal
results. Sensory nerve conduction studies can be used to understand the distribution of
affected axons, which is helpful in diagnosing some drug‐induced disorders. They are
also useful to identify the precise locations of peripheral nervous system lesions from
nerve trauma (Karpati 2010, 81‐82; Mallik and Weir 2005). Single‐fiber EMG measures
muscle fiber action potentials from a single motor unit and can show evidence of slight
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defects in neuromuscular transmission. In addition to these standard
neurophysiological tests, others such as repetitive nerve stimulation, exercise tests,
quantitative EMG, macro EMG, and quantitative muscle strength assessment may be
useful (Karpati 2010, 81‐91).

1.3.3 Biochemical studies
When a patient displays signs of muscle weakness, the most common
biochemical test ordered is to check the patient’s serum creatine kinase (CK) values.
Elevated levels indicate nonspecific muscle damage. Serum CK values can vary for
multiple reasons other than damage as a result of a myopathic process, such as a high
level of physical activity; many normal individuals have elevated serum CK. CK levels
are not indicative of disease progression. Biochemical tests are also common when an
endocrinological or metabolic disorder is suspected. Examples of these tests include
assays of serum lactate, blood and urine carnitine and acylcarnitine, and myoglobin
levels as well as tandem mass spectrometry to identify disorders of fatty acid β‐
oxidation (Karpati 2010, 186‐187).

1.3.4 Muscle biopsy histopathology and immunoanalysis
A key component of muscular dystrophy diagnosis is the muscle biopsy. Muscle
biopsies are extracted using either a needle or an open method. Needle biopsies are less
invasive and do not require the use of stitches, but occasionally open biopsies are
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necessary when a greater amount of tissue is needed for the required tests. It is
important to select an appropriate muscle for biopsy that is both affected and not so
weak that it has been replaced by fat or connective tissue. Histochemistry,
immunohistochemistry, and electron microscopy are important parts of muscle biopsy
analysis. Biopsies are frozen for use in histochemical and immunohistochemical
analysis, and they are preserved in fixative for electron microscopy (Karpati 2010, 93‐94).
1.3.4.1 Histochemistry
Histochemical analyses can show when enzymes are missing or substrates are
present at an excessive level while highlighting the fiber‐type pattern and structural
changes in the muscle. Many histological stains exist to identify morphological
abnormalities in muscle. Hematoxylin and eosin (H&E) is a common stain which
highlights the muscle fiber size and shape, nuclei positioning, fibrosis, inflammation,
nerves, and blood vessels in biopsies. Another common stain which shows features that
are important in many muscle diseases is Engel trichrome (modified Gomori trichrome).
Following Engel trichrome staining, rods, rimmed vacuoles, and mitochondria appear
red. Many additional stains exist and enable physicians to check biopsies for fiber type
pattern, reducing bodies, and b‐amyloid, as well as for altered levels of glycogen,
phosphorylase, phosphofructokinase, adenylate deaminase, acid phosphatase, alkaline
phosphatase, and other substrates. Even with the availability of each of these stains,
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biopsies from individuals with some neuromuscular disorders only display non‐specific
myopathological features (Paciello and Papparella 2009).
1.3.4.2 Immunohistochemistry
Staining with antibodies specific to proteins and visualization with
immunofluorescent tags allows physicians to determine whether proteins are located in
their correct positions within the cell. Western blots are useful to determine whether
protein levels are increased or decreased in comparison to normal muscle, but they are
not typically as useful for examination when the disorder is dominantly inherited
(Paciello and Papparella 2009). Immunohistochemistry can detect both primary defects
and secondary defects that are the result of primary changes in another gene (Karpati
2010, 103‐104).
1.3.4.3 Evaluation of muscle ultrastructure
Electron microscopy is performed using ultrathin sections from muscle biopsies
and supplements the information that is gained from light microscopy and
histochemical analyses. It allows the visualization of structural changes in the muscle,
and can help determine whether features seen using other techniques are real or artifacts
(Karpati 2010, 128).
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1.3.5 Diagnostic imaging of muscle
An ultrasound is a cheap, readily available tool that shows the extent of atrophy,
hypertrophy, and changes in muscle architecture and is useful in determining patterns
of muscle weakness and appropriate locations for muscle biopsy. It is a popular tool in
early diagnostic stages but is limited to the examination of superficial muscle groups.
Additionally, multiple ultrasounds performed by the same observer or by different
observers often result in a low level of agreement. Magnetic resonance imaging (MRI) is
fast, reproducible, highly sensitive, and useful to characterize the severity and pattern of
muscle involvement in patients with muscle diseases. An additional feature of MRIs is
that they provide physicians with information about the status of tissues and organs
other than skeletal muscle. Computed tomography (CT) is used to determine the
presence and extent of change in the striated muscles of patients but is less popular than
ultrasounds and MRIs because it uses a heavy dose of radiation and has limited contrast
in soft tissues (Wattjes, Kley, and Fischer 2010).

1.4 Genetic analysis
The identification of a causative defect in a gene is considered to be the ultimate
diagnosis for muscle diseases (Karpati 2010, 93). Genetic diagnoses are important both
for research purposes to assist in the development of future therapies and for patient
care. Diagnosis is necessary for carrier testing, genetic counseling, and to provide
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patients and families with information about disease pathogenesis (Karpati 2010, 189).
Several strategies have successfully identified mutations causing muscle disorders
including sequencing individual candidate genes, linkage analysis, high‐throughput
screening using a candidate gene panel, whole exome capture, and whole genome
sequencing (Boyden et al. 2010; Malayeri et al. 2011; Wheeler et al. 2009).

1.4.1 Allele-specific mutation tests
In some cases, it may be appropriate to test an individual for the presence of
specific disease‐causing alleles. For example, a specific mutation causes disease in 75%
of the adult Pompe cases identified (Karpati 2010, 395). However, with the exception of
patients from populations in which known mutations cause disease, allele‐specific
testing is not the genetic test of choice for patients with muscular disorders.

1.4.2 Linkage analysis
Linkage analysis allows the identification of a genomic region that is likely to
contain a disease‐causing gene. An advantage of linkage analysis is that it is an unbiased
technique that identifies candidate regions without prior biological or medical
knowledge (Gilissen et al. 2012). In the past, linkage analysis was performed using
restriction fragment length polymorphisms or simple sequence repeats. More recently,
single nucleotide polymorphisms (SNPs) have been used. Initial detection of a linkage
peak is typically performed with markers that are 5‐10cM apart, followed by the
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genotyping of additional polymorphic markers that are located within the peak.
Depending on the pattern of crossover events in the disease gene region as well as the
density of genes in the region, the peak may contain only a few predicted genes or as
many as a few hundred. This type of analysis relies on correct assessment of affection
status for family members and does not work well in families with complex disease
inheritance or for diseases in which phenocopies are frequent within families (Botstein
and Risch 2003). Linkage analysis followed by candidate gene sequencing within a peak
has been successful in the identification of disease genes for many families in which
individuals are affected with muscular dystrophy (Laval and Bushby 2004).

1.4.3 Sanger sequencing of candidate genes
Sanger sequencing can be used to screen candidate genes that have predicted
functions that are relevant to the disease seen in a patient and/or are located within a
genomic region identified through a positional mapping approach (Gilissen et al. 2012).
A disadvantage of Sanger sequencing is that it is an expensive technology for screening
a large number of genes or genes with large coding regions.

1.4.4 Detection of insertions and deletions
Insertions and deletions are known to occur in some muscular dystrophy disease
genes (del Gaudio et al. 2008; Hart et al. 1987). Therefore, the search for a molecular
diagnosis should include the possibility that the mutation will not be a single variant
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alteration. Array‐CGH has been used successfully to identify these changes (del Gaudio
et al. 2008; Hegde et al. 2008). Next generation sequencing technologies are also
becoming increasingly useful in the detection of these changes (Korbel et al. 2007).

1.4.5 Next generation sequencing gene panels
Next generation sequencing panels are relatively inexpensive and quick, and
they allow the sequencing of multiple genes that are known to be associated with a
disease at one time. To date, targeted gene panels achieve increased depth and quality of
variant calls in comparison to exome and whole genome sequencing (Lerner‐Ellis 2012).
The analysis of data from gene panels is also less computationally intensive and may be
easier to interpret. Several gene panels include muscular dystrophy disease genes
(Ghosh and Zhou 2012; Valencia et al. 2013; Valencia et al. 2012).

1.4.6 Exome sequencing
Whole exome capture and sequencing is relatively cheap and allows
investigators to screen many of the known causative genes at one time. In the future, the
use of this technology is predicted to increase the proportion of LGMD cases for which a
final molecular diagnosis will be obtained (Mitsuhashi and Kang 2012). Additionally,
many orphan dystrophies remain to be characterized, and an advantage of exome
sequencing is that it provides information about loci that are not currently known to be
associated with muscle disease (Landstrom et al. 2011; Vasli et al. 2012). Therefore, when
40

a known causative mutation is not identified for a family, researchers have the
opportunity to examine novel candidate variants using the same data.
As this is a relatively new and continually developing technology, there are some
challenges associated with the analysis of this data. Exome capture probes are not able to
capture each exon in every gene. Even within regions that contain probes, coverage of
insufficient depth or quality can cause a disease‐causing variant to remain undiscovered
(Ku et al. 2012). These regions that lack coverage can vary across individual captures
(Kiezun et al. 2012; Sirmaci et al. 2012). Annotation of some regions can be inaccurate or
incomplete (Biesecker, Shianna, and Mullikin 2011). It is also necessary to perform
Sanger sequencing to confirm that an identified variant is present and not a sequencing
error (Ku et al. 2012).

1.4.7 Whole genome sequencing
Currently, whole genome sequencing is significantly more expensive than the other
technologies. In addition, interpretation of the large amount of data identified through
whole genome sequencing is challenging. However, as costs of data generation and
interpretation continue to decline, whole genome sequencing will become a more
frequent practice for the molecular diagnosis of disorders (Shendure 2011).
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1.5 Diagnostic challenges
Phenotypic and genotypic variability in individuals with muscle disease leads to
challenges in obtaining a definitive molecular diagnosis. Many variants of unknown
significance have been identified in affected individuals and more will continue to be
discovered in the future; further analysis of these variants is necessary to prove their
functionality.

1.5.1 Phenotypic and genetic heterogeneity
In the past, it was assumed that a mutation in a specific gene would lead to a
specific phenotype. However, it is now known that muscular dystrophy is highly
phenotypically and genetically heterogeneous. Phenotypic variability naturally exists
both within and between families with mutations in the same gene (Karpati 2010, 190‐
191). An example is the gene MYH7 in which changes in the head region of the gene
appear to cause cardiomyopathies whereas mutations in the tail region are more likely
to cause skeletal myopathies with or without cardiac phenotypes (Muelas et al. 2010).
Additionally, it can be difficult to accurately determine whether a given individual in a
family is affected. Some individuals do not have severe disease, or in some cases, the
disease may be incompletely penetrant (Karpati 2010, 190‐191). Furthermore, age of
onset varies within families, so it may be difficult to decide whether an individual is
unaffected or is not yet displaying symptoms. Even when individuals appear to have the
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same phenotype, this phenotype can result from mutations in different genes. For
example, while individuals with limb‐girdle muscular dystrophy may have similar
symptoms, mutations in more than twenty‐five genes are known to cause this
phenotype (Mitsuhashi and Kang 2012).

1.5.2 Isolation of mutations
For some families, no distinctive features are discovered through the normal
diagnostic process that point to an increased likelihood that a mutation will be found in
a specific gene. Isolating the specific mutation that causes disease in affected individuals
in a family can be challenging due to increased phenotypic and genetic heterogeneity. In
some cases, linkage analysis can be performed to identify a genomic region that is likely
to contain the mutation. However, the Duke LGMD study has worked with multiple
families for which a genetic diagnosis was not obtainable through the use of linkage
analysis followed by candidate gene sequencing.
Exome sequencing allows cheap, rapid detection of variants across the genome,
both within genes that are known to be involved in muscle disease and in regions that
have not been associated with these disorders to date. This high‐throughput sequence
analysis leads to the identification of many rare variants per individual from which it is
difficult to identify a candidate set containing the variants that are most likely to be
pathogenic. While follow‐up Sanger sequencing of these variants to determine which
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changes segregate with affection status is a useful strategy to narrow the list of
candidates, especially in large families, it is possible that multiple potential disease‐
causing variants will be identified. The list of potential mutations is likely to be even
more overwhelming when only a single individual is available for sequencing. To
determine which of these variants of unknown significance is the disease‐causing allele,
follow‐up functional testing is necessary.

1.5.3 Variants of unknown significance
As these technologies allow the identification of variants that are rare and segregate
with affection status in families, it will become necessary to determine whether the
variants are rare polymorphisms or disease‐causing mutations. Increased levels of
conservation and predicted impact on protein structure are often used to predict
whether a given variant is likely to be a disease‐causing mutation. Computational
predictors of pathogenicity are not always accurate, however (Gilissen et al. 2012). As
more variants of unknown significance are identified, additional functional assessment
of these variants will be necessary.

44

2. Linkage analysis and candidate gene sequencing
One strategy for the identification of mutations that cause muscular dystrophy in
families with many affected individuals is to perform linkage analysis to identify a
region of the genome that is likely to contain the disease‐causing variant. Follow‐up
genotyping of additional polymorphic markers within significant linkage peaks can
assist in narrowing the region of interest to the smallest possible interval. Then,
candidate genes are sequenced within the peak to attempt to isolate the mutation. The
Duke LGMD study initially focused on extended families which were appropriate for
this type of analysis. One of these families is described in this chapter.

2.1 Introduction
The affected individuals in a family enrolled in the Duke LGMD study, family
SPMD2277, had symptoms of scapuloperoneal muscular dystrophy (SPMD). No
individuals within the family had received a molecular diagnosis. Scapuloperoneal
muscular dystrophy primarily affects the neck, shoulder girdle, proximal upper
extremity, anterior tibial, and peroneal muscles (Thomas, Schott, and Morgan‐Hughes
1975). Age of onset and severity are variable for affected individuals both within and
between families. It is a dominantly inherited disorder with no cure.
For family SPMD2277, the results of linkage analysis included three peaks which
could potentially contain the disease‐causing variant although none of the peaks
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reached a LOD‐score of 3, the traditional threshold of significance. We selected
candidate genes within the peak and performed Sanger sequencing of the coding
regions of those genes.

2.2 Patients and methods
2.2.1 Sample ascertainment
This study adhered to the tenets of the Declaration of Helsinki. Subjects for this
study were recruited at Duke University. Patients were informed of the nature and risks
of the study, and signed consent forms were obtained from each participant. The
institutional review board of Duke University Medical Center (DUMC) reviewed and
approved this study. Genomic DNA was extracted using standard techniques from
blood obtained through venipuncture of participating individuals (Gentra, Minneapolis,
MN).

2.2.2 Diagnostic classification
Affected individuals in this family had symptoms consistent with
scapuloperoneal muscular dystrophy. DNA samples from a total of ten affected
individuals, three individuals of uncertain affection status, and twenty‐two unaffected
individuals (five of whom are married‐in spouses) were collected and used for linkage
analysis and Sanger sequencing follow‐up.
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2.2.3 Linkage analysis
Genotypes of affected and unaffected family members were obtained with the
Illumina GoldenGate Linkage IV Panel1. Six affected individuals and seventeen
unaffected individuals were used in the analyses. Eight additional individuals were
described as of uncertain affection status for the purposes of this analysis. Markers used
for linkage analysis had a minimum genotyping efficiency of 95%, resulting in 5,828
useable SNPs. RELPAIR was run to test pedigree relationships (Epstein, Duren, and
Boehnke 2000). Prior to analysis, any genotypes that did not match expected Mendelian
inheritance patterns were identified with PedCheck and removed (OʹConnell and Weeks
1998). After removing markers that were in linkage‐disequilibrium, 4,539 SNPs were
available for multipoint analysis. Both two‐point and multipoint linkage analyses were
performed using FASTLINK (http://linkage.rockefeller.edu/, provided in the public
domain by Rockefeller University, New York, NY) and Merlin, respectively (Abecasis et
al. 2002).
A disease allele frequency of 0.0001 was assumed, and marker allele frequency
estimates were calculated using genotypes from seventeen unaffected individuals. These
unaffected individuals are married‐in spouses collected from extended families in which
some individuals have autosomal dominantly inherited forms of LGMD or SPMD. Five

1

Genotyping for linkage analysis was performed by Togrul Jafarov.
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of these unaffected, married‐in spouses are members of family SPMD2277. Two‐point
parametric analyses were run using either an affecteds‐only model or an age‐curve
penetrance model. The multipoint analyses used affected individuals only under both a
dominant parametric model and a nonparametric model2.

2.2.4 Sanger sequencing
PCR and Sanger sequencing were performed using DNA from the proband to
screen for variants in the coding regions of MYH7, exons 3‐40. The variant p.K1784delK
was identified with the primers AAGGCCATCACGGATGTAAG and
TCCTCAGCTGGTTGTCACTG, and this amplicon was screened in the family to check
for segregation of the deletion with disease status. The primers were designed using
Primer3Plus[1] and sequencing was performed by Eton Bioscience, Inc (Research
Triangle Park, NC). An additional 364 unrelated control chromosomes from Caucasian
individuals were screened for the deletion.

2.3 Results
2.3.1 Phenotypes of affected individuals
Age of onset of symptoms for affected individuals began between the teenage
years and the mid‐40s. Clinical descriptions of the family members are provided in
Table 1. Exam data were missing for three individuals, but their original affection status

2

Jackie Rimmler ran these analyses.
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classifications are provided. Of the eight affected individuals with available exams, four
had tight heel cords, two had pes cavus, four had scapular weakness, five had extensor
hallucis longus (EHL) weakness, six had weakness in the tibialis anterior, one had
progressive weakness in the proximal upper extremities, one had bilateral peroneal
weakness, and one had neck flexor weakness. Three of the examined individuals
displayed foot drop. Electromyography of two family members showed myopathic
features for both individuals. Serum creatine kinase was elevated in one affected
individual.
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Table 1: Clinical descriptions of examined individuals in SPMD2277.
AAE= age at most recent exam. AAO= age at onset. NA= not applicable. Unk= unknown. SWK= scapular weakness. SWG= scapular
winging. PU= proximal upper extremities. TA= tibialis anterior. EHL= extensor hallucis longus. NF= neck flexor. HF= hip flexor. THC= tight
heel cords. PC= pes cavus. EMG= electromyograph. CK= serum creatine kinase value. NL= normal. * cardiac abnormalities included
coronary artery disease, congestive heart failure, and atrial fibrillation.
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Individual
III:1
III:3

AAE/AAO
78/Unk
78/30s

Gender
Male
Male

Affection Status
Affected
Affected

Weakness Distribution

III:8

82/40s

Female

Affected

No movement EHL

III:9
III:10
III:11
III:13
IV:1
IV:3
IV:4
IV:6

65/NA
62/NA
72/NA
60/Unk
48/NA
51/teenage
53/40s
46/NA

Male
Female
Female
Female
Female
Female
Male
Male

Unaffected
Unaffected
Unaffected
Affected
Unclear
Affected
Affected
Unaffected

Isolated HF
None
None
HF, TA, NF
Moderate TA, severe EHL, mild SWK
SWK, severe TA, EHL
None

IV:8

69/43

Male

Affected

Severe TA

IV:10
IV:11
IV:12
IV:13
IV:15
IV:16
IV:18

49/Unk
45/NA
50/NA
37/NA
46/NA
47/NA
57/50

Female
Female
Male
Male
Female
Female
Female

Affected
Unclear
Unaffected
Affected
Unaffected
Unaffected
Affected

Mild SWK, no movement EHL, mild TA
Mild TA, mild EHL
None
Mild SWK, mild TA
None
Questionable right SWK
AT, NF, EHL, mild peroneal

Progressive PU

Additional Features
Exam data missing, coded as affected
Foot drop by mid‐30s
Foot drop by age 40, THC, PC, curvature of the spine,
EMG showed myopathic features

Exam data missing, coded as affected
1/2 examiners noted weakness
THC

Foot drop, CK (4.3x upper NL), EMG showed evidence
of a myopathic process, SWG, cardiac abnormalities*
THC
Weakness noted by 1/2 examiners
THC, PC, mild right SWG

Left >right SWG

V:1
V:2
V:3
V:4
V:5
V:6
V:7
V:8
V:9
V:10

19/NA
16/NA
16/NA
22/NA
28/NA
25/NA
25/NA
32/NA
39/NA
20/NA

Male
Male
Female
Male
Female
Male
Female
Female
Male
Female

Unclear
Unaffected
Unaffected
Unaffected
Unaffected
Unaffected
Unaffected
Unaffected
Unaffected
Unaffected

mild EHL
None
None
None
None
None
None

V:11

20/NA

Female

Unaffected

None

mild SWG
Potential mild SWG one side
Potential mild SWG one side
Questionable SWG

Exam data missing, coded as unaffected
None
None
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2.3.2 Linkage analysis
No linkage peaks exceeding a LOD‐score of 3 were achieved. However, three
suggestive peaks with LOD‐scores >2 were identified on chromosomes 3, 4, and 14
(Figure 1). The chromosome 14 peak was the only peak that included multiple two‐point
scores ≥1.

Figure 1: Linkage results for SPMD2277. The results for chromosomes with multipoint
LOD‐scores >2 are shown. The two‐point analyses were run with θ=0.

2.3.3 Candidate gene sequencing
Sanger sequencing of the coding regions of MYH7 revealed a deletion of a lysine
residue at protein position 1784 in an affected individual in SPMD2277. All affected
52

family members for whom DNA was available for sequencing were heterozygous for
the deletion (Figure 2). Two out of three individuals of unclear affection status carried
the deletion. None of the five married‐in spouses had the deletion. However, it was
found in one asymptomatic individual above the age of onset range and two
asymptomatic individuals below the age of onset range in the family. The deletion was
not present in any of the 364 control individuals sequenced. In addition, no variant
existed at that position in any of the 4,300 Caucasians or 2,200 African Americans in the
NHLBI GO Exome Sequencing Project Exome Variant Server (NHLBI6500SI) (EVS).

Figure 2: Pedigree and MYH7 (p.K1784∆K) mutation segregation for SPMD 2277. * =
heterozygous for the deletion. ^= homozygous reference, no deletion present. Individuals with
? are of uncertain affection status. The arrow indicates the proband.
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2.4 Discussion
Linkage analysis and follow‐up candidate gene sequencing were performed for a
family with a molecularly undiagnosed form of scapuloperoneal muscular dystrophy.
Three suggestive linkage regions were identified on chromosomes 3, 4, and 14
respectively. MYH7 was selected as the best candidate gene in the potential linkage
regions. It is located within the chromosome 14 peak, which was the only region with a
multipoint LOD‐score above two that also contained 2‐point LOD‐scores greater than
one. MYH7 mutations are known to cause cardiac muscle disorders as well as disorders
of skeletal muscle, including Laing distal myopathy, scapuloperoneal myopathy, and
myosin storage myopathy with ages of onset that range from childhood to the fifth
decade (Pegoraro et al. 2007). The phenotypes of patients with mutations in MYH7 are
highly variable both within and between families, and they can include weakness in
multiple regions such as the lower leg, neck flexor, finger extensor, facial, shoulder
girdle, and/or lower limb girdle muscles. Other features that are occasionally seen are
pes cavus, scoliosis, foot drop, ankle retraction, clawing toes, and high‐arched palates
(Muelas et al. 2010).
The rod encoding region of the gene is a hotspot for mutations that cause skeletal
muscle disorders (Armel and Leinwand 2009; Muelas et al. 2010). Each affected
individual in family SPMD2277 carried a heterozygous deletion of a lysine residue at
position 1784 in exon 37 of MYH7. Two out of three individuals of uncertain affection
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status, IV:1 and V:1, also carried the deletion. The individual of uncertain affection status
who did not have the mutation, IV:11, was noted to have mild weakness of the extensor
hallicus longus and the tibialis anterior by one out of two examiners. A future visit to
this individual to determine if the weakness is present would be useful. Although most
unaffected individuals, including all available married‐in spouses, did not carry the
deletion, three asymptomatic family members were heterozygous for the change. Both
V:3 and V:8 were relatively young at their most recent exams. Unaffected individual
III:9, however, was 65 at his most recent exam, which is above the oldest age of onset of
symptoms in the family. While many of the typically affected muscles in III:9 did not
display any weakness, he did have isolated hip flexor weakness. Incomplete penetrance
has been noted previously with some MYH7 mutations (Muelas et al. 2010).
The variant present in a heterozygous state in affected members of SPMD2277,
p.K1784∆K, has been identified in other individuals with scapuloperoneal weakness and
is predicted to disturb coil formation in the myosin tail. The first report of this variant by
Stalpers et al. was of a de novo change in a fourteen year old boy with myosin storage
myopathy. His ability to walk was deteriorating, and he had scapular winging, foot
drop, scoliosis that affected respiration, and contractures. His skeletal muscle biopsy had
hyaline bodies, which can be found in individuals with MYH7 mutations (Stalpers et al.
2011). Scapular winging, foot drop, and scoliosis are also present in at least one affected
individual in SPMD2277.
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In a study by Tasca et al., the same variant was identified in three members of an
Italian family affected with a mild, relatively late onset form of the disorder. Disease
features included weakness of the extensor hallucis longus and tibialis anterior, which
are also commonly noted in family SPMD2277. Pes cavus and neck flexor weakness
were each noted in at least one affected individual. Unlike SPMD2277, no affected
members of the family were noted to have scapular weakness or winging (Tasca et al.
2012). Symptom severity appears to vary across different individuals with this mutation
both within and between families, although many features are similar.
While cardiomyopathies have not been noted to date as a feature of individuals
with this specific mutation, it also may be important to screen individuals with the
deletion for cardiac problems. Although mutations in MYH7 that cause cardiomyopathy
are typically found in the head and neck regions of the gene, potential cardiomyopathy
causing mutations have also been identified in the tail region (Blair et al. 2002). No
specific screening for cardiomyopathy has been performed in each of the affected
members of SPMD2277. One individual in the family, IV:8, has been diagnosed with
coronary artery disease, congestive heart failure, and atrial fibrillation, but these heart
problems may not be the result of the MYH7 mutation.

2.5 Conclusions
When family SPMD2277 was originally collected, and the suggestive peaks on
chromosomes 3, 4, and 14 were identified through linkage analysis, little was known
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about the genetic etiology of scapuloperoneal muscular dystrophy. Mutations in FHL1
were thought to be responsible for X‐linked forms of the disease. One gene on
chromosome 14, MYH7, was known to contain mutations that caused the skeletal muscle
disorders Laing muscular dystrophy and myosin storage myopathy as well as some
cases of scapuloperoneal muscular dystrophy (Pegoraro et al. 2007). Changes in the tail
region of MYH7 have since been identified in multiple affected individuals with
scapuloperoneal muscular dystrophy, including in the affected members of SPMD2277.
This data suggests that in the future it would be reasonable to sequence MYH7 for
patients with autosomal dominant forms of the disease and FHL1 for those with likely
X‐linked forms of scapuloperoneal muscular dystrophy.
It is also interesting to note that, although this is a relatively large family,
multiple linkage peaks were identified through linkage analysis and none of the peaks
reached the significance threshold. This failure to reach significance may be the result of
using only six affected individuals in the linkage analysis or of a lack of informative
markers in the surrounding region. If this family did not have a strong candidate gene
within one of those peaks, or if multiple strong candidate genes were identified, then it
would have been difficult to inexpensively and easily isolate the variant. Linkage
analysis is unlikely to identify a single, small, significant peak in families with few
affected individuals. In those situations, another variant identification strategy is
necessary.

57

3. Exome analysis of two limb-girdle muscular
dystrophy families: mutations identified and challenges
encountered.
Data in this section was published in PLoS One as “Exome analysis of two limb‐
girdle muscular dystrophy families: mutations identified and challenges encountered”
by McDonald et al. (McDonald et al. 2012). For many families, a molecular diagnosis
cannot be obtained through the use of linkage analysis followed by candidate gene
screening. This inability to identify a causative variant can arise for a variety of reasons.
In some families, a wide, significant peak may be identified that contains too many
candidate genes to reasonably screen through Sanger sequencing. For other families,
there may not be enough affected individuals to have sufficient power to detect a
significant peak using linkage analysis. In these situations, exome capture and
sequencing may be used to screen genes that are known to be involved in muscle
disease pathogenesis while potentially identifying candidate disease‐causing variants in
genes that have not previously been shown to be involved in the disease.

3.1 Introduction
Exome sequencing was performed for affected individuals from two families
with autosomal dominantly inherited forms of limb‐girdle muscular dystrophy to
identify disease‐causing mutations and to examine the extent of high quality sequence
coverage of the known causative genes. Previous work with these families included
linkage analysis, which did not result in the identification of a suitable linkage peak for
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follow‐up. The causative mutations for both families were identified and
genotype/phenotype correlations are provided. Specific challenges encountered in the
use of this technology are also discussed.

3.2 Materials and methods
3.2.1 Ethics statement
This study adhered to the tenets of the Declaration of Helsinki. Subjects for the
study were recruited at Duke University. Participants were informed of the nature and
risks of the study, and signed consent forms were obtained. The institutional review
board of Duke University Medical Center (DUMC) reviewed and approved this study
(protocol Pro00016428).

3.2.2 Sample ascertainment
DNA samples from a total of six affected individuals, four individuals of
uncertain affection status, and six unaffected individuals (all are married‐in spouses)
were collected from family LGMD2359 (Figure 3).

59

Figure 3: LGMD2359 pedigree and results of Sanger sequencing for DES IVS3+3A>G.
The pedigree shows the affection statuses, individual identifiers, and genotypes at DES
IVS3+3. The genotypes obtained through Sanger sequencing of individuals with available
high quality DNA are shown. The arrow indicates the proband. * indicates that DNA was sent
for exome sequencing. Individuals with ? were of uncertain affection status.

Similarly, DNA samples were collected from a total of two affected individuals and ten
unaffected individuals from family LGMD2692 (Figure 4).
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Figure 4: LGMD2692 pedigree and results of Sanger sequencing for FLNC p.W2710X.
The pedigree shows the affection statuses, individual identifiers, and genotypes at FLNC
p.2710. The genotypes obtained through Sanger sequencing of individuals with available high
quality DNA are shown. The arrow indicates the proband. * indicates that DNA was sent for
exome sequencing. Individuals with ? were of uncertain affection status.

Exome sequencing was performed for three affected individuals in LGMD2359 and two
affected individuals in LGMD2692. In addition, one married‐in spouse from each family
and one unrelated individual who did not show any signs of muscle disease were
submitted for exome sequencing as controls. The individuals for whom exome
sequencing was performed are indicated by asterisks in Figures 3 and 4. Each sampled
individual was Caucasian. Genomic DNA was extracted from blood obtained through
venipuncture of participating individuals (Gentra, Minneapolis, MN).
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3.2.3 Exome capture and sequencing
Three micrograms of DNA from each individual were submitted to the Center
for Human Genome Variation at Duke University for exome sequence capture and
amplification using the Agilent SureSelect Human All Exon 50Mb kit. Sequencing was
performed with paired‐end 100 base reads on the Illumina HiSeq 2000 platform.

3.2.4 Alignment, variant calling, and filtration
Alignment of fastq sequence files against the human reference sequence (hg19)
and read pairing were performed with the Burrows‐Wheeler Aligner v.0.5.6 (BWA)(Li
and Durbin 2009). The SAM files were converted to BAM files and unmapped reads
were removed with Samtools v.0.1.7(Li et al. 2009). File sorting, marking and removal of
duplicates, and indexing were performed with Picard v.1.14
(http://picard.sourceforge.net). The resulting file was realigned and recalibrated with the
Genome Analysis Toolkit v.1.0.5974 (GATK)(McKenna et al. 2010). Default settings were
applied for BWA, Samtools, Picard, and the GATK. Variants were called separately for
SNPs and indels using the GATK Unified Genotyper (DePristo et al. 2011) within a
200bp window surrounding the targeted intervals for the capture kit. Multi‐sample
calling was performed separately for the two families; the three cases in LGMD2359
were called together while both cases in LGMD2692 were called together. The three
control exomes were run through Unified Genotyper individually for SNP calling, but
they were included in the Unified Genotyper indel runs for each family. The non‐default
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settings for SNP and indel calling included: minimum base quality (17), minimum
mapping quality (20), stand_call_conf (50), stand_emit_conf (10), and dcov (1000).
Variants were further annotated using SeattleSeq version 131
(http://snp.gs.washington.edu/SeattleSeqAnnotation131/).

3.2.5 Assessment of exome quality
Summary data for exome quality was completed as follows. The format of the
fastq files was validated using FastQValidator
(http://genome.sph.umich.edu/wiki/FastQValidator). Each BAM file was run through
BamValidator (http://genome.sph.umich.edu/wiki/BamValidator) to determine if any
syntactic or format violations were present. BamValidator was also used to determine
the mapping rate and duplicate rate for each sample.
Sample identity was confirmed after sequencing by comparing SNP calls from
previous genotyping on the Illumina GoldenGate Linkage IV Panel to polymorphisms
derived from the exome data. Depth of coverage across the expected Agilent SureSelect
Human All Exon 50Mb capture regions was determined using the GATK Depth of
Coverage v3.0
(http://www.broadinstitute.org/gsa/wiki/index.php/Depth_of_Coverage_v3.0) under
default conditions.
Further analysis of the quality of each exome was performed with Picard
(http://picard.sourceforge.net). CalculateHsMetrics was used to calculate both the
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number and percent of Illumina filter‐passing bases that mapped on or near a baited
region of the genome for the realigned, recalibrated BAM with unmapped reads and
duplicates removed. CollectMultipleMetrics was used to determine the mean insert size
for each exome. A summary of the quality data is provided in Table 2.

64

Table 2: Quality metrics for exomes of affected individuals in LGMD2359 and LGMD2692.
PF= passes Illumina filter; # PF bases aligned= the number of bases in the PF aligned reads that are mapped to a reference base; %PF
aligned bases on or near bait= On+Near Bait Bases / PF Bases Aligned.
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Sample
ID

% Reads
aligned

% Duplicate
reads

# PF bases
aligned

% PF aligned bases
on or near bait

Mean
reads/base

% Target
at ≥10X

2359/II:2

95.63%

13.21%

5043222990

87.1817

53.24

88.8

2359/II:7

98.16%

16.34%

5519711918

86.7128

57.74

89.9

2359/III:4

96.10%

18.90%

4540062271

88.271

50.03

89

2692/II:3

97.12%

8.13%

4796579773

88.8778

50.97

89.1

2692/II:8

96.41%

6.29%

4041676495

84.5324

41.99

85.7

Mean insert size
(std dev)
319.30886
(37.969111)
319.831054
(37.673408)
302.01598
(31.209178)
330.872898
(36.020281)
317.925214
(43.743012)

3.2.6 Variant filtration
Variants were filtered using two different methods: examination of variants
within a list of genes known to be involved in muscular dystrophy and/or
cardiomyopathy and with an unbiased exome‐wide approach. These genes and the
skeletal and/or cardiac muscle diseases to which they are associated are listed in
Appendix A. The known muscle disease gene set included genes used in a previous
candidate gene list created by Dias et al. as well as additional genes found through a
literature search (Dias et al. 2012). Variant filtering was performed using PL/SQL
Developer v8.0 (Allround Automations, Enschede, the Netherlands).
3.2.6.1 Filtering within candidate genes
Variants found in any of the three control exomes were removed from the list of
possible causal variants identified in the affected individuals. The purpose of this was to
remove false positives resulting from common sequencing and/or processing artifacts.
Since both families had affected females and exhibited male to male disease
transmission, all variants found on either the X or Y chromosomes were also removed.
Variants were also removed if they were found at a frequency of ≥1% in the 1000
genomes European dataset
(ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20100804/supporting/EUR.2of4intersect
ion_allele_freq.20100804.sites.vcf.gz) and/or in the HapMap Caucasian dataset
(ftp://ftp.ncbi.nih.gov/snp/organisms/human_9606/VCF/v4.0/ByPopulationNoGeno/).
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This strategy would be inappropriate for an autosomal recessive disease due to the risk
of removing disease alleles found at a low frequency in the general population due to
their presence in unaffected carrier individuals. The list was further restricted to only
include SNVs and indels with at least one of the following SeattleSeq 131 annotation
terms: nonsense, stop‐gain, stop‐lost, frameshift, missense, 5’UTR, 3’UTR, within 10bp of
a distancetosplice (≤10bp), or coding indels. Finally, any variants that were not shared in
all cases within a family were removed. A potential consequence of removing these
variants is that it is possible that a mutation would not be identified in both individuals
due to a lack of coverage at that position or a sequencing error. Therefore, to avoid
missing known pathogenic variants, a literature search was performed to determine
whether any variant identified in at least one case has been shown to cause muscle
disease.
3.2.6.2 Exome‐wide filtering
Variants were filtered as above, but they were not restricted to a list of candidate
genes.

3.2.7 Sanger sequencing
The primers to confirm the segregation of variants in desmin (DES), laminin alpha
2 (LAMA2), and the DNAJ/HSP40 homolog DNAJB6 were
GCTGCAGGAGGAGATTCAGT and ACCTGCTGTTCCTGAAGCTG,
AAACAATGGAAGCCTATGTGAG and TTAGCTGGTTCTGGCAATCC, and
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CCCTCACACATGCATTTTCTT and CCAGCATTCATGCACAACTA, respectively.
These primers were designed using Primer3Plus (Untergasser et al. 2007). Previously
published primers were used for PCR and sequencing of the region surrounding the
variant in FLNC (Odgerel et al. 2010). Sequencing was performed by Eton Bioscience,
Inc. (Research Triangle Park, NC).

3.2.8 Depth of coverage and quality analysis of bases within known
muscular dystrophy genes
The exon positions for the consensus coding sequences (CCDS) were
downloaded from National Center for Biotechnology Information (NCBI) release 9 from
September 7th, 2011. “Withdrawn” CCDS exons were removed. Target intervals were
created that spanned the coding and splice regions of the 102 skeletal and/or cardiac
muscle disease genes partially selected from a list of genes created by Dias et al. and
shown in Appendix A (Dias et al. 2012). Splicing regions were defined as within 10 bases
of each CCDS exon. GATK Unified Genotyper was run across these intervals using the
options Emit_All_Confident_Sites and –glm (BOTH) with dbSNP132 and hg19 as
references. The settings that were applied to define confident sites were minimum base
quality (17), minimum mapping quality (20), stand_call_conf (50), stand_emit_conf (0),
and dcov (1000).
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3.3 Results
3.3.1 Phenotypes of affected individuals for LGMD2359
The pedigree is shown in Figure 3. Ten individuals exhibited a symmetric, limb‐
girdle pattern of weakness. Almost all also had neck flexor weakness. Five affected
individuals have pacemakers due to cardiac abnormalities. The five individuals with
skeletal muscle weakness but without cardiac abnormalities are below the oldest age of
cardiac disease onset in the family. I:3 and I:4 were initially diagnosed with Charcot‐
Marie‐Tooth disease (CMT) because both patients exhibited peripheral neuropathy, and
I:4 had pes cavus. Pes cavus was also seen in two other affected individuals in the
family, II:5 and II:7. Other symptoms that are potentially related to disease pathogenesis
include scoliosis in III:3, early hearing loss in I:3, and tight heel cords in II:7. No
members of the family have presented with elevated serum creatine kinase (CK).
Clinical descriptors for the affected and questionable individuals in LGMD2359 are
provided in Table 3.
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Table 3: Clinical description of individuals with skeletal muscle weakness and/or elevated creatine kinase in LGMD2359 and
LGMD2692.
Age onset is for skeletal muscle weakness. NF= neck flexor; THC= tight heel cords; AP= age at pacemaker insertion; PU= proximal upper
extremities; PC= pes cavus; *= questionable affection status; DU=distal upper extremities; PN= peripheral neuropathy; ^= DNA unavailable
for Sanger; PL= proximal lower extremities; LE= lower extremity; NL= normal; DL= distal lower extremities; UE= upper extremity; CK=
reported as ‘times upper limit of normal’ by gender (when abnormal)
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Family/Individual
LGMD2359/I:3
LGMD2359/I:4
LGMD2359/II:2
LGMD2359/II:4*
LGMD2359/II:5
LGMD2359/II:7
LGMD2359/III:1*
LGMD2359/III:2*
LGMD2359/III:3*
LGMD2359/III:4
LGMD2692/II:3
LGMD2692/II:2^
LGMD2692/II:5^
LGMD2692/II:6*^
LGMD2692/II:7*^
LGMD2692/II:8

Age onset/AP
37/34
11/42
26/26
28/NA
26/26
22/19
11/NA
15/NA
19/NA
17/NA
32/NA
45/NA
46/NA
NA/NA
NA/NA
51/NA

Cardiac Involvement?
Yes
Yes
Yes
No
Yes
Yes
No
No
No
No
No
No
No
No
No
No

CK
NL
NL
NL
NL
NL
NL
NL
NL
NL
1.5
2.4
2.7
7.7
2.1
1.8
4.0

Weakness Distribution
NF, PU=DU, PL<DL
NF, PU<DU, PL=DL
PL=DL
NF, PU, PL=DL
NF,PU, PL>DL
NF, PL>DL
NF, PU=DU, PL=DL
NF, PU
NF, PU=DU, PL=DL
PL=DL
PU, PL, DL
PL=DL>>PU
PL=DL
no weakness
no weakness
PL>PU

Additional Features
Hearing loss, PN (previous diagnosis of CMT)
PC, PN (CMT‐like symptoms)

PC
THC, PC

Scoliosis
Respiratory arrest, on ventilator
Only deltoid weakness in UE
Weakness in left arm, possibly due to an accident
43 at last exam, only symptom elevated CK
54 at last exam, only symptom elevated CK
Biceps weakness in UE; iliopsoas weakness in LE

3.3.2 Filtering within candidate genes LGMD2359
2,004 single nucleotide variants (SNVs) and 410 indels located within the 102
muscular dystrophy and/or cardiomyopathy genes were found in at least one of the
three cases (Appendix A) (Figure 5A). These variants were reduced to 397 SNVs and 22
indels by filtering to remove any present on the X or Y chromosome or present in any of
the three control exomes. 141 total variants remained after further removing variants
that were found at a frequency of ≥1% in the 1000 genomes European dataset and/or the
HapMap Caucasian dataset. This list was restricted to 23 “likely functional or within 10
bases of a splice site” SNVs and indels with at least one of the following SeattleSeq131
annotation terms: nonsense, stop‐gain, stop‐lost, frameshift, missense, distancetosplice
(≤10bp), 5’ UTR, 3’ UTR, or coding indels. These variants are listed with a subset of the
annotation information from SeattleSeq131 in Table 4, and a summary of the GATK
variant call file data for each is provided in Table 5.
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Table 4: Annotation information for low frequency variants that are likely functional or near splice sites in known muscle disease
genes identified through exome sequencing of LGMD2359 individuals II:2, II:7, and III:4.
Full gene names are provided in Appendix A. *= heterozygous for variant in all three affected individuals. CHROM=
chromosome. REF= reference allele. ALT= alternate allele. Variants were considered low frequency if they were found at a frequency of
≤1% in the 1000 genomes European dataset
(ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20100804/supporting/EUR.2of4intersection_allele_freq.20100804.sites.vcf.gz) and/or in the
HapMap Caucasian dataset (ftp://ftp.ncbi.nih.gov/snp/organisms/human_9606/VCF/v4.0/ByPopulationNoGeno/). Near splice site is
defined as within 10 bases of a splice site by SeattleSeq 131 (http://snp.gs.washington.edu/SeattleSeqAnnotation131/). The gene, known
ID, functionGVS, amino acid change, and distancetosplice fields were output using SeattleSeq131.
CHROM

POSITION

REF

ALT

Known ID

CAPN3

15

42678480

C

T

rs1801324

CNTN1

12

41303903

T

C

rs61748365

COL6A1
COL6A2
DES*

21
21
2

47423362
47552522
220285071

G
T
A

C
G
G

NA
NA
NA

DYSF

2

71871188

C

T

rs7573406

EYA4

6

133783835

C

G

NA

ITGA7

12

56088477

C

T

rs75740263

LAMA2*

6

129513846

T

G

NA

LMNA

1

156100408

C

T

rs41313880

MYH2
NEB

17
2

10428620
152348947

C
G

T
T

NA
NA
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GENE

FUNCTIONGVS
coding‐
synonymous, utr‐3
coding‐
synonymous,
intron
missense
utr‐3,utr‐5
intron
coding‐
synonymous
missense
coding‐
synonymous
missense
coding‐
synonymous
missense
missense

Amino acid
change

DISTANCETOSPLICE

None

4

None

5

GLY,ALA
None
None

58
655
1

None

6

CYS,TRP

68

None

3

TYR,ASP

22

None

1

ARG,HIS
THR,ASN

46
47

PABPN1

14

23794680

PRKAG2

7

151254231

GGGGAGTAGG
GGAAGGCCCA
C

PTRF

17

40574648

SYNE1
SYNE2
SYNE2
SYNE2
TTN
TTN
TTN
TTN

6
14
14
14
2
2
2
2

152621923
64580075
64593207
64588825
179400585
179426480
179391639
179578108

G

NA

utr‐3

None

226

T

NA

None
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G

A

NA

None

4

C
T
T
C
G
A
C
T

T
C
C
A
A
C
CT
TACAAA

NA
rs61747118
rs61987277
rs36021513
rs77483833
NA
rs66946942
NA

utr‐3
coding‐
synonymous
intron
missense
intron
missense
intron
missense
utr‐3
intron

None
ILE,THR
None
ASN,LYS
None
PHE,VAL
None
None

5
17
8
27
7
2443
395
7
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Table 5: Gene name and summary of variant call file for low frequency variants that are likely functional or near splice sites in
known muscle disease genes identified through exome sequencing of LGMD2359 individuals II:2, II:7, and III:4.
Full gene names are provided in Appendix A. The gene name was output using SeattleSeq131. *= heterozygous for variant in all
three affected individuals. CHROM= chromosome. REF= reference allele. ALT= alternate allele. QUAL= GATK QUAL score at variant
position. GT= genotype (0/0= homozygous reference, 0/1= heterozygous). AD= allele depth (REF, ALT). DP= depth (# reads at position).
Variants were considered low frequency if they were found at a frequency of ≤1% in the 1000 genomes European dataset
(ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20100804/supporting/EUR.2of4intersection_allele_freq.20100804.sites.vcf.gz) and/or in the
HapMap Caucasian dataset (ftp://ftp.ncbi.nih.gov/snp/organisms/human_9606/VCF/v4.0/ByPopulationNoGeno/).

74

GENE
CAPN3
CNTN1
COL6A1
COL6A2
DES*
DYSF
EYA4
ITGA7
LAMA2*
LMNA
MYH2
NEB
PABPN1
PRKAG2
PTRF
SYNE1
SYNE2
SYNE2

CHROM
15
12
21
21
2
2
6
12
6
1
17
2
14
7
17
6
14
14

POSITION
42678480
41303903
47423362
47552522
220285071
71871188
133783835
56088477
129513846
156100408
10428620
152348947
23794680
151254231
40574648
152621923
64580075
64593207

REF
C
T
G
T
A
C
C
C
T
C
C
G
GGGGAGTAGGGGAAGGCCCA
C
G
C
T
T

ALT
T
C
C
G
G
T
G
T
G
T
T
T
G
T
A
T
C
C

QUAL
351.96
1914.92
20.17
39.59
1313.35
168.32
21.61
37.94
39.77
549.31
1984.45
22.94
552.59
1052.96
55.49
646.04
1008.77
1112.97

II:2
GT:AD:DP
0/0:64,0:62
0/1:49,33:79
0/0:7,1:5
0/0:5,0:4
0/1:13,22:34
0/1:8,7:12
0/1:26,22:25
0/1:20,13:22
0/1:8,21:9
0/1:15,8:21
0/1:34,31:64
0/1:74,14:69
0/1:11,6:11
0/1:39,37:70
0/0:5,0:5
0/0:43,0:43
0/1:13,18:30
0/1:33,25:50

II:7
GT:AD:DP
0/0:47,0:45
0/0:76,0:76
0/0:15,2:10
0/1:2,2:2
0/1:23,10:33
0/0:4,0:4
0/0:31,24:30
0/0:32,16:28
0/1:11,16:12
0/0:18,0:17
0/0:99,0:98
0/0:97,6:87
0/0:22,0:22
0/0:73,0:73
0/0:4,0:4
0/1:20,20:39
0/1:8,15:20
0/1:26,24:39

III:4
GT:AD:DP
0/1:27,15:39
0/1:44,35:78
0/1:3,4:4
0/0:4,0:4
0/1:17,12:28
0/0:6,0:6
0/0:26,8:24
0/0:22,8:20
0/1:12,13:10
0/1:9,12:21
0/1:42,33:74
0/0:78,10:66
0/0:15,0:15
0/0:55,0:55
0/1:1,4:4
0/0:49,0:48
0/0:35,0:32
0/0:63,0:59

SYNE2
TTN
TTN
TTN
TTN

14
2
2
2
2

64588825
179400585
179426480
179391639
179578108

C
G
A
C
T

A
A
C
CT
TACAAA

3106.34
88.39
1485.21
417.14
1009.78

0/1:41,43:82
0/1:90,23:88
0/0:128,0:122
0/1:18,17:35
0/1:49,16:65

0/1:46,50:91
0/0:101,15:88
0/0:164,0:161
0/0:32,0:32
0/0:66,0:66

0/0:64,0:62
0/0:99,19:91
0/1:43,48:84
0/0:35,0:35
0/0:49,0:49
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A literature search was performed to determine whether these 23 variants are
known to be benign or causative. Two of these variants are found in all three affected
individuals. Sanger sequencing of the entire family showed that the missense variant
Y544D in laminin alpha 2 (LAMA2) was a false positive from the exome sequencing data.
However, the variant in desmin (DES), IVS3+3A>G (build37, chr2:220285071) did
segregate with affection status in the family as shown in Figure 3.
The same filtering steps were performed using SNVs and indels found in any
gene in the exome to determine how many candidate variants would be present after
each step if the gene list was not restricted to a set of candidate genes (Figure 5B).
183,491 SNVs and 40,577 indels were found in at least one case. 11,978 total SNVs and
indels were not on either the X or Y chromosome, in any control individuals, or found at
a frequency of ≥1% in the 1000 genomes European dataset and/or the HapMap
Caucasian dataset. Of those variants, 3,149 were likely functional or within 10 bases of a
splice site, and 178 of those were shared in all 3 cases.
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Figure 5: Filtering of variants identified through exome sequencing of individuals in
LGMD2359. Variant filtration was performed for all variants (SNVs and indels) identified in
known muscle disease genes (A) and in all genes (B). The total number of variants identified
in any of the three cases (i) was restricted to variants that were not on the X or Y chromosomes
and were not identified in any of the control individuals (ii). This list was further reduced to
variants at ≤1% frequency in the HapMap and 1000 Genomes Caucasian databases (iii), then to
likely functional variants or variants within 10bp of splice site (iv), and finally to variants that
are shared in all 3 cases (v).

3.3.3 Phenotypes of affected individuals for LGMD2692
The pedigree is shown in Figure 4. All four affected individuals presented with
proximal weakness in the lower extremities. Three of the four also had weakness in the
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proximal upper extremities (II:2, II:3, and II:8), while three individuals had weakness in
the distal lower extremities (II:2, II:3, and II:5). Muscle weakness was symmetric in all
affected individuals with the exception of II:5, who had weakness in the left arm due to
an injury. The proband, II:3, suffered respiratory failure at age 55 and now uses a
ventilator. Elevated serum CK was observed in all affected individuals. The family is of
German ancestry. Clinical descriptors for the affected and questionable individuals in
LGMD2692 are provided in Table 3.

3.3.4 Filtering within candidate genes LGMD2692
1,641 SNVs and 352 indels were identified in the 102 muscular dystrophy and/or
cardiomyopathy genes in at least one of the two cases (Appendix A) (Figure 6A). Of
these variants, 248 SNVs and 16 indels were not on the X and/or Y chromosomes and
were not present in any of the three control exomes. 79 total SNVs and indels remained
after removing variants that were found at a frequency of ≥1% in the 1000 genomes
European dataset and/or the HapMap Caucasian dataset. The list was further restricted
to 17 variants by only including SNVs and indels with at least one of the following
SeattleSeq131 annotation terms: nonsense, stop‐gain, stop‐lost, frameshift,
distancetosplice (≤10bp), missense, 5’ UTR, 3’ UTR, or coding indels. These variants are
listed with a subset of the annotation information from SeattleSeq131 in Table 6, and a
summary of the GATK variant call file data for each is provided in Table 7.
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Table 6: Annotation information for low frequency variants that are likely functional or near splice sites and in known muscle
disease genes identified through exome sequencing of LGMD2692 individuals II:3 and II:8.
Full gene names are provided in Appendix A. *= heterozygous in both affected individuals. CHROM= chromosome. REF=
reference allele. ALT= alternate allele. Variants were considered low frequency if they were found at a frequency of ≤1% in the 1000
genomes European dataset
(ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20100804/supporting/EUR.2of4intersection_allele_freq.20100804.sites.vcf.gz) and/or in the
HapMap Caucasian dataset (ftp://ftp.ncbi.nih.gov/snp/organisms/human_9606/VCF/v4.0/ByPopulationNoGeno/). Near splice site is
defined as within 10 bases of a splice site by SeattleSeq 131 (http://snp.gs.washington.edu/SeattleSeqAnnotation131/). The gene, known
ID, functionGVS, amino acid change, and distancetosplice fields were output using SeattleSeq131.
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GENE
ANO5
CAPN3
CAPN3
CAPN3
COL6A2
COL6A2
COL6A2
DNAJB6*
FLNC*
FRG1
FRG1
FRG1
FRG1
FRG1
MYH2
RYR1
TTN

CHROM
11
15
15
15
21
21
21
7
7
4
4
4
4
4
17
19
2

POSITION
22301425
42651907
42676689
42703209
47538696
47532288
47536717
157178535
128498529
190874290
190873327
190876256
190876278
190884247
10433181
39018347
179437556

REF
C
G
C
GA
G
G
G
A
G
T
G
C
G
G
C
G
G

ALT
T
A
T
G
A
A
A
AT
A
A
A
T
A
A
T
C
A

Known ID
rs12575889
NA
rs117609395
rs28364538
NA
NA
NA
NA
NA
rs111797658
rs41278613
NA
NA
rs114957399
NA
rs55876273
NA

FUNCTIONGVS
utr‐3
intron, utr‐5
coding‐synonymous
Intron
coding‐synonymous, intron
Missense
Missense
intron, utr‐3
Nonsense
Intron
Nonsense
Missense
Missense
splice‐3
Missense
Missense
Missense

Amino acid change
None
None
None
None
None
GLY,ARG
ASP,ASN
None
TRP,stop
None
TRP,stop
ARG,CYS
ARG,LYS
None
VAL,ILE
GLU,GLN
ARG,CYS

DISTANCETOSPLICE
336
406
9
10
10
204
12
228
140
8
11
51
29
0
33
61
3588

Table 7: Gene name and summary of variant call file for low frequency variants that are likely functional or near splice sites and
in known muscle disease genes identified through exome sequencing of LGMD2692 individuals II:3 and II:8.
Full gene names are provided in Appendix A. The gene name was output using SeattleSeq131. *= heterozygous in both affected
individuals. CHROM= chromosome. REF= reference allele. ALT= alternate allele. QUAL= GATK QUAL score at variant position. GT=
genotype (0/0= homozygous reference, 0/1= heterozygous). AD= allele depth (REF, ALT). DP= depth (# reads at position). Variants were
considered low frequency if they were found at a frequency of ≤1% in the 1000 genomes European dataset
(ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20100804/supporting/EUR.2of4intersection_allele_freq.20100804.sites.vcf.gz) and/or in the
HapMap Caucasian dataset (ftp://ftp.ncbi.nih.gov/snp/organisms/human_9606/VCF/v4.0/ByPopulationNoGeno/).
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GENE
ANO5
CAPN3
CAPN3
CAPN3
COL6A2
COL6A2
COL6A2
DNAJB6*
FLNC*
FRG1
FRG1
FRG1
FRG1
FRG1
MYH2
RYR1
TTN

CHROM
11
15
15
15
21
21
21
7
7
4
4
4
4
4
17
19
2

POSITION
22301425
42651907
42676689
42703209
47538696
47532288
47536717
157178535
128498529
190874290
190873327
190876256
190876278
190884247
10433181
39018347
179437556

REF
C
G
C
GA
G
G
G
A
G
T
G
C
G
G
C
G
G

ALT
T
A
T
G
A
A
A
AT
A
A
A
T
A
A
T
C
A

QUAL
35.96
405.75
69.94
328.19
115.62
24.16
43.31
503.36
244.83
21.68
219.76
114.73
41.85
11.27
1629.35
68.78
1626.29

II:3
GT:AD:DP
0/1:13,3:16
0/0:42,0:42
0/0:34,0:35
0/1:14,12:14
0/1:6,5:11
0/0:23,0:23
0/1:12,3:15
0/1:28,14:26
0/1:10,6:16
0/1:68,7:75
0/1:137,37:175
0/0:347,22:370
0/0:345,22:367
0/1:55,11:66
0/0:203,0:203
0/0:6,0:6
0/0:123,1:124

II:8
GT:AD:DP
0/0:15,0:15
0/1:12,13:25
0/1:15,5:20
0/0:25,0:24
0/0:5,0:5
0/1:6,3:10
0/0:13,0:13
0/1:17,15:18
0/1:2,3:5
0/0:70,2:72
0/0:101,9:110
0/1:252,48:301
0/1:254,45:299
0/0:38,6:44
0/1:93,70:167
0/1:3,3:6
0/1:52,56:109

Literature searches were performed to determine whether variants found within
either of the last two stages of filtering were known to be benign or causative. These
variants are shown in Table 7. Two of these variants were found in both affected
individuals. Although exome sequencing detected a possible variant in the 3’UTR of the
DNAJ/HSP40 homolog, DNAJB6, we were unable to confirm the presence of the variant
via Sanger sequencing because it is located within a homopolymer stretch. However, the
variant in filamin C (FLNC), p.W2710X (build 37, chr7: 128498529), did segregate with
affection status in the family as shown in Figure 4. Although unaffected individual III:4
did have the variant, she was only 27 at last exam, which was below the oldest age of
onset to date in the family (51 years).
This filtering was performed with SNVs and indels found in any gene in the
exome to show how many candidate variants are present when the gene list was not
restricted to a set of candidate genes (Figure 6B). 157,753 SNVs and 36,094 indels were
found in at least one case. 8,653 total SNVs and indels were not on either the X or Y
chromosome, in any control individuals, or found at a frequency of ≥1% in the 1000
genomes European dataset and/or the HapMap Caucasian dataset. Of those variants,
1,901 were likely functional or within 10 bases of a splice site, and 351 of those were
shared in both cases.
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Figure 6: Filtering of variants identified through exome sequencing of individuals in
LGMD2692. Variant filtration was performed for all variants (SNVs and indels) identified in
known muscle disease genes (A) and in all genes (B). The total number of variants identified
in either of the cases (i) was restricted to variants that were not on the X or Y chromosomes and
were not identified in any of the control individuals (ii). This list was further reduced to
variants at ≤1% frequency in the HapMap and 1000 Genomes Caucasian databases (iii), then to
likely functional variants or variants within 10 bases of a splice site (iv), and finally to variants
that are shared in both cases (v).

3.3.5 Depth of coverage analysis
For each exome, positions within the CCDS and splice regions (10 bases 5’ and 3’
of each exon) were identified that did not have high confidence calls and/or adequate
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read depth to identify heterozygous variants. Any base within these intervals that had
<10 filter‐passing reads and/or GATK QUAL scores <50 was defined as a “failed”
position. 6.5% of bases within the gene set failed in every exome. 3 genes (FKRP,
KBTBD13, and PLEC) failed across ≥50% of the CCDS+splice regions in at least one of
the affected individuals, and 24 genes failed across ≥30% of the CCDS+splice loci in at
least one affected individual. At least 30% of the bases in 8 genes (BIN1, CRYAB, DES,
FKRP, KBTBD13, PABPN1, PLEC, and SMN1) were never covered in any of the five
exomes from affected individuals. These results, listed in Table 8, show variability in
coverage between each of the capture and sequencing runs. The percent of consensus
coding sequence and splicing regions of each gene that failed is shown in Appendix B.
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Table 8: Known muscle disease genes in which ≥30% of CCDS+splice bases have <10X coverage and/or QUAL scores of <50 in at least
one case.
*Failed bases are defined as any base with <10 reads at that position and/or a GATK QUAL score of <50. # CCDS+splice bases= total
number of bases in the gene region (consensus coding plus 10bp on each side for splice sites).
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Gene

# CCDS+splice bases

# CCDS+splice bases failed* all cases

BIN1
COL6A1
COL6A2
CRYAB
DES
DPM3
FKRP
GAA
JUP
KBTBD13
LMNA
MYBPC3
PABPN1
PLEC
POMT2
SEPN1
SGCA
SIL1
SMN1
TAZ

2227
3787
3962
588
1593
389
1508
3239
2498
1397
2256
4505
1061
15508
2673
2033
1344
1566
1045
1099

672
1106
853
223
552
1
1336
499
632
966
487
866
347
5934
712
560
358
244
975
245

% CCDS+splice bases failed*
All cases 2359 II:2 2359 II:7
30.18
52.76
42.30
29.21
42.83
40.22
21.53
36.90
35.41
37.93
37.93
37.93
34.65
35.72
38.04
0.26
0.26
1.03
88.59
97.35
100.00
15.41
32.94
23.87
25.30
40.07
28.38
69.15
87.54
84.54
21.59
29.30
25.93
19.22
32.65
27.48
32.70
35.63
35.63
38.26
51.62
47.47
26.64
29.55
28.77
27.55
28.63
28.14
26.64
34.38
31.10
15.58
25.93
22.22
93.30
93.30
93.30
22.29
40.58
33.76

2359 III:4
46.88
44.97
36.19
37.93
39.80
0.51
95.16
28.93
36.51
80.67
32.80
30.17
44.39
55.42
26.79
28.82
35.04
22.73
93.30
30.66

2692 II:3
48.54
37.39
33.52
37.93
38.42
5.40
93.04
19.76
42.31
72.01
36.57
29.77
45.33
42.84
33.56
27.94
30.80
25.48
93.30
40.22

2692 II:8
64.08
53.45
46.67
37.93
40.36
33.68
100.00
41.40
47.92
94.13
66.80
43.64
48.35
52.12
34.04
31.23
30.13
34.42
93.30
22.75

TNNI3
TNNT1
TPM1
XK

793
1097
1650
1395

119
256
311
279

15.01
23.34
18.85
20.00

37.45
34.46
22.18
39.43

24.34
30.63
26.91
24.09

34.68
26.53
33.88
30.75

21.94
38.38
26.00
30.39

50.06
53.60
25.21
21.15
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3.4 Discussion
The usefulness of whole exome sequencing as a diagnostic approach for
autosomal dominant muscular dystrophy was evaluated by examining the extent of
high quality sequence coverage of known muscle disease genes while searching for
disease‐causing variants. Exome sequencing was performed to aid in the identification
of the disease‐causing variants in two families with autosomal dominant forms of
muscular dystrophy, LGMD2359 and LGMD2692.

3.4.1 LGMD2359 mutation, DES IVS3+3A>G
Filtering and Sanger sequencing of variants identified through exome sequencing
in LGMD2359 affected individuals revealed one variant that is rare, fits the expected
inheritance pattern, and is located within a gene known to be involved in muscle disease
pathogenesis. The variant alters a base at the splicing position IVS3+3 in DES from an A
to a G, and Sanger sequencing shows that it was present in a heterozygous state in four
affected individuals as well as in four individuals of questionable disease status. Desmin
is an intermediate filament found in striated muscle that forms a three‐dimensional
scaffold that crosses the myofibril (Kouloumenta, Mavroidis, and Capetanaki 2007). The
filaments surround the Z‐disk, associate with the sarcolemma at costameres, and form
links to cytoplasmic organelles and the nucleus (Capetanaki et al. 2007). Mutations in
DES disrupt the normal desmin intermediate filament networks and are known to cause
a form of myofibrillar myopathy with a limb‐girdle phenotype and/or cardiomyopathy
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(Capetanaki et al. 2007; Dalakas et al. 2000; Goldfarb et al. 1998). The splicing variant
DES IVS3+3 A>G results in the excision of the third exon of desmin, aggregate
formation, and the disruption of these networks as first shown by Park et al. (Dalakas et
al. 2000; Park et al. 2000). More recently, Greenberg et al. identified this variant as the
cause of disease in a family previously associated with the locus LGMD1D (Greenberg et
al. 2012). Since the splicing variant has been shown in multiple families with similar
phenotypes and functional work has shown that the variant affects protein function, the
mutation DES IVS3+3 A>G is likely responsible for the skeletal and cardiac muscle
disease in family LGMD2359. Additionally, testing for desmin mutations was
recommended to some members of the family; the clinical test identified the DES IVS3+3
A>G splicing mutation as well.
Interestingly, because it is not in a canonical splice site, the functional annotation
fields in SeattleSeq 131 did not indicate that it is a splicing variant. Use of the
“distancetosplice” field for filtering, however, did result in easy identification of the
variant although it does include synonymous variants. More recently, SeattleSeq 134
added a “near‐splice” annotation that can also be used for filtering splice variants. It is
important for researchers to understand how splice sites are defined by the annotation
program they use.
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3.4.2 LGMD2692 mutation, FLNC p.W2710X
Filtration of exome sequencing variants in LGMD2692 resulted in the
identification of a nonsense mutation at protein position 2710 in FLNC. The filamins are
involved in organizing actin networks and link them to cellular membranes (Stossel et
al. 2001; van der Flier and Sonnenberg 2001). FLNC p.W2710X is located within the
dimerization domain and causes autosomal dominant myofibrillar myopathy with a
limb‐girdle phenotype. This alteration prevents proper dimerization and increases
susceptibility to proteolysis, resulting in the accumulation of cytoplasmic aggregates in
the muscles of patients (Lowe et al. 2007; Vorgerd et al. 2005). Family LGMD2692 is of
German origin, as are multiple other families with this mutation (Kley et al. 2007).

3.4.3 Challenges of identifying mutations with exome sequencing
While exome sequencing allows many genes to be screened at one time, it results
in a large list of variants, including some false positives. When a disease is rare and
highly penetrant, the variants can be reduced by restricting the candidate list to those
which cause splice site, missense, frameshift, 5’UTR, 3’ UTR, or nonsense changes and
removing those that do not fit the expected inheritance pattern in a family or are found
at a high frequency in control populations. This method of filtering has been used to
successfully identify disease‐causing mutations, including recently by Willemsen et al.
to identify mutations in DYNC1H1 that cause severe intellectual disability with
neuronal migration defects and by Daoud et al. to identify mutations in SPG11 that
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cause juvenile amyotrophic lateral sclerosis (Daoud et al. 2012; Willemsen et al. 2012).
These filtering strategies do not focus on the removal of false positive variants, and it
can be tempting to limit them by implementing stringent depth and/or quality filters. In
some situations, however, researchers may benefit from examining every variant
obtained in a candidate gene set without applying these filters. This is the case when a
disorder has a large number of candidate genes, and it is cost‐prohibitive to screen them
with Sanger sequencing prior to exome capture. For example, Sirmaci et al. encountered
a problem using a minimum depth cut‐off to examine potential disease‐causing variants
found in exomes from individuals with hereditary hearing loss. Using a minimum depth
of coverage of 8x as an initial filter, they missed a novel variant in GIPC3, a gene which
is known to be involved in deafness. If they had not lowered the depth of coverage filter,
they may have believed that a different variant in ZNF57 caused disease (Sirmaci et al.
2012).
In this study, the p.W2710X variant in FLNC was covered to a reasonable depth
of 16 in II:3 in LGMD2692, but there were only 5 reads covering that base in II:8. If a
minimum depth cut‐off across affected individuals had been applied, the known
disease‐causing, functionally proven mutation would not have been identified. The
initial candidate list was restricted to 23 by requiring that variants be on an autosome,
not present in 3 control exomes, at a ≤1% allele frequency in Caucasians from 1000
Genomes and HapMap, annotated as likely functional or near a splice site, and within a
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candidate gene list. The same filtering without the candidate gene list results in a more
difficult to examine list of 3,149 variants in at least one case, and 178 variants that are
shared in both cases (Figure 6B).
In addition to ensuring that the variants obtained through exome sequencing are
thoroughly examined, it is important to determine whether regions of genes that are
known to be involved in a given disease are covered with a sufficient depth and quality
of reads to confidently discover a variant at that site. Depth of coverage is particularly
important when examining an autosomal dominantly inherited disorder because a
sufficient number of high‐quality reads must be present at a given base to identify two
alleles. The depth and quality of coverage of genes involved in skeletal and cardiac
muscle diseases were investigated in each of the five exomes from affected members of
LGMD2359 and LGMD2692. Target intervals spanned the coding and splice regions
(CCDS+splice) of 102 skeletal and/or cardiac muscle disease genes. For each exome,
“failed” positions were identified that had <10 reads and/or QUAL scores <50. Similar to
the results shown by Dias et al., these data indicate that while many causative genes are
well‐covered, gaps exist which may interfere with the identification of some disease‐
causing mutations (Dias et al. 2012). While only 6.5% of bases within the gene set failed
in every exome, gaps in coverage varied on an individual basis. 24 genes failed across
≥30% of the CCDS+splice loci in at least one affected individual, but only 8 of those
genes failed across ≥30% of the CCDS+splice loci in all 5 individuals. In some cases,
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these gaps may be filled by increasing overall coverage or using a different exome
capture method. However, it is likely that other gaps are due to low mapping quality
and will not be filled until longer reads are available. Examining exome coverage on an
individual basis is useful to determine whether high priority candidate genes were
adequately screened.

3.4.4 Conclusions
In conclusion, we examined the phenotypes of two extended families with limb‐
girdle muscular dystrophy were examined and whole exome sequencing data was used
to identify the mutations causing disease, DES IVS3+3 A>G and FLNC p.W2710X. While
exome sequencing provides reliable, high‐quality data for most exons in known muscle
disease genes, gaps and low quality regions remain that must be evaluated on an
individual basis. Additionally, filtering using distance to splice sites rather than
disruption of canonical splice sites avoids potentially missing functional variants.
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4. Variability in depth of coverage of known muscular
disease genes.
For families in which initial analysis of exome sequencing data does not reveal a
likely disease‐causing variant in genes in which mutations are known to cause skeletal
muscle disease, it is necessary to determine whether the exome sequencing data
provided deep, high‐quality coverage at each base in their coding and splicing regions.
Coverage variability in genes known to be involved in skeletal and/or cardiac muscle
disease was examined for eleven example exomes.

4.1 Average depth of coverage
Exome sequencing was performed for eleven individuals from four families,
using the Agilent SureSelect Human All Exon 50Mb kit and the Illumina HiSeq 2000
(2X100bp). Alignment and read pairing were performed with the Burrows‐Wheeler
Aligner v.0.5.6 (BWA)(Li and Durbin 2009). Samtools v.0.1.7 was used to convert SAM
files to BAM files and remove unmapped reads (Li et al. 2009). File sorting, marking and
removal of duplicates, and indexing were performed with Picard v.1.14
(http://picard.sourceforge.net). The Genome Analysis Tookit (GATK) v.1.0.5974 was
used for local realignment and quality score recalibration (McKenna et al. 2010). The
program and settings matched those described in Chapter 3, Section 2. After duplicate
removal, the mean coverage per exome ranged from 42X to 84X, and 85.7%‐92.8% of the
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expected capture region was covered at ≥10X as calculated with the command GATK –
DepthOfCoverage (Table 9).
Table 9: Depth of coverage of eleven exomes in probed regions of the Agilent
SureSelect Human All Exon 50Mb kit.
Mean reads/base= the average number of reads covering the bases within the regions
with probes in the Agilent 50Mb kit. Also listed are the percent of bases within probe regions
covered by > 1, >5, >10, >15, and >20 reads respectively.
mean
reads/base

%bases
>1 read

% bases
>10 reads

% bases
>15 reads

md0003

57.74
53.24
50.03

98.4
98.3
97.2

94.2
93.7
93.3

89.9
88.8
89

85.6
83.8
84.3

80.9
78.4
79

md0005

50.97

98.7

94.2

89.1

83.7

77.6

md0007

41.99

97.6

92

85.7

78.8

71.3

md0008

48.43

96.9

92.5

87.6

82.2

76.2

md0009

70.03

98.1

95

91.8

88.6

85.3

md0010

53.16

97

92.9

88.7

84.2

79.1

md0011

48.27

97.5

93

88

82.5

76.4

md0015

59.19

94.8

90.3

86.8

83.2

79.2

md0016

83.99

98

95.3

92.8

90.4

87.9

Sample
md0001
md0002

% bases
>5 reads

% bases
>20 reads

4.2 Depth and quality of coverage across candidate genes
The usefulness of whole exome sequencing as a diagnostic approach for
muscular dystrophy was evaluated by examining the extent of high quality sequence
coverage of the known muscle disease genes. Target intervals were created that spanned
the coding and splicing regions of 102 skeletal and/or cardiac muscle disease genes,
499,520 bases total. This gene set is listed in Appendix A. The coding regions were the
bases in the consensus coding sequence (CCDS) release 9 (9/7/2011), downloaded from
NCBI, for which the CCDS_status was public
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(ftp://ftp.ncbi.nlm.nih.gov/pub/CCDS/archive/Hs37.3/). Splicing regions were defined as
the ten bases prior to and following each CCDS exon. Variant calling was performed
with the command –stand_emit_conf 0 (emit all confident sites with QUAL scores ≥0) in
the GATK across the target intervals using the same settings as in Chapter 3, Section 2.
Multiple sets of filters were applied using queries in structured query language
(SQL) (PL/SQL Developer v8.0, Allround Automations, Enschede, the Netherlands) to
determine the number of bases that were not covered within the target intervals under
different depth and quality requirements (Figure 7). A given base was “never covered”
when it did not meet those requirements in at least one of the eleven exomes. Depth was
from the DP field in the GATK variant call file, and quality was determined using the
QUAL field. Depth requirements were set at ≥10X or ≥20X coverage, respectively. The
high QUAL requirement was a QUAL score of ≥50. The ≥10X High QUAL and the ≥20X
High QUAL requirements were that a QUAL score of ≥50 was obtained for ≥10 or ≥20
base calls at that position, respectively. The requirement which resulted in the fewest
number of never covered bases, about 20,000, occurred when the bases were required to
have high quality reads and no minimum depth filter was applied. Over 40,000 bases
were never covered when a minimum depth of 20X and a high QUAL score were
required.
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Figu
ure 7: The effe
ect of depth and
a quality rrequirementss on the coverrage of positiions
within know
wn MD geness. Multiple co
ombinations of depth and
d quality filteers were appllied,
and the perccent of positio
ons that were
e covered witthin the CCD
DS and splicin
ng regions off the
known
k
MD genes
g
was asssessed. A posiition was “no
ot covered” w
when it did not meet the d
depth
an
nd quality re
equirements. Depth filterss required ≥100X or ≥20X co
overage, resp
pectively. Thee high
QUAL filter required a QUAL
Q
score of
o ≥50. The ≥1 0X High QUA
AL and the ≥≥20X High QU
UAL
fiilters required that a QUA
AL score of ≥5
50 was obtain
ned for ≥10 orr ≥20 base callls at that possition,
respectively
y. The numbe
er of bases th
hat were not ccovered in an
ny of the 11 exxomes is show
wn
under each
h of set of filtter condition
ns.

Next, the coverag
ge for each ba
ase in these target interv
vals was exaamined for each
of the eleven individual exomes.
e
For each exomee, “failed” po
ositions were identified that
had <10 readss with QUAL scores ≥50
0. As indicateed in Figuree 8, the numb
ber of poor
qu
uality or misssing bases within
w
the gene
g
set per eexome rangeed from 29,2230‐56,883 baases.
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Figure 8: Analysis of coverage of positions in known MD genes across eleven exomes. Positions were defined as “missing
coverage” if less than 10 reads aligned to that position with GATK Unified Genotyper QUAL values of ≥50. The number of positions
missing coverage for each of the eleven exomes is shown.

84.1%
% of the codin
ng and splicee bases in th
he gene set p
passed in all eleven
in
ndividuals. 11%
1
of basess passed in at
a least one in
ndividual, b
but not in alll eleven. 4.9%
% of
th
he total basees, or 24,255, within the gene
g
set faileed in every eexome (Figu
ure 9).

Fig
gure 9: Coverrage variabiliity in known MD genes across exomess. A position is
covered if it has
h ≥10 reads aligned with
h GATK QUA
AL values of ≥ 50. The cov
verage of posiitions
within the CCDS and splicing regio
ons of known
n MD genes iss shown. Cov
vered in eleveen
exomes= the percent of
o positions that
t
were adeequately coveered in all eleeven exomes..
Inconsiste
ently covered
d*= the percen
nt of position
ns that were ccovered in ≥1 but <11 of th
he
exomes.
e
Neve
er covered indicates the percent of possitions that w
were not adeq
quately covereed in
any
a of the exo
omes.

As sho
own in Figu
ure 10, out off the 102 gen
nes, 25 geness had poor q
quality or
missing
m
data for at least 200
2 bases in each of the eeleven exom
mes, while 111 genes had poor
qu
uality or misssing data fo
or greater th
han 500 basess. Greater th
han 1,000 basses failed forr 3
genes (PLEC, NEB, and RYR1).
R
For teen of the gen
nes in which
h at least 200 bases failed
d
SMN1, FKRP
P, KBTBD13,, DES, PABP
PN1, BIN1, C
COL6A1, PLE
EC, SEPN1, aand POMT2), the
(S
fa
ailed bases represented ≥20%
≥
of the total bases iin their codin
ng/splicing rregions.
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Fig
gure 10: Bases lacking hig
gh quality cov
verage in kno
own skeletal and/or cardiaac
muscle
m
disease genes. The
e genes in wh
hich >1000, 5000‐999, 200‐4999, or 50‐199 p
positions had
d <10
reads align
ned with GAT
TK Unified Genotyper
G
QU
UAL values o
of ≥50 in each
h individual aare
in
ndicated. The
e genes for which
w
these lo
ow quality po
ositions repreesent ≥20% off the total basses in
theirr respective CCDS
C
and splicing region
ns are shown with underliined text.

4.3
4 Conclu
usions
High quality sequ
uence reads are
a needed tto confidenttly detect cau
usative
mutations.
m
Th
he results indicate that while
w
many ccausative geenes are well‐covered, gaps
ex
xist which may
m interferee with the id
dentification of some dissease‐causing
g mutations. In
so
ome cases, th
hese gaps may
m be filled by increasin
ng overall co
overage. How
wever, otherr
gaps are due to low mapp
ping quality
y and will no
ot be filled u
until longer rreads are
av
vailable. Thee situation iss somewhat improved iff multiple afffected indiv
viduals from
ma
siingle family are availablle for sequen
ncing, as thiss increases th
he number o
of covered exons,
an
nd segregatiion analysis provides ad
dditional sup
pport for seq
quence readss. While wh
hole
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exome sequencing provides reliable high‐quality data for the majority of exons of
known causative muscular dystrophy genes, significant gaps remain that must be
evaluated on a patient by patient basis.
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5. Exome sequencing of singleton affected individuals
for molecular diagnosis.
The initial screen indicated that mutations in known disease genes may be
frequent in the Duke LGMD families, so the use of a single exome in a family to screen
genes that are known to be involved in muscle disease was attempted. The main goal of
the project is to identify and characterize mutations in genes which are not yet known to
be involved in muscle disease pathogenesis. Therefore, by identifying as many families
as possible with mutations in these known genes through the use of only one exome,
funds for additional sequencing could be more efficiently allocated for additional
sequencing in other families. Exome sequence analysis was performed for single affected
individuals from seven families with multiple affected family members. The leading
candidate variants are described for the families LGMD2920, LGMD2377, LGMD2850,
LGMD6102, and LGMD1767. For two families, LGMD1733 and LGMD6101, initial
analysis of exome sequencing data did not reveal a likely disease‐causing variant in
genes in which mutations are known to cause skeletal muscle disease, although
coverage within those genes should be examined in the future.

5.1 Capture, sequencing, alignment, variant calling, and filtration
of unrelated, affected individuals.
Exome sequence capture (Agilent SureSelect Human All Exon 50Mb kit),
amplification, and sequencing with paired‐end 75 base reads (Illumina HiSeq 2000) were
performed by Centrillion (Palo Alto, CA) with a research protocol. Alignment, variant
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calling, and annotation were performed as described previously with the most recent
program versions (as of 6/14/2012) and default settings as described in Chapter 3,
Section 2 (McDonald et al. 2012). Multi‐sample realignment and calling were performed
using all seven exomes.
For each exome, the candidate set was restricted to variants found within the
coding and splicing regions of the skeletal and/or cardiac muscle disease genes in
Appendix A. Variants found in any of the three unrelated, unaffected control exomes,
described in Section 2 of Chapter 3, were removed from the list of possible causal
variants identified in the affected individuals to decrease the number of false positives
resulting from common sequencing and/or processing artifacts. Since families
LGMD2920, LGMD6102, and LGMD1767 had examples of male to male disease
transmission, all variants found on the X chromosome were removed in those families.
Variants were also removed if they were found at a frequency of ≥0.5% in the 1000
genomes European dataset
(ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20100804/supporting/EUR.2of4intersect
ion_allele_freq.20100804.sites.vcf.gz) and/or in the HapMap Caucasian dataset
(ftp://ftp.ncbi.nih.gov/snp/organisms/human_9606/VCF/v4.0/ByPopulationNoGeno/).
This strategy would be inappropriate for an autosomal recessive disease due to the risk
of removing disease alleles found at a low frequency in the general population due to
their presence in unaffected carrier individuals. The list was further restricted to only

101

include SNVs and indels with at least one of the following SeattleSeq 134
(http://snp.gs.washington.edu/SeattleSeqAnnotation134/) annotation terms: nonsense,
stop‐gain, stop‐lost, frameshift, missense, within 10bp of a distancetosplice (≤10bp), or
coding indels.
Since exome capture and sequencing were only performed for a single individual
in each of the seven families, additional filters were applied to lessen the number of
variants in the candidate variant set. A relatively strict quality filter was applied to avoid
as many false‐positives as possible. Variants were removed that had GATK QUAL
scores of <50. In addition, the candidate variant set was restricted to include variants
that were found in less than two individuals in the GENOMESESP field from the
SeattleSeq 134 annotation. This field contains allele counts from 5,379 individuals
included in the National Heart, Lung, and Blood Institute (NHLBI) exome variant
server. Synonymous variants that were initially included in the list because they were
within ten bases of a splicing site were also removed. Any variants found in less than
25% of the reads at that position were not included in the final candidate variant list.
Finally, any variants that were not shared in all cases within a family after confirmation
by Sanger sequencing were removed.
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5.2 A novel splicing change in COL6A2 intron 10 identified in
affected family members of LGMD2920 with proximal and
orbicularis oculi weakness and contractures
All affected members of family LGMD2920 have limb‐girdle muscular dystrophy
features including weakness of the upper extremities and neck flexors. Some
individuals also have elbow contractures, mild orbicularis oculi weakness leading to
weak eye closure, and/or lower limb involvement. The family is generally of Northern
European descent, including partial Irish ancestry. Clinical descriptors for all examined
individuals are provided (Table 10). DNA samples were collected from three affected
and ten unaffected family members.
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Table 10: Clinical description of examined individuals in LGMD2920.
AAE= age at most recent exam. AAO= age at onset. NA= not available. UE= upper extremity. NF= neck flexor. PU= proximal upper
extremities. DU=distal upper extremities. PL= proximal lower extremities. DL= distal lower extremities. DPH= mild diaphragmatic
weakness. DYS= mild dysphagia. OW= orbicularis oculi weakness. G= reference allele. T= alternate allele. CM= Deltoid muscle biopsy
showed chronic myopathy.

AAE/AAO

Gender

Affection
Status

Atrophy

Weakness
Distribution

Contractures

OW

Additional Features

III:2

25/5

M

Affected

Moderate UE

NF, PU=DU

Moderate @
elbows

Mild

CM

II:7

60/7

M

Affected

Moderate UE

NF, PU>DU, PL

None

None

II:2

53/15

F

Affected

Mild

NF, PU=DU, PL,
DPH, DYS

Minimal @ L
elbow

Mild

Uses Gower's to stand,
rounded shoulders, CM

III:7

23/NA

F

Unclear

None

None

None

None

Rounded shoulders,
sleeps with eyes open

IV:1

3/NA

F

Unclear

None

None

Minimal @
elbows

None

Runs stiffly, falling,
sleeps with eyes open

III:1

27/NA

F

Unaffected

None

None

None

None

Married‐in spouse

III:4

31/NA

M

Unaffected

None

None

None

None
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Individual

105

III:9

27/NA

F

Unaffected

None

None

None

None

II:1

54/NA

M

Unaffected

None

None

None

None

II:3

56/NA

F

Unaffected

None

None

None

None

II:6

66/NA

M

Unaffected

None

None

None

None

II:5

65/NA

F

Unaffected

None

None

None

None

II:9

67/NA

M

Unaffected

None

None

None

None

Married‐in spouse

Married‐in spouse

Skeletal muscle biopsies from the deltoid of individuals II:2 (at age 58) and III:2
(at age 25) have chronic myopathic features that include wide variation in fiber size,
endomysial fibrosis, fatty replacement, and numerous internally placed nuclei. No
inflammation, myonecrosis, regeneration, inclusion bodies, vacuoles, or ragged‐red
fibers were noted. Immunofluorescence appeared normal for the dystrophin‐
glycoprotein complex, caveolin‐3, collagen VI/perlecan (dual label protocol), dysferlin,
and merosin. Ultrastructural evaluation identified several myocyte nuclei with
abnormally clumped chromatin. Clinical genetic tests for FSHD as well as for mutations
in lamin A/C (LMNA), dysferlin (DYSF), and caveolin‐3 (CAV3) were negative. Exome
capture and sequencing were performed for affected individual II:7.
Based on the biopsy results, sequencing of emerin (EMD), nesprin 1 (SYNE1), and
nesprin 2 (SYNE2) was recommended. No potential disease‐causing variants were
identified within the exome data for the NCBI consensus coding sequence from 9/7/2011
and splicing regions (defined by 10 bases preceding and following each exon) of these
genes; >95% of each was covered to ≥10X with QUAL scores ≥50. Variants which met the
filtration requirements are listed in Table 11. After Sanger sequencing to confirm the
presence of the variants, two variants in TTN, two variants in RYR1, one variant in
LAMA2, and one variant in ABCC9 were found to be false positives.
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Table 11: Annotation information for low frequency variants that are likely functional or near splice sites in known muscle
disease genes identified through exome sequencing of LGMD2920 individual II:7.
Full gene names are provided in Appendix A. CHROM= chromosome. REF= reference allele. ALT= alternate allele. QUAL= GATK
QUAL score at variant position. GT= genotype (0/0= homozygous reference, 0/1= heterozygous). AD= allele depth (REF, ALT). DP= depth
(# reads at position). The gene, known ID, functionGVS, amino acid change, and distance to splice fields were output using
SeattleSeq134. Segregate? indicates whether a variant was a false positive or segregated with disease status in the family.
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GENE
TTN
TTN
LAMA2
ABCC9
RYR1
RYR1
COL6A2

CHROM
2
2
6
12
19
19
21

POSITION
179393482
179440362
129766955
22040815
38964339
38964336
47537313

REF
G
C
C
C
C
A
G

ALT
T
A
A
T
G
G
T

KNOWN ID
None
rs75626265
None
None
None
None
None

FUNCTIONGVS
Missense
Missense
Missense
stop‐gained
Missense
Missense
splice‐3

AMINO
ACID
CHANGE
GLN,LYS
LEU,PHE
GLN,LYS
TRP,stop
ALA,GLY
GLN,ARG
None

DISTANCE
TO SPLICE
228
782
12
54
73
76
0

QUAL
166.74
437.8
79.3
59.85
130.73
61.99
219.92

GT
0/1
0/1
0/1
0/1
0/1
0/1
0/1

AD
46,43
85,74
18,5
25,12
9,9
8,7
12,9

DP
89
159
24
37
18
17
21

Segregate?
False +
False +
False +
False +
False +
False +
Yes

A heterozygous, splice‐site variant was identified in collagen VI alpha 2
(COL6A2) NM_001849.3, COL6A2 IVS11‐1G>T. Segregation with disease status in the
extended pedigree was confirmed with Sanger sequencing using the primers
GGAGACAGCTCCACAGCAG and GGGGAGTTCCTCACATGACT (Figure 11).

Figure 11: Pedigree and results of Sanger sequencing for COL6A2 IVS11‐1G>T. The
pedigree shows the affection statuses, individual identifiers, and genotypes at COL6A2 IVS11‐
1. The genotypes obtained through Sanger sequencing of individuals with available high
quality DNA are shown. The arrow indicates the proband. * indicates that DNA was sent for
exome sequencing. Individuals with ? were of uncertain affection status. Individuals 17 and 18
are severely affected by history but declined participation in the study.

COL6A2 is a subunit of collagen, which performs a structural role in skeletal
muscle and supports adhesion, spreading and migration of cells, and cell survival.
Mutations in COL6A2 are known to cause Ullrich myopathy, Bethlem myopathy, and
congenital myosclerosis (Allamand et al. 2011). Importantly, it has been noted that dual
immunofluorescence labeling with collagen VI and perlecan can appear normal in
patients with relatively mild Bethlem myopathy (Kim et al. 2012).
COL6A2 IVS11‐1G>T (c.1000‐1 G>T) is located at build 37 chr21:47537313 within
the same canonical splice site as the variant c.1000‐2A>G that was identified in a single
affected individual by Baker et al. (Baker et al. 2007). This individual, like affected
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individuals in the family we describe, had Bethlem myopathy characteristics that
included proximal muscle weakness and elbow contractures, but did not exhibit the
dysphagia, orbicularis oculi and diaphragm weakness that were each seen in at least one
member of the family described here. Distal hyperlaxity was not noted in either family.
The mutation reported by Baker et al., c.1000‐2A>G, caused exon 11 skipping during
pre‐mRNA splicing and the creation of a transcript lacking an important cysteine
residue which may participate in the disulfide bond that links the C‐terminal domain of
one monomer and the triple helix of the other monomer within the dimer. Additionally,
this mutation activated a cryptic acceptor splice site within intron 10 that underwent
nonsense‐mediated mRNA decay. Their cell culture work showed that the secreted
tetramers containing the mutation had an impaired ability to form microfibrils.
Our results provide the first description of multiple affected individuals in a
single family with a mutation in the canonical 3’ splice acceptor site of intron 10. This
report provides additional phenotypic information about individuals with mutations
involving exon 11 of COL6A2 and highlights the phenotypic variability that is associated
with these mutations in both affected individuals within a family and patients from
different families.

5.3 LGMD2377
Affected individuals in LGMD2377 displayed weakness in the proximal upper
and proximal lower extremities. The distal lower extremity muscles were also involved
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in two of three affected family members. Tight heel cords were noticed in two affected
individuals, and pes cavus was a feature in one. One symptom‐free male was described
as of unclear affection status because his serum creatine kinase level was high (twelve
times the upper limit of normal). Age of onset in the family ranged from age 8 to 36. The
ancestry of the proband, individual III:2, was described as German on her mother’s side
and Hispanic on her father’s side. Clinical descriptors for all examined individuals are
provided (Table 12).
Table 12: Clinical descriptions of examined individuals in LGMD2377.
AAE= age at most recent exam. AAO= age at onset. NA= not applicable. PU= proximal
upper extremities. PL= proximal lower extremities. DL= distal lower extremities. THC= tight
heel cords. PC= pes cavus. CK= serum creatine kinase value. NL= normal.

Individual
II:2
III:2
III:3
III:8
III:7
III:10
IV:7
IV:8

AAE/AOO
65/8
36/36
41/NA
39/29
35/NA
35/NA
14/NA
12/NA

Gender
Female
Female
Female
Male
Male
Female
Male
Male

Affection
Status
Affected
Affected
Unaffected
Affected
Unaffected
Unaffected
Unclear
Unaffected

Weakness
Distribution
PU, PL>DL
PU, PL=DL
None
PU, PL
None
None
None
None

Additional Features
Uses a walker, THC, PC

THC

CK(12.2 x upper NL)
CK(NL)

Increased variation in single fiber size and small group atrophy were described
in the analysis of a muscle biopsy taken from individual III:8. The biopsy also had signs
of phagocytosis, perivascular inflammation, an increase in the number of central nuclei
(over 10%), and rimmed vacuoles without intranuclear or cytoplasmic filaments. The
examiner determined that these results were indicative of a chronic inflammatory
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myopathy and suggestive of inclusion body myositis. Two years later, a muscle biopsy
was taken from the left gastrocnemius muscle of the same individual. Normal levels of
dystrophin were detected with a western blot. Seven slides were examined, including a
paraffin slide and histochemistry slides with ATPase, NADH, Gomori, trichrome,
phosphorylase, and H&E staining. The examiner found results that were suggestive of a
low‐grade muscular dystrophy and compatible with a diagnosis of limb girdle
dystrophy. A single necrotic myofiber undergoing phagocytosis, several atrophic and
hypertrophic fibers, variability in muscle fiber size, and myofibers with internal splits
and occasional centrally migrated nuclei were visible with the H&E stain. No signs of
myofiber loss, endomysial fibrosis, fatty infiltration, inflammation, vacuoles, or changes
indicative of inclusion body myositis were appreciated. In addition, EMG studies of
individual III:8 were compatible with a diagnosis of muscular dystrophy.
DNA samples were collected from all available family members including three
affected and five unaffected individuals (including one married‐in spouse) as well as
one individual of uncertain affection status. Exome capture and sequencing were
performed for affected individual II:2. Variants which met the filtration requirements
described in Chapter 5, Section 1 are listed in Table 13.
After Sanger sequencing to confirm the presence of the variants, five variants in
TTN, one variant in LDB3, and one variant in MYF6 were found to be false positives.
Variants in contactin 1 (CNTN1) and myosin heavy chain 2 (MYH2) were confirmed
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through Sanger sequencing of II:2. The variant in CNTN1 did not completely segregate
with disease status in the family, although it was present in all affected individuals,
because it was present in asymptomatic individual III:10. It is important to note that
III:10 was below the oldest age of onset in the family at her most recent exam.
Phenotypically, a homozygous mutation in CNTN1 has been shown to cause a lethal,
infantile form of congenital myopathy with central nervous system involvement, which
is more severe than the disease noted in this family (Compton et al. 2008). Segregation of
the variant in MYH2 (NM_001100112.1) with disease status in the extended pedigree
was confirmed via Sanger sequencing using the primers
CAGTTTGAGCCCCAGAGAAG and TCCCTAAGGCAACAGACACC. This change was
found in a heterozygous state in all affected individuals and causes the protein
alteration E598K (Figure 12).
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Table 13: Annotation information for low frequency variants that are likely functional or near splice sites in known muscle
disease genes identified through exome sequencing of LGMD2377 individual II:2.
Full gene names are provided in Appendix A. CHROM= chromosome. REF= reference allele. ALT= alternate allele. QUAL= GATK
QUAL score at variant position. GT= genotype (0/0= homozygous reference, 0/1= heterozygous). AD= allele depth (REF, ALT). DP= depth
(# reads at position). The gene, known ID, functionGVS, amino acid change, and distance to splice fields were output using
SeattleSeq134. Segregate? indicates whether a variant was a false positive or segregated with disease status in the family.
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GENE
TTN
TTN
TTN
TTN
TTN
TTN
TTN
LDB3
CNTN1

REF
G
T
A
C
T
C
GAA
T
G

ALT
T
G
C
A
C
A
GA
C
T

KNOWN ID
None
None
None
rs75626265
None
rs78279193
rs66641728
None
None

FUNCTIONGVS
Missense
Missense
Missense
Missense
Missense
Missense
Intron
Missense
Missense

AMINO
ACID
CHANGE
GLN,LYS
THR,PRO
ILE,MET
LEU,PHE
GLU,GLY
LEU,PHE
None
SER,PRO
ALA,SER

81101953

A

G

None

Missense

ASP,GLY

65

95.08

0/1

20,13

33

False +

10440655

C

T

None

Missense

GLU,LYS

106

912.51

0/1

47,43

90

Yes

CHROM
2
2
2
2
2
2
2
10
12

POSITION
179393482
179398561
179419226
179440362
179468803
179592433
179616770
88476170
41337829

MYF6

12

MYH2

17

DISTANCE
TO SPLICE
228
2016
47
782
201
122
3
87
33

QUAL
69.13
51.91
70.73
107.91
136.02
66.98
2704.24
83.78
1160.77

GT
0/1
0/1
0/1
0/1
0/1
0/1
0/1
1/1
0/1

AD
35,27
33,18
37,12
63,45
52,24
52,27
24,18
0,9
28,36

DP
62
51
49
108
76
79
49
9
64

Segregate?
False +
False +
False +
False +
False +
False +
False +
No

Figure 12: LGMD2377 pedigree and results of Sanger sequencing for MYH2 p.E598K.
The pedigree shows the affection statuses, individual identifiers, and genotypes at
chromosome 17 position 10440655 (build 37 coordinates) in MYH2. The genotypes obtained
through Sanger sequencing of individuals with available high quality DNA are shown. The
arrow indicates the proband. * indicates that DNA was sent for exome sequencing. Individuals
with ? were of unclear affection status.

This variant was not found in any individuals in the NHLBI dataset
(NHLBI6500SI) (EVS) and causes a change from a glutamic acid to a lysine in the myosin
head region of the gene. This change is from a negatively charged amino acid to a
positively charged amino acid. The conservation score at this position was obtained
from the SeattleSeq134 column CONSSCOREGERP, which is generated through the
Genomic Evolutionary Rate Profiling program from Stanford (Davydov et al. 2010).
These values range from ‐11.6 to 5.82 with a score of 5.82 being the most conserved; the
score at the variant site was 5.6, indicating that it is highly conserved.
MYH2 is a fast‐type myosin heavy chain protein that is a molecular motor within
the muscle cell that utilizes ATP hydrolysis to create mechanical force (Weiss, Schiaffino,
and Leinwand 1999). Mutations in MYH2 have previously been reported to cause an
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autosomal dominant, progressive, hereditary inclusion body myopathy. The first family
described with myopathy as a result of a change in MYH2 also had a change from a
glutamic acid to a lysine, E706K, although it was over 100 amino acids away from the
variant described here. Like affected members of this family, these patients had
weakness in the proximal limb muscles. However, prominent features of the family
described by Martinsson et al. also included contractures in childhood and external
ophthalmoplegia.
Martinsson et al. examined muscle biopsies from six affected individuals who
carried the E706K mutation. These biopsies contained rimmed vacuoles, which were
seen in one of the two muscle biopsies of individual III:8 in this study. Young
individuals in the family had increased variability in fiber size and an increased number
of internal nuclei, like in both biopsies from individual III:8. Unlike in individual III:8,
cytoplasmic and nuclear inclusion bodies were identified in these biopsies. These
inclusions were seen in association with rimmed vacuoles (Martinsson et al. 2000).
MYH2 variants that segregate with affection status have been identified in other
families, and patient symptoms and biopsy features were found to vary across
individuals (Tajsharghi et al. 2005). Tajsharghi et al. found that while MYH2 expression
was low in young individuals with minor pathologic changes, it was highly expressed in
older patients with dystrophic muscle changes. MYH2 was always expressed in the
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fibers that contained rimmed vacuoles. This variability in expression may be related to
the late onset of muscle weakness (Tajsharghi et al. 2002).
Further work is necessary to determine whether the variant in MYH2 caused the
muscle disease seen in affected family members of LGMD2377. E598K causes a change
from a negatively charged amino acid to a positively charged amino acid at a highly
conserved position. However, the two previous muscle biopsies did not find any
inclusion bodies, and while the first biopsy resulted in an interpretation that inclusion
body myopathy was possible, the examiner of the second biopsy indicated that there
was no evidence to support inclusion body myopathy.

5.4 LGMD2850
At the most recent exam, the proximal upper, proximal lower, and distal lower
extremities were weak in each affected individual in LGMD2850. All affected family
members also had mild to moderate facial weakness. Three out of five affected
individuals displayed scapular winging, and tight heel cords are a feature in several of
the patients. Serum creatine kinase values ranged from normal to about 2.5 times the
upper limit of normal. Weakness began in all affected individuals before the age of
thirty; one individual displayed symptoms as early as age seven. Clinical descriptors for
the examined family members are provided (Table 14). DNA samples were collected
from four affected family members as well as from one unaffected family member.
Muscle biopsies were not available from any of the members of the family for analysis.
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Table 14: Clinical descriptions of examined individuals in LGMD2850.
AAE= age at most recent exam. AAO= age at onset. NA= not applicable. Unk= unknown. SW= scapular winging. PU= proximal upper
extremities. PL= proximal lower extremities. DL= distal lower extremities. THC= tight heel cords. CK= serum creatine kinase value. NL=
normal.
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Individual

AAE/AOO

Gender

Affection Status

Weakness Distribution

Additional Features

III:3

22/20

Female

Affected

Mild weakness. SW, PU, PL=DL

moderate facial weakness, THC, CK (2x
upper NL)

III:2

23/Unk

Female

Affected

Mild weakness. PU, PL=DL

moderate facial weakness

III:5

27/NA

Female

Unaffected

None

III:7

12/12

Male

Affected

Mild weakness. PU, PL=DL

mild facial weakness, CK (1.4x upper NL)

II:2

44/7

Female

Affected

SW, mild PU, PL>DL

moderate and asymmetrical facial
weakness, THC, CK (2.5x upper NL)

II:6

61/NA

Female

Unaffected

None

II:7

63/8

Female

Affected

SW, mild PU, PL>DL

III:6

13/NA

Female

Unaffected

None

mild facial weakness, THC, CK (1.4x upper
NL)

The disease in this family was described as facioscapulohumeral‐like. No clinical
test for FSHD has been performed in this family. A DNA sample was sent for exome
sequencing from individual III:3. Variants which met the filtration requirements
described in Chapter 5, Section 1 are listed in Table 15. After Sanger sequencing to
confirm the presence of the variants, three variants in TTN, one variant in CNTN1, and
one variant in ABCC9 were found to be false positives. Variants in plectin 1 (PLEC) and
ryanodine receptor 1 (RYR1) were confirmed through Sanger sequencing of III:3. The
variant in PLEC did not segregate with disease status in the full family because it was
not present in affected individual II:2. Segregation of the variant in RYR1 (NM_000540.2)
with disease status in the extended pedigree was confirmed via Sanger sequencing using
the primers GGGGAACAAGGAGAGAGGTC and CATCACTCCTTCGCCAAGTT. This
change was found in a heterozygous state in all affected individuals and causes the
protein alteration R2452W (Figure 13).
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Table 15: Annotation information for low frequency variants that are likely functional or near splice sites in known muscle disease
genes identified through exome sequencing of LGMD2850 individual III:3.
Full gene names are provided in Appendix A. CHR= chromosome. REF= reference allele. ALT= alternate allele. QUAL= GATK QUAL
score at variant position. GT= genotype (0/0= homozygous reference, 0/1= heterozygous). AD= allele depth (REF, ALT). DP= depth (# reads
at position). The gene, known ID, functionGVS, amino acid change, and distance to splice fields were output using SeattleSeq134.
Segregate? indicates whether a variant was a false positive or segregated with disease status in the family.
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AMINO
ACID
CHANGE
GLU,GLY
ILE,MET
VAL,PHE
LEU,PHE
TRP,stop

DISTANCE
TO SPLICE
201
47
14
782
54

QUAL
123.36
91.8
78.22
244.97
107.42

GT
0/1
0/1
0/1
0/1
0/1

AD
75,37
53,21
31,12
80,52
30,16

DP
113
74
43
132
48
74

No

8

Yes

CHR
2
2
12
2
12

POSITION
179468803
179419226
41333274
179440362
22040815

REF
T
A
G
C
C

ALT
C
C
T
A
T

KNOWN ID
None
None
None
rs75626265
None

FUNCTION
GVS
Missense
Missense
Missense
Missense
stop‐gain

PLEC

8

144991003

C

T

None

Missense

ARG,HIS

5561

534.74

0/1

45,26

RYR1

19

38991276

T

rs118192124

Missense

ARG,TRP

31

91.5

0/1

3,5

ANKRD1
TTN

10
2

92678740
179616770

A
G

rs72003210
rs66641728

Intron
Intron

None
None

10
3

36770.19
2704.24

0/1
0/1

19,29
34,19

50
61

X

149764966

C
AATA
AATA
AATAT
ATATA
TATAT
AT
GAA
CTCG
AGAT
GGAG
TCAA

C

None

Coding

None

6

2040.12

0/1

37,18

55

GENE
TTN
TTN
CNTN1
TTN
ABCC9

MTM1

Segregate
?
False +
False +
False +
False +
False +

Figure 13: LGMD2850 pedigree and results of Sanger sequencing for RYR1 p.R2452W.
The pedigree shows the affection statuses, individual identifiers, and genotypes at
chromosome 19 position 38991276 (build 37 coordinates) in RYR1. The genotypes obtained
through Sanger sequencing of individuals with available high quality DNA are shown. The
arrow indicates the proband. * indicates that DNA was sent for exome sequencing.

This variant was not found in any individuals in the NHLBI dataset
(NHLBI6500SI) (EVS) and is located within the domain peptide 4 region of the protein.
The conservation score at this position was obtained from the SeattleSeq134 column
CONSSCOREGERP, as described is Section 5.3. The score was ‐2.72, which indicates that
it is not conserved across species. Mutations in RYR1 can cause multiple disorders
including central core disease, minicore myopathy with external ophthalmoplegia,
congenital neuromuscular disease with uniform type 1 fibers, and malignant
hyperthermia. Although defects in RYR1 are typically associated with congenital onset
of myopathies, later onset forms have been noted (Jungbluth et al. 2009). In addition,
scapular winging and facial weakness can be features of patients with mutations in
RYR1, and central cores are not always obvious (Jungbluth et al. 2007; Loseth et al. 2013).
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The change noted in this family does have a known SNP ID in dbSNP,
rs118192124. The R2452W change was initially identified in a child whose first episode
of malignant hyperthermia was at 6 months of age. The child underwent muscle biopsy
at age 13, and there were no signs of myopathy (Chamley et al. 2000). According to
dbSNP as of 1 March 2013, the allele is non‐pathogenic, although no frequency
information is listed, and two of the three papers cited by NCBI that discuss this variant
indicate that the change may cause malignant hyperthermia. The third paper is in
German, and the results were not interpretable without translation (Ruffert et al. 2002).
Rueffert et al. identified the change in a heterozygous state in an individual who had
undergone a malignant hyperthermia event and found that the change was likely to
cause disease according to the results of an in vitro contracture test (Rueffert et al. 2002).
Bannister et al. tested the theory that calcium channels are held closed by tight
binding of domains within the protein until stimulation occurs and that mutations in the
binding domain cause a consistently “leaky” channel that does not ever close
completely. The channels that close completely would then release more Ca2+ after
activation than a channel that was always slightly open. They showed that the R2452W
change resulted in a decrease in both activation of [3H] ryanodine binding and
induction of sarcoplasmic reticulum Ca2+ release as compared to when normal domain
protein matching sub‐domain four was added, although this decrease was not as severe
as seen with some other mutants. They found that the arginine residue was not required
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for maintaining normal calcium release activating function of the domain peptide four
region, but the change to a tryptophan may cause reduced activation due to either steric
effects or to a disruption of ionic binding of the residue with its partner because
tryptophan is not charged (Bannister et al. 2007).
Recently, the R2452W change was identified in an individual with congenital
myopathy, cores identified through muscle biopsy, scoliosis, and proximal muscle
weakness (Maggi et al. 2013). However, no family members were tested to determine
whether the variant was present. It has also been suggested that malignant
hyperthermia and myopathy may co‐occur as the result of RYR1 mutations in some
instances, although the mechanism is not understood (Loseth et al. 2013).
In the future, muscle biopsies from affected individuals could help to determine
whether the change in RYR1 is likely to cause disease in this family by checking for any
the characteristic features of type 1 fiber predominance, central nuclei, nemaline rods,
and cores, although these changes are not always present in all biopsies from an
individual with myopathy as a result of RYR1 mutations (Jungbluth et al. 2009;
Jungbluth et al. 2007; Loseth et al. 2013). Additionally, an in vivo assay to test the
function of this specific mutation on muscle would be useful, although these tests are
difficult due to expense and the large coding region of the gene (over 5000 amino acids).
In addition, it is possible that the individuals with this variant are susceptible to
malignant hyperthermia. This project was performed under a research protocol, so the
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discovery of this allele presents an ethical dilemma. The sequencing was not performed
in a Clinical Laboratory Improvement Amendments (CLIA)‐certified manner. However,
if a physician knew a patient carried this variant, it may alter the physician’s choice of
anesthetic if the patient underwent surgery.

5.5 LGMD6102
All three affected family members in LGMD6102 had tight heel cords as well as
weakness in the proximal upper, proximal lower, and distal lower extremities.
Individual II:1 also had distal upper extremity weakness. A bleeding gastroduodenal
ulcer caused individual II:2 to be hospitalized; this ulcer may be unrelated to the skeletal
muscle weakness. Both II:1 and II:2 had elevated serum creatine kinase values. Age of
onset for individuals I:1, II:1, and II:2 occurred at the ages of 5, 7, and 5, respectively.
Clinical descriptors of examined individuals are provided in Table 16. DNA samples
were collected from three affected family members.
A muscle biopsy was obtained from the left leg of individual II:2 at age twelve.
The biopsy showed an increase in muscle fiber size variation, perimysial adipose tissue,
and endomysial fibrous tissue. Some splitting fibers and basophilic fibers with enlarged
vesicular nuclei were noted. There were also numerous atrophic fibers and occasional
hypercontracted fibers as well as a moderate increase in the number of fibers with
internally placed nuclei. Non‐specific mitochondrial features were noted but were not
considered diagnostic of a mitochondrial disorder. The laboratory did not have the
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capability to test for alterations in caveolin‐3 expression. There was evidence of a small
mononuclear cell infiltrate composed of lymphocytes in a few sections. The examined
portion of the biopsy did not include rimmed vacuoles, inclusions, perifascicular
atrophy, hypertrophic, necrotic, ringed, ragged‐red, or whorled fibers. Abnormal lipid
or glycogen deposition was not seen. Staining for NADH, SDH, and COX was mildly
increased in the subsarcolemmal region. Immunohistochemical stains appeared normal
for spectrin, dystrophin, merosin, dysferlin, emerin, SGCA, SGCB, SGCD, SGCG,
dystroglycan B, myotilin, caveolin 1, and desmin.
Clinical sequencing had identified a variant in CAV3 in the splicing region at the
junction of intron 1 and exon 2. However, this variant was called a variant of unknown
significance, and it was unknown if the variant segregated with disease status in the
family.
Table 16: Clinical descriptions of examined individuals in LGMD6102.
AAE= age at most recent exam. AAO= age at onset. PU= proximal upper extremities.
DU= distal upper extremities. PL= proximal lower extremities. DL= distal lower extremities.
THC= tight heel cords. CK= serum creatine kinase value. NL= normal.
Individual

AAE/AOO

Gender

Affection
Status

Weakness
Distribution

Additional Features

I:2

36/5

Male

Affected

PU, PL=DL

THC

II:2

12/5

Male

Affected

PU, PL=DL

THC, CK (7x upper NL), bleeding
gastroduodenal ulcer

II:1

10/7

Female

Affected

PU=DU, PL=DL

THC, CK (4.8x upper NL)

A DNA sample was sent for exome sequencing from individual I:2. Variants
which met the filtration requirements described in Chapter 5, Section 1 are listed in
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Table 17. After Sanger sequencing to confirm the presence of the variants, one variant in
TTN, one variant in DYSF, one variant in RYR1, one variant in LAMA2, and one variant
in ABCC9 were found to be false positives. Variants in SGCA and COL6A3 were
confirmed through Sanger sequencing of I:2. Segregation of the variants in SGCA
(NM_000023.2) and COL6A3 (NM_004369.3) with disease status in the extended
pedigree was confirmed (Figure 14). Sanger sequencing to confirm the SGCA variant
was performed using the primers CCTAGGAGCAGCCCTATGAA and
ACTCCTCTCCAAGCCTCTCC, and the primers for confirmation of the COL6A3 variant
were AATGCAATCCCAATGGGTAA and TAGTGCTGCTCTGCCAAATG. These
changes were found in a heterozygous state in all affected individuals and cause the
protein alterations R117Q in SGCA and G1452C in COL6A3.
Mutations in SGCA cause the disorder LGMD2D (Romero et al. 1994).
Sarcoglycanopathies are recessively inherited disorders, unlike the apparently dominant
disorder seen in this family. In addition, the muscle biopsy showed normal levels of
SGCA. The conservation score at the position of the SGCA variant, R117Q, was obtained
from the SeattleSeq134 column CONSSCOREGERP, as described is Section 5.3. The score
was ‐7.74, which indicates that it is not conserved across species. This evidence shows
that it is unlikely that the SGCA variant is the sole cause of disease in this family.
The COL6A3 variant, G1452C, was not found in any individuals in the NHLBI
dataset (NHLBI6500SI) (EVS). The conservation score at the COL6A3 variant position
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was 5.22, which indicates that the position is relatively conserved across species.
Mutations in COL6A3 can cause Bethlem myopathy or Ullrich congenital muscular
dystrophy (Demir et al. 2002; Pan et al. 1998). Individuals with Bethlem myopathy have
disease that is typically inherited in a dominant manner. Overall, Bethlem myopathy is
characterized by weakness in the proximal limb muscles and contractures of the fingers,
wrists, and ankles as well as early onset (Baker et al. 2007; Lampe and Bushby 2005; Pan
et al. 1998). Muscle biopsies from patients appear dystrophic and have altered collagen
IV levels, and some individuals with Bethlem myopathy can have elevated serum CK
values. Some patients also have scoliosis, torticollis, kyphosis, rigid spine, and/or
hyperlaxity (Baker et al. 2007). Patients in LGMD6102 did not appear to have any spinal
abnormalities, contractures, or hyperlaxity, although their ages of onset were early, the
muscle biopsy appeared dystrophic, and their proximal limb muscles were weak.
In the future, it would be interesting to perform functional testing of the specific
variant and immunohistochemistry staining of a muscle biopsy from an affected family
member for collagen VI to ensure that normal levels are present, although dominant
disease as a result of collagen VI mutations does not always lead to an altered level of
expression.
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Table 17: Annotation information for low frequency variants that are likely functional or near splice sites in known muscle
disease genes identified through exome sequencing of LGMD6102 individual I:2.
Full gene names are provided in Appendix A. CHROM= chromosome. REF= reference allele. ALT= alternate allele. QUAL= GATK
QUAL score at variant position. GT= genotype (0/0= homozygous reference, 0/1= heterozygous). AD= allele depth (REF, ALT). DP= depth
(# reads at position). The gene, known ID, functionGVS, amino acid change, and distance to splice fields were output using
SeattleSeq134. Segregate? indicates whether a variant was a false positive or segregated with disease status in the family.
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GENE

CHROM

POSITION

REF

ALT

KNOWN ID

FXN GVS

DYSF
TTN
COL6A3
DSP
LAMA2
SYNE1

2
2
2
6
6
6

71791258
179440362
238269799
7542148
129634010
152599215

G
A
A
CA
T
G

None
rs75626265
None
rs17133512
rs79936200
None

missense
missense
missense
frameshift
missense
intron

ANKRD1

10

92678740

A

rs72003210

intron

ABCC9
SGCA
RYR1

12
17
19

22040815
48245345
38964339

T
C
C
C
G
A
AATA
AATA
AATA
TATA
TATA
TATA
T
C
G
C

AMINO
ACID
CHANGE
VAL,GLY
LEU,PHE
GLY,CYS
none
CYS,PHE
none

T
A
G

None
rs117672945
None

stop‐gain
missense
missense

DISTANCE
TO SPLICE

QUAL

GT

AD

DP

Segregates?

71
782
19
170
5
7

74
376
233
2396
99
74

0/1
0/1
0/1
0/1
0/1
0/1

21,69
109,71
10,8
27,30
46,24
35,21

94
180
18
57
70
56

False +
False +
Yes

none

10

36770

0/1

20,32

52

TRP,stop
ARG,GLN
ALA,GLY

54
36
73

57
2071
110

0/1
0/1
0/1

24,12
80,67
14,14

37
147
28

False +

False +
Yes
False +

Figure 14: Pedigree and results of Sanger sequencing for LGMD6102. The genotypes
obtained through Sanger sequencing of individuals with available, high‐quality DNA are
shown for variants identified in collagen type VI α‐3 (COL6A3) and sarcoglycan α (SGCA).
The reference alleles for the variants in COL6A3 and SGCA are C and G respectively. *
indicates the individual whose DNA was sent for exome sequencing. The arrow indicates the
proband.

5.6 LGM1767
All examined family members had weakness in the proximal upper, distal upper,
proximal lower, and distal lower extremities. In the lower extremities, the weakness in
the proximal muscles was always greater than the weakness in the distal muscles. Tight
heel cords were noted in five out of nine examined affected individuals. Three affected
family members had pes cavus. A distinctive feature in this family was the presence of
bilateral elbow contractures in three of the nine examined affected individuals. The
serum creatine kinase level was elevated at about 2.3 times the upper limit of normal in
only one affected individual. Age of onset ranged from childhood through age 13. No
muscle biopsy was available for analysis. Clinical descriptors for examined members of
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the family are provided (Table 18). High quality DNA samples were collected from nine
affected and eight unaffected individuals (including three married‐in spouses).
Genotypes of affected and unaffected family members were obtained with the
Illumina GoldenGate Linkage IV Panel1. Nine affected individuals and eight unaffected
individuals were used in the analyses. One additional individual was described as of
uncertain affection status for the purposes of this analysis. Markers used for linkage
analysis had a minimum genotyping efficiency of 95%, resulting in 5,828 useable SNPs.
RELPAIR was run to test pedigree relationships (Epstein, Duren, and Boehnke 2000).
Prior to analysis, any genotypes that did not match expected Mendelian inheritance
patterns were identified with PedCheck and removed (OʹConnell and Weeks 1998).
After removing markers that were in linkage‐disequilibrium, 4,539 SNPs were available
for multipoint analysis. Both two‐point and multipoint linkage analyses were performed
using FASTLINK (http://linkage.rockefeller.edu/, provided in the public domain by
Rockefeller University, New York, NY) and Merlin, respectively (Abecasis et al. 2002).
A disease allele frequency of 0.0001 was assumed because the disease is known
to be extremely rare, and marker allele frequency estimates were calculated using
genotypes from seventeen unaffected individuals. These unaffected individuals are
married‐in spouses collected from extended families in which some individuals have
autosomal dominantly inherited forms of LGMD or SPMD. Three of these unaffected,

1

Genotyping for linkage analysis was performed by Togrul Jafarov.
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married‐in spouses are members of family LGMD1767. Two‐point parametric analyses
were run using either an affecteds‐only model or an age‐curve penetrance model. The
multipoint analyses used affected individuals only under both a dominant parametric
model and a nonparametric model2.
No linkage peaks exceeding a LOD‐score of 3 were achieved. However, a
suggestive peak with a maximum LOD‐score of 2.45 was identified on chromosome 21
under the dominant parametric model. The chromosome 21 peak included two two‐
point scores ≥1 under the affecteds‐only model. Two excellent candidate genes, COL6A1
and COL6A2, are located within this peak. Mutations in these genes can cause either
Bethlem myopathy or Ullrich congenital muscular dystrophy. Sanger sequencing of the
coding regions of these genes was performed to identify any potential disease‐causing
changes. No mutations were identified in the individual screened, V:14, although the
sequencing did not cover exon 29 or the last few bases of exon 2 of COL6A1.
A single DNA sample was sent for exome sequencing, from individual IV:3,
under the assumption that it was possible the suggestive peak on chromosome 21 may
not contain the disease‐causing variant. Variants which met the filtration requirements
described in Chapter 5, Section 1 are listed in Table 19.

2

Jackie Rimmler ran these analyses.
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Table 18: Clinical descriptions of examined individuals in LGMD1767.
AAE= age at most recent exam. AAO= age at onset. NA= not applicable. PU= proximal upper extremities. DU= distal upper
extremities. PL= proximal lower extremities. DL= distal lower extremities. THC= tight heel cords. PC= pes cavus. CK= serum creatine kinase
value. NL= normal.
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Individual
IV:3
IV:2
IV:5
IV:18
IV:22
III:2
III:3
III:11
III:13
III:9
V:1
V:3
V:4
V:16
V:14
V:17

AAE/AOO
40/child
47/child
49/7
32/NA
42/5
69/child
72/11‐12
59/NA
62/5‐6
48/6
13/NA
29/NA
19/NA
17/NA
13/13
11/NA

Gender
Female
Male
Female
Female
Male
Female
Female
Female
Female
Male
Female
Female
Female
Male
Male
Male

Affection
Status
Affected
Affected
Affected
Unaffected
Affected
Affected
Affected
Questionable
Affected
Affected
Unaffected
Unaffected
Unaffected
Unaffected
Affected
Unaffected

Weakness
Distribution
PU=DU, PL>DL
PU>DU, PL>DL
PU>DU, PL>DL
None
PU=DU, PL>DL
PU>DU, PL>DL
PU>DU, PL>DL
mild PU
PU=DU, PL>DL
PU=DU, PL>DL
None
None
None
None
PU=DU, PL>DL
None

Additional Features

THC, pes cavus
THC, bilateral elbow contractures
THC, pes cavus
CK (NL)
THC, pes cavus, bilateral elbow contractures, CK(1.5x upper NL)
THC (ankles surgically fused), bilateral elbow contractures, CK (NL)

CK (2.3x upper NL)

Table 19: Annotation information for low frequency variants that are likely functional or near splice sites in known muscle disease
genes identified through exome sequencing of LGMD1767 individual IV:3.
Full gene names are provided in Appendix A. CHROM= chromosome. REF= reference allele. ALT= alternate allele. QUAL= GATK
QUAL score at variant position. GT= genotype (0/0= homozygous reference, 0/1= heterozygous). AD= allele depth (REF, ALT). DP= depth (#
reads at position). The gene, known ID, fxnGVS, amino acid change, and distance to splice fields were output using SeattleSeq134.
Segregate? indicates whether a variant was a false positive or segregated with disease status in the family. Fail means that the sequencing
reaction failed.
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GENE
RYR1
DSP
CAPN3
NEB
COL6A3
TTN
FLNC
TTN
COL6A1
TTN
ABCC9

CHROM
19
6
15
2
2
2
7
2
21
2
12

POSITION
38979894
7542148
42703209
152521836
238277428
179468803
128494518
179550033
47410705
179440362
22063251

KNOWN ID
None
rs17133512
rs28364538
None
None
None
None
None
None
rs75626265
None

REF
AGAG
C
GA
T
C
T
A
A
G
C
C

ALT
A
CA
G
G
T
C
G
T
T
A
A

FUNCTIONGVS
Coding
Frameshift
Intron
Intron
Missense
Missense
Missense
Missense
Missense
Missense
Intron

AMINO
ACID
CHANGE
None
None
None
None
ALA,THR
GLU,GLY
LYS,ARG
ILE,ASN
GLY,CYS
LEU,PHE
None

DISTANCE
TO SPLICE
79
170
10
9
223
201
52
25
19
782
3

QUAL
146.92
2395.96
805.88
94.36
1091.03
54.89
253.28
132.66
322.66
93.81
61.62

GT
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1

AD
8,5
28,19
30,27
11,14
42,41
55,19
6,8
13,18
8,11
94,50
21,17

DP
13
47
56
25
83
76
14
31
19
144
38

Segregate?

No
False +
No
False +
Yes
False +
Fail

After Sanger sequencing to confirm the presence of the variants, three changes in
TTN were found to be false positives. A variant in ABCC9 could not be confirmed
because it was located in an amplicon with an unavoidable homopolymer stretch that
caused the polymerase to slip. Variants in COL6A3, FLNC, and COL6A1 were confirmed
through Sanger sequencing of IV:3. The variants in COL6A3 and FLNC did not segregate
with disease status in the full family. The change in COL6A3 was not present in seven of
the affected individuals; it was present in the unaffected spouse III:1, who passed it to
his children IV:2 and IV:3. Similarly, the variant in FLNC was not found in many
affected family members but was identified in unaffected spouse III:1, who passed it to
his child IV:3.
Segregation of the variant in COL6A1 (NM_001848.2) with disease status in the
extended pedigree was confirmed via Sanger sequencing using the primers
AGGAGGGACAGGGAGGAGT and TTGAATGCCCTGGAGAAAAG. This round of
Sanger sequencing did identify the variant in individual V:14, although the variant was
not found in the previous candidate gene sequencing of that region in the same
individual that was performed using the primers ACAAGGTGAGCGTGGGC and
AGTCAAAACGGTCCACACG (Figure 15). The change was found in a heterozygous
state in all affected individuals, was not present in any unaffected relatives, and causes
the protein alteration G341C (Figure 16).

133

Figure 15: Sanger sequencing of COL6A1 in individual V:14. This figure shows Sanger
sequencing chromatograms from sequencing of COL6A1 exon 14 of individual V:14. The top
two chromatograms are from the original sequencing performed while screening candidate
genes within the linkage peak; the middle chromatogram is a zoomed‐in view. The bottom
chromatogram is from the more recent sequencing with new primers,
AGGAGGGACAGGGAGGAGT and TTGAATGCCCTGGAGAAAAG. The highlighted base
is the location of the variant, p.G341C (NM_001848.2), identified through exome sequencing.
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Figure 16: LGMD1767 pedigree and results of Sanger sequencing for COL6A1 p.G341C. The pedigree shows the affection statuses,
individual identifiers, and genotypes at chromosome 21 position 47410705 (build 37 coordinates) in COL6A1. The genotypes obtained
through Sanger sequencing of individuals with available high quality DNA are shown. The arrow indicates the proband. * indicates that
DNA was sent for exome sequencing. Individuals with ? were of unclear affection status.

The COL6A1 variant, G341C, was not found in any individuals in the NHLBI
dataset (NHLBI6500SI) (EVS) and is located within the triple helical domain of COL6A1.
Changes to glycine residues within this region are predicted to have a dominant
negative effect and to disrupt the assembly of collagen into multimeric aggregates
(Scacheri et al. 2002). The conservation score, as described in Section 5.3, at the variant
position was 4.82, which indicates that the position is relatively conserved across
species. Mutations in COL6A1 can cause Bethlem myopathy, Ullrich congenital muscular
dystrophy, or autosomal dominant LGMD (Jobsis et al. 1996; Pan et al. 2003; Scacheri et
al. 2002). The dominant mode of inheritance and contractures identified in some of the
affected individuals as well as the relatively early age of onset and proximal muscle
weakness in all affected family members are consistent with the symptoms of
individuals diagnosed with Bethlem myopathy or limb‐girdle muscular dystrophy.
Although this specific mutation has not been identified in other individuals,
other variants in the same codon, 341, have been identified in individuals with Bethlem
myopathy. One of the changes is from glycine to valine, and the other change is from
glycine to aspartic acid. Functional testing has not been performed to examine the effects
of the presence of any of these alleles on skeletal muscle. Lampe et al. identified the
G341V change in a single affected individual while screening a cohort of singleton
individuals with phenotypes that were similar to Bethlem myopathy or Ullrich
congenital muscular dystrophy (Lampe et al. 2005).
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The G341D variant was identified by Scacheri et al. and segregated with affection
status throughout an extended family. Early‐onset occurred in most affected individuals,
some of whom displayed distal weakness, which is also seen in LGMD1767. In addition,
like in LGMD1767, some of the affected individuals in the family with the G341D change
had contractures. In family LGMD1767, only one affected individual had an elevated
serum CK value, whereas serum CK was elevated in all measured individuals in the
family with the G341D change. No alteration in COL6A1 expression was identified in the
muscle biopsy of an affected individual with the G341D variant, although laminin β1
was deficient within the basal lamina. Type VI collagen is thought to bind type IV
collagen, which may bind laminin β1, thereby anchoring the extracellular matrix to the
basal lamina (Scacheri et al. 2002).
In the future, it would be useful to perform functional testing of the specific
variant and immunohistochemistry staining of a muscle biopsy from an affected family
member for collagen VI to ensure that normal levels are present and to check for defects
within the basal lamina.

5.7 LGMD1733
Affected individuals in family 1733 have a severe form of muscular dystrophy
that is characterized by tight heel cords and weakness in the proximal and distal upper
extremities as well as in the proximal lower extremities. The oldest affected individual
examined in the family, III:2, also has weakness in the distal lower extremities. Proximal
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muscle weakness is greater than distal muscle weakness in each individual. The onset of
skeletal muscle weakness ranged from age 18 to 26, and each affected family member
began using a wheelchair between the ages of 27 and 46. Individual III:2 has breathing
problems that resulted in a tracheostomy by her mid‐40s. Individual IV:2 also has severe
breathing problems; he began using a ventilator by age 30. Members of the family
described their ancestry as Swedish. Clinical descriptors for examined individuals in the
family are provided (Table 20). High quality DNA samples were collected from three
affected individuals and one unaffected, married‐in spouse.
A muscle biopsy was obtained from a tricep muscle of individual III:2 at age 43.
The biopsy did not contain excessive glycogen, intracellular fat, or extracellular fat,
although a moderate increase in interstitial fat was noted. H&E staining showed an
increase in fiber size variability, fiber splitting, rimmed vacuoles, and common central
nuclei. No necrosis, phagocytosis, or cellular infiltrates were seen. NADH staining
showed that many fibers had a moth‐eaten, whorled appearance. Unfortunately, this
muscle biopsy was taken in 1978, and the back page of the report is not available.
Therefore, it is possible that additional distinctive features were present in the biopsy.
Table 20: Clinical descriptions of examined individuals in LGMD1733.
AAE= age at most recent exam. AAO= age at onset. NA= not applicable. PU= proximal
upper extremities. DU= distal upper extremities. PL= proximal lower extremities. DL= distal
lower extremities. THC= tight heel cords. PC= pes cavus. CK= serum creatine kinase value.
NL= normal. w/c= wheelchair.

Individual

AAE/AOO

Gender

Affection
Status

Weakness
Distribution
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Additional Features

III:2

59/26

F

Affected

PU>DU, PL>DL, no
deltoid movement

THC. w/c bound by age 46. Breathing
problems in mid‐40s followed by
tracheostomy.

IV:1

35/18

F

Affected

PU>DU, PL

THC. w/c bound by age 33.

IV:2

37/19

M

Affected

PU>DU, PL

THC. w/c bound by age 27. Breathing
problems followed by ventilator at
age 30.

A DNA sample was sent for exome capture and sequencing from individual III:2.
Variants which met the filtration requirements described in Chapter 5, Section 1 are
listed in Table 21. After Sanger sequencing to confirm the presence of the variants, two
variants in TTN, one variant in ABCC9, and one variant in RYR1 were found to be false
positives. A variant in FLNC, predicted to cause the protein change R381H, was
confirmed through Sanger sequencing of III:2. The variant did not segregate with
disease status in the full family because it was not in the severely affected individual
IV:2. The pedigree is shown in Figure 17.
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Table 21: Annotation information for low frequency variants that are likely functional or near splice sites in known muscle disease
genes identified through exome sequencing of LGMD1733 individual III:2.
Full gene names are provided in Appendix A. CHROM= chromosome. REF= reference allele. ALT= alternate allele. QUAL= GATK
QUAL score at variant position. GT= genotype (0/0= homozygous reference, 0/1= heterozygous). AD= allele depth (REF, ALT). DP= depth (#
reads at position). The gene, known ID, functionGVS, amino acid change, and distance to splice fields were output using SeattleSeq134.
Segregate? indicates whether a variant was a false positive or segregated with disease status in the family.
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GENE
ABCC9
RYR1
TTN
TTN
FLNC
FLNC
RYR1
DSP

CHROM
12
19
2
2
7
7
19
6

POSITION
22040815
38964339
179393482
179419226
128478415
128486526
38964046
7542148

REF
C
C
G
A
G
C
GC
C

ALT
T
G
T
C
A
T
G
CA

KNOWN ID
None
None
None
None
None
None
None
rs17133512

FXN GVS
stop‐gain
Missense
Missense
Missense
Missense
Intron
Frameshift
Frameshift

AMINO
ACID
CHANGE
TRP,stop
ALA,GLY
GLN,LYS
ILE,MET
ARG,HIS
None
None
None

DISTANCE
TO SPLICE
54
73
228
47
69
7
31
170

QUAL
81.74
92.23
50.68
70.99
2080.85
1288.41
226.13
2395.96

GT
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1

AD
16,12
25,14
43,27
21,12
51,72
92,56
28,12
37,26

DP
28
39
70
33
124
148
40
63

Segregate?
False +
False +
False +
False +
No

Figure 17: Family LGMD1733 pedigree. The pedigree shows the affection statuses and
individual identifiers for family members. The arrow indicates the proband. * indicates that
DNA was sent for exome sequencing.

5.8 LGMD6101
Individuals in family LGMD6101 whom were considered affected had
camptocormia (bent‐spine syndrome) and severe trunk weakness leading to difficulty
extending. Only the proband, individual III:1, was examined at Duke. At her most recent
exam, she had mild deltoid weakness as well as mild weakness in her left hip flexor and
left knee extensor. She displayed severe trunk extensor weakness that prevented her
from standing upright for more than a minute, and she had a hunched‐over appearance.
Her first symptoms were noted while she was in her 50s. The proband’s mother, II:2,
was not examined at Duke, but she visits a neurologist regularly due to similar
symptoms including bent‐spine syndrome. Her symptoms began in her 70s. She is from
a Mennonite family that lived in an Amish‐Mennonite community. The maternal uncle
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of the proband, II:3, was also affected based on family history. In addition, he may have
been affected with a Parkinsonism. The family mentioned that the proband’s maternal
aunt, II:6, walked in a somewhat “hunched‐over” manner before her death.
Although they did not display severe enough weakness to be described as
affected, individuals III:2, III:5, and III:6 had mild hip flexor weakness upon exam. The
hip flexor weakness in III:5 and III:6 was severe enough that the examiner determined
that they were of unclear affection status. Upon dorsiflexion, the anterior tibialis of III:6
was slightly weak. Cardiac abnormalities have been described in several family
members. Both II:2 and III:10 have atrial fibrillation, and individual III:8 has a leaky
heart valve and has survived a myocardial infarction. II:6 died of heart disease at age 69.
Clinical descriptors of these examined individuals are provided in Table 22. Hearing
problems are a feature in some members of the family (II:3, III:3, III:4, III:5, III:6, and
III:7), but that portion of the family works with farm machinery, and these hearing
problems were not noted in each of the affected individuals. III:5 was diagnosed with
Meniere’s disease.
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Table 22: Clinical descriptions of examined individuals in LGMD6101.
AAE= age at most recent exam. AAO= age at onset. NA= not applicable. PU= proximal upper extremities. HF= hip flexor. AD= ankle
dorsiflexor. MI= myocardial infarction. EMG= electromyography. AFIB= atrial fibrillation. DM= diabetes mellitus.
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Individual

AAE/AOO

Gender

Affection
Status

II:2

NA/70s

Female

Affected

III:2
III:3
III:4
III:5
III:6
III:7
III:8

NA/NA
67/NA
56/NA
54/NA
53/NA
45/NA
59/NA

Male
Male
Female
Female
Male
Male
Male

Unaffected
Unaffected
Unaffected
Unclear
Unclear
Unaffected
Unaffected

III:1

58/50s

Female

Affected

III:10

52/NA

Male

Unaffected

Weakness Distribution

Mild HF
None
None
Mild HF
Mild HF
None
None
Mild PU, left HF, and left knee
extensor. Severe trunk
extension weakness.
None

Additional Features
Self‐report affected and sees a neurologist. Bent‐spine
syndrome. AFIB.
Self‐report unaffected.

Slight weakness of anterior tibialis on dorsiflexion
Leaky heart valve, MI
Bent‐spine syndrome. EMG showed possible myopathy
in paraspinal and proximal limb muscles. Biopsy shows
myopathy with myofibrillar disarray.
Ablation for AFIB. DM (diabetes?). Thyroid disease.

EMG/NCS of the proband showed “electrophysiologic evidence of a possible
myopathic process affecting the paraspinal and proximal limb muscles.” No evidence of
peripheral myopathy was found. She had normal reflexes as well as normal sensation
with the exception of mildly decreased temperature sensation in her toes. These features
indicated that muscular dystrophy, facioscapulohumeral dystrophy, dysferlinopathy, or
nemaline myopathy could each be possible diagnoses.
When the proband was 58 years old, a needle core muscle biopsy of her left
deltoid was performed. H&E staining showed some increase in fiber size variation,
subsarcolemmal staining, subsarcolemmal nuclear aggregates, and internal nuclei. No
degenerating or regenerating fibers, vasculitis, acute inflammation, fibrosis, clear
nemaline rods, neurogenic features, or rimmed vacuoles were noted. A few ragged red
fibers with weak cytochrome oxidase staining were identified, and there was a small
amount of chronic interstitial inflammation. NADH and SDH staining was increased in
the peripheral region of some fibers and uneven in the cytoplasm of others. The type 1 to
type 2 fiber ratio was 80:20 with atrophy of both fiber types. Phosphorylase staining was
normal, and alkaline phosphatase staining was at baseline. Congo Red staining was
negative for amyloid. Dysferlin staining did show that dysferlin was expressed in the
muscle. Electron microscopy was also performed. This ultrastructural analysis showed
regions of myofibrillar disarray with loss of sarcomeric register, Z‐line streaming, and
accumulations of nemaline material. Most mitochondria appeared morphologically
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normal, although some had altered cristae. The examiner concluded that the proband
had myopathy with myofibrillar disarray.
III:1 also had an array of tests performed to achieve a more accurate diagnosis.
Her serum creatine kinase levels were normal. She also had normal mitochondrial
enzyme test results, although they were on the low‐end of normal. A blood spot enzyme
test to check for adult‐onset Pompe disease was negative. FSHD testing was normal. In
addition, no deleterious mutations were found in POLG, SLC25A4, or TWINKLE.
High quality DNA samples were collected from two affected and six unaffected
individuals as well as from two individuals of uncertain affection status. A DNA sample
was sent for exome capture and sequencing from individual II:2 (Figure 18). Variants
which met the filtration requirements described in Chapter 5, Section 1 are listed in
Table 23. After Sanger sequencing to confirm the presence of the variants, two variants
in TTN, one variant in ABCC9, one variant in VCP, and one variant in RYR1 were found
to be false positives. Sanger sequencing of individual II:2 confirmed the presence of one
variant in each of four genes: MYH6, FKTN, LDB3, and TTN. None of these variants
segregated with disease status in the full family.
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Figure 18: LGMD6101 pedigree and results of Sanger sequencing for MYH6 p.A1765T.
The pedigree shows the affection statuses, individual identifiers, and genotypes at
chromosome 14 position 23853923 (build 37 coordinates) in MYH6. The genotypes obtained
through Sanger sequencing of individuals with available high quality DNA are shown. The
arrow indicates the proband. * indicates that DNA was sent for exome sequencing.
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Table 23: Annotation information for low frequency variants that are likely functional or near splice sites in known muscle disease
genes identified through exome sequencing of LGMD6101 individual II:2.
Full gene names are provided in Appendix A. CHROM= chromosome. REF= reference allele. ALT= alternate allele. QUAL= GATK
QUAL score at variant position. GT= genotype (0/0= homozygous reference, 0/1= heterozygous). AD= allele depth (REF, ALT). DP= depth (#
reads at position). The gene, known ID, functionGVS, amino acid change, and distance to splice fields were output using SeattleSeq134.
Segregate? indicates whether a variant was a false positive or segregated with disease status in the family.
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GENE
TTN
ABCC9
VCP
RYR1
TTN
MYH6
COL6A3
FKTN
LDB3
TTN

CHROM
2
12
9
19
2
14
2
9
10
2

POSITION
179440362
22040815
35059129
38964339
179393482
23853923
238253286
108397364
88476170
179446853

REF
C
C
C
C
G
C
G
C
T
A

ALT
A
T
G
G
T
T
A
T
C
ATCTG

KNOWN ID
rs75626265
None
None
None
None
None
None
None
None
None

FXN GVS
missense
stop‐gain
missense
missense
missense
missense
missense
missense
missense
frameshift

AMINO
ACID
CHANGE
LEU,PHE
TRP,stop
ALA,PRO
ALA,GLY
GLN,LYS
ALA,THR
ARG,TRP
THR,ILE
SER,PRO
none

RYR1

19

38964327

GCACC
CCGCA

G

None

Coding

none

DISTANCE
TO SPLICE
782
54
69
73
228
4
201
33
87
82

QUAL
136.55
56.41
95.58
105.14
193.26
83.77
787.11
1189.49
58.5
2121.35

GT
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1
0/1

AD
76,55
28,15
43,37
10,8
63,40
8,4
29,27
41,39
5,12
37,29

DP
131
45
81
18
103
12
56
80
17
66

76

150.7

0/1

10,5
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Segregate?
False +
False +
False +
False +
False +
No
CHECK!
No
No
No

5.9 Conclusions from exome sequencing of single individuals
Exome capture and sequencing were performed for a single individual with
muscular dystrophy from each of seven families. For each exome, the candidate set was
restricted to variants found within the coding and splicing regions of a set of candidate
genes: 102 skeletal and/or cardiac muscle disease genes. The goal was to determine
which families had either known disease‐causing mutations or rare, likely functional
variants that had not been previously described and are located within the set of
candidate genes. In five of the seven families, potential disease‐causing variants were
found in a heterozygous state in all affected individuals. When possible, functional
testing of these alleles, preferably in an in vivo model, should be performed to obtain
further information to assist in determining whether each allele is likely to be
pathogenic. One potential assay of function for some variants would be a zebrafish assay
that compares the phenotypes of embryos that are injected with either wild‐type or
mutant mRNA.
In the future, it will also be important to check the overall quality of the data for
each of these families. It is important that deep, even, high quality coverage was
obtained across every exome. Specifically, it is necessary to ensure that any genes in
which mutations cause a phenotype that is highly similar to that of a given family are
well‐covered. Of concern with regards to quality is the high number of false‐positives
that were identified. One reason for the increased number of false‐positives could be
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that no control individuals that were sequenced at the same site and processed using the
same program versions were available to perform a frequency‐based filter to remove
artifacts. Seventeen of the variants sequenced were false‐positives. Eleven of these
variants were identified in the exome data from one family only. The exome data
contained false‐positive variants that were shared in more than one family: two variants
were in three families, one variant was in four families, two variants were in five
families, and one variant was in six families. Of the seventeen false‐positive variants,
five were in TTN. It is possible that strict quality filters could be utilized to remove more
of these false‐positive variants. Additionally, initial follow‐up sequencing of variants did
not include all of the indels or potential splicing variants found from 5‐10 bases away
from an exon that were identified within the genes. Sanger sequencing of these variants
should also be performed.
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6. Conclusions
The described work utilized linkage analysis followed by candidate gene
sequencing as well as exome capture and sequencing to attempt to isolate the mutations
responsible for muscular dystrophy in affected family members. While linkage analysis
may continue to be important to identify regions of the genome that are identical by
descent in extended families, the use of next generation sequencing technologies to
isolate mutations that cause rare, highly penetrant disorders in smaller families is
increasing in prevalence (Gilissen et al. 2012).

6.1 Exome capture and sequencing as a method for molecular
diagnosis of muscular dystrophy
Exome capture and sequencing is an excellent technology to assist in the
identification of mutations that cause muscular dystrophy. To date, however, gene
panels do have some advantages when searching for a mutation in an individual with a
well‐defined phenotype. In the future, whole genome sequencing will likely become the
method of choice to isolate disease‐causing variants (Shendure 2011). The use of these
high‐throughput technologies has important implications for clinical testing.

6.1.1 Benefits of exome sequencing for identification of mutations
that cause muscular dystrophy
Capture approaches followed by next generation sequencing allow physicians
and researchers to obtain a set of variants that are located across an individual’s entire
exome while significantly cutting costs in comparison to sequencing an entire genome.
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Both exome and whole genome sequencing offer the advantage of being relatively
unbiased approaches for searching for disease‐causing variants. As analysis of this data
becomes more rapid, it will also be quicker than previous strategies for the identification
of new disease‐causing variants, such as positional mapping strategies like linkage
analysis followed by Sanger sequencing of a prioritized list of candidate genes. When
combined with appropriate filtering methods, exome capture and sequencing works
well to identify disease genes for highly penetrant and potentially for complex disorders
(Gilissen et al. 2012). The exome is thought to contain an enriched subset of large effect
size variants (Bamshad et al. 2011). In addition, exome sequencing data includes
information about genomic regions beyond the primary disease locus. This data could
be useful for clinicians and researchers to gain information about a patient’s
susceptibility to other disorders, as well as providing information about potential
modifier and pharmacogenomic loci.
Exome capture and sequencing is a beneficial technique to use when searching
for mutations that cause skeletal and/or cardiac muscle disease. As shown in Appendix
A, mutations in more than 100 genes can cause these types of disorders. Mutations in
over twenty‐five genes cause a limb‐girdle muscle phenotype (Mitsuhashi and Kang
2012). Screening all of the genes in which mutations can cause this phenotype, especially
when an individual has non‐specific symptoms and no muscle biopsy available, is
prohibitively expensive with Sanger sequencing. The results described here show that
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exome sequencing and analysis is an effective approach for the isolation of muscular
dystrophy mutations. Variants that are known to cause disease and were previously
proven to have functional consequences in muscle were identified in two families
(McDonald et al. 2012). Exome data was also analyzed in a single individual from each
of seven families, and potential disease‐causing changes that segregated with affection
status were found in five of those families. Other groups have also successfully used this
technique for the identification of alleles that are likely to cause muscular dystrophy
(Dias et al. 2012; Harms et al. 2012; Jimenez‐Escrig et al. 2012; Leidenroth et al. 2012).

6.1.2 Exome sequencing vs. gene panels and shift towards whole
genome sequencing
While exome sequencing is becoming more common, next generation sequencing
of gene panels is a popular method for the detection of variants for disorders in which
the genetic etiology is well understood. These panels allow physicians to gather data
from the sequencing of many genes of interest at one time. In comparison to exome
sequencing, gene panels offer the advantages of quicker turn‐around time, cheaper
prices for patients, and easier data analysis and interpretation. When gene panels are
offered, testing labs are able to guarantee that adequate coverage will be obtained for all
of the genes in the panel, and missing regions are often covered with Sanger sequencing
amplicons (Valencia et al. 2013). To date, this level of guaranteed coverage of specific
genes of interest is not offered for exome sequencing. Several next generation
sequencing‐based panels already exist to examine genes involved in muscular
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dystrophy, including panels for congenital muscular dystrophy, limb‐girdle muscular
dystrophy, and Bethlem/Ullrich muscular dystrophies at the Emory Genetics Laboratory
as well as an autosomal recessive limb‐girdle muscular dystrophy panel offered by
Prevention Genetics.
While these targeted capture methods offer benefits in terms of expense and
overall ease of interpretation, they have limitations. The capture probes are designed to
coding regions, but the current understanding of which regions of the genome are
definitively coding is incomplete. Additionally, some regions of the genome are difficult
to capture while other regions are captured but not efficiently covered (Bamshad et al.
2011). Whole genome sequencing data can also be used to gain information about
genome structure and regulatory regions. Over time, as the cost of sequencing continues
to decrease, whole genome sequencing will become more common (Shendure 2011; Yu
et al. 2012).

6.1.3 Implications for clinical testing
The arrival of next generation sequencing‐based tests has resulted in a paradigm
shift in the clinical molecular genetics setting. In the near future, clinical testing labs will
begin returning results that include information beyond a molecular diagnosis for
disorders for which a patient is already symptomatic. The return of next generation
sequencing results presents challenges for these diagnostic laboratories.
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When exome sequencing is performed to identify a mutation that is the cause of
disease in a patient, it is possible that additional incidental findings will need to be
returned to that patient, such as variants that effect drug metabolism or that may cause a
patient or that patient’s parents to develop disease in the future. A major challenge is
determining which specific findings should be returned. Experts in the field are in the
process of determining which incidental findings should always be returned to patients.
While the specialists agree on whether a finding should be returned in many cases,
considerable discordance remains (Green et al. 2012). Determining what information
should be returned will become even more complex as patients begin to request exome
or whole genome sequencing to learn the likelihood that they will develop disorders in
the future or that they will pass disease causing alleles to their children.
Another challenge presented by the return of whole exome and whole genome
sequencing data is selecting a method for updating physicians as new information is
obtained about variants over time. It is important for clinical laboratories to determine
the frequency with which they will review past findings. Methods are currently being
developed to construct systems to easily and rapidly return updated results to
physicians (Aronson et al. 2012). Currently, clinical diagnostic labs are also concerned
with establishing effective quality control metrics for these new assays, variant
validation, protecting patient privacy, and interpreting the large number of variants
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identified through these techniques, including many variants of unknown significance
(Thompson, Drew, and Thomas 2012).

6.2 Interpretation of potential disease-causing alleles
As exome and whole genome sequencing become more commonplace, the
number of variants of unknown significance identified will increase rapidly as alleles are
identified through the search for disease‐causing variants and eventually through an
attempt to interpret variants that are unrelated to current symptoms. Even when
“simply” searching for the cause of a rare, highly penetrant disorder, it may be difficult
to isolate the primary disease driver. Frequency‐based filters are often used to reduce
the number of candidate variants. To ensure that a valid disease allele frequency is
assumed, it is necessary to understand the penetrance of the disease in question. In
many situations, the identification of the disease‐causing allele will be easier in families
in which additional individuals are available for exome sequencing or for follow‐up
Sanger sequencing. Variant databases that compile information from many investigators
and in silico prediction methods will also assist in the interpretation of the functionality
of alleles. In vivo and in vitro assays that test the function of individual alleles will also be
important in the future.

6.2.1 Penetrance of identified alleles
A common filtering step to remove alleles that are not likely to cause a rare
disorder from a candidate variant set is to remove those changes that are frequently
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identified in the parent population. Researchers have used databases, such as dbSNP, to
remove variants that had been previously described. However, this strategy would
mean that many pathogenic alleles would be removed during filtering because these
databases often contain known disease‐causing changes. When possible, it is important
to use a frequency‐based filter and to establish a predicted frequency with which the
allele causing disease would likely be found in the population.
The analyses in this work were under the assumption of complete penetrance.
Therefore, filtering was performed to remove variants that were found in any of several
databases at frequencies of ≥1% in Chapter 3 or ≥0.5% in Chapter 5. If it was expected
that the populations used for filtering may include affected individuals, then these strict
frequency cut‐offs may not be appropriate. For example, when examining variants
found in a family with skeletal muscle weakness and cardiomyopathy, it would not be
appropriate to use a stringent frequency cut‐off obtained using the National Heart,
Lung, and Blood Institute (NHLBI) Exome Variant Server. In the future, it is also
possible that some variants which can cause muscular dystrophy may appear to be
benign polymorphisms in the general population.
Penetrance is also a concern when examining segregation of an allele with
affection status in a family. Muscle disease symptoms do not always occur at the same
age in all affected individuals in a family (Laval and Bushby 2004). It is possible that
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some individuals who appear unaffected will have symptoms in the future, even if they
are currently above the oldest known age of onset in a family.

6.2.2 Importance of multiple family members
When analyzing the results of next generation sequencing, it is advantageous to
compare data from the exome of the proband to that of the proband’s parents. This
information is helpful to determine whether each candidate disease‐causing allele was
inherited in a manner that would be expected if it caused the disorder in question. If
both parents of the proband appear unaffected, no relatives of the proband are known to
be affected, and the disorder is assumed to be highly penetrant, then it is beneficial to
search for de novo variants (Gilissen et al. 2012; Yu et al. 2012). These changes are present
in the proband but not in either parent. In addition, other variants which may cause a
disorder when both parents appear unaffected include homozygous variants that are not
homozygous in either parent, compound heterozygous variants, and, when the proband
is male, X chromosome variants that were passed to the proband and are also
heterozygous in the mother. In dominantly inherited disorders, the availability of both
parents ensures that the candidate variant set includes only those changes that were
passed from the affected parent.
The availability of additional family members is also important for follow‐up
Sanger sequencing to check for segregation of a variant with disease status (Yu et al.
2012). By focusing on variants that are shared in all affected family members, and not
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found in definitively unaffected family members, it is possible to substantially decrease
the number of variants in a candidate variant set. Checking for segregation within a
large pedigree helps to identify changes that are likely to be rare, benign polymorphisms
in the family (Gilissen et al. 2012). This strategy was helpful for narrowing the list of
candidate variants that were identified in the exomes described in Chapter 5. Although
aggressive filtering strategies were performed, for five of the exomes there was more
than one Sanger‐confirmed candidate variant located within genes that were previously
implicated in skeletal muscle disease. Sanger confirmation in the extended pedigrees
resulted in the identification of nine variants that did not completely segregate with
affection status. It is also possible to decrease the number of benign polymorphisms in a
candidate gene set by sequencing the exomes of distantly related affected family
members and restricting the candidate set to shared variants (Gilissen et al. 2012). This
strategy was examined in Chapter 3 (McDonald et al. 2012).

6.2.3 Variant database development
As next generation sequencing has become more common, an increasing number
of potentially pathogenic sequence variants have been identified. It is crucial for
researchers to share information gained through these studies. Many locus‐specific
databases that are curated by experts in the field exist to catalog information about
sequence variants, but these databases are not always up‐to‐date, do not have universal
standards for format or maintenance, and typically do not support automated
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submissions (Samuels and Rouleau 2011). Larger databases also exist. The Online
Mendelian Inheritance in Man site (http://omim.org/) catalogs clinical descriptions and
some sequence variant information for highly penetrant genetic disorders. The Human
Gene Mutation Database (HGMD) reports as many potentially pathogenic alleles as
possible, but it contains little phenotypic information, and the most current versions are
only available through paid subscriptions (Cooper and Krawczak 1996; Samuels and
Rouleau 2011). An additional database which has been developed is MutaDATABASE.
MutaDATABASE is a curated and has automated, standardized entry of variants that
provides the clinical features of patients (Bale et al. 2011; Samuels and Rouleau 2011).
In addition to databases which discuss the potential pathogenicity of previously
identified variants, it is becoming increasingly important to catalog all variants
identified through high‐throughput sequencing in databases which contain thorough
phenotype descriptions (Oetting et al. 2013). This need resulted in the creation of the
“Human Phenome Project” which is dedicated to gathering this information from
investigators world‐wide. By combining this data, statistical power will be increased for
studies that are attempting to determine whether specific alleles are likely to be
pathogenic.

6.2.4 Assessment of variant functionality
In silico predictor programs and a variety of functional tests can be used to assist
in determining whether a given variant is likely to cause disease.
159

6.2.4.1 In silico predictors
In silico predictors have been developed to determine whether a variant is likely
to critically alter the function of a protein. Some commonly used programs include
Sorting Intolerant from Tolerant (SIFT), PolyPhen‐2, and MutationTaster (Adzhubei et
al. 2010; Schwarz et al. 2010; Sim et al. 2012). To ensure that focus is placed on likely
functional alleles in exome analyses, many researchers use these programs to
concentrate on those variants that are predicted to alter protein function. Currently, a
major problem with the use of these programs is that they do not use adequate gene‐
specific information. For example, while a given amino acid change may typically be
considered of minor functional importance, if that change occurs within an important
binding site of that protein, then it may have a significant impact on protein function
(Ohanian, Otway, and Fatkin 2012). In addition, the analysis of the same variants using
different programs does not always result in the same prediction for whether or not that
variant is likely to be deleterious (Thusberg, Olatubosun, and Vihinen 2011). An
increased level of confidence in a prediction may be obtained if concordance across
multiple programs is required, although some pathogenic variants will likely be missed
(Ohanian, Otway, and Fatkin 2012).
In silico programs which examine potential splicing variants predict whether
these changes are likely to disrupt 5’ donor, 3’ acceptor, or branch sites. A variety of in
silico splicing predictor tools are combined in packages provided by Alamut
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(http://www.interactive‐biosoftware.com/software/alamut/documentation) and Human
Splicing Finder (Desmet et al. 2009). Importantly, these predictors test whether the
changes are likely to disrupt known splicing sites or create cryptic splicing sites, but
they should not be used as the sole predictors for whether an allele is likely to be
pathogenic (Houdayer 2011). If patient muscle is available, then it would be appropriate
to examine whether a potential disease‐causing variant that is predicted to affect
splicing results in altered transcript size and/or aberrant levels of protein. Additional
functional testing is necessary to show whether alterations that are predicted to be
pathogenic are likely to be disease‐causing.
6.2.4.2 Functional testing of variants
In vitro studies can be performed to test the functions of alleles in many genes.
Examples of these studies include the assessment of the effects of alleles on protein
binding, enzymatic activity, RNA stability, and/or protein localization. In vivo testing
can also be performed to determine whether a variant causes a phenotype in an animal
model, as in the paper by Garvey et al. which showed that transgenic mice expressing a
mutant form of myotilin (T57I) had a similar muscle phenotype to individuals with
LGMD1A who carried the same variant (Garvey et al. 2006).
Traditionally, in vivo assessments of allele function utilized expensive, time‐
consuming germline models. A relatively inexpensive and rapid in vivo assay involves
the injection of batches of zebrafish embryos with a morpholino, wild‐type mRNA, or
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mutant mRNA that contains a variant of interest. The injected embryos are then
examined for a phenotype of interest. When assessing the function of alleles that are
dominantly inherited and expected to either abolish the activity of the normal protein or
act in gain of function manner, it is expected that embryos injected with mutant mRNA
containing a disease‐causing allele would result in a phenotype. In contrast, the embryos
injected with an equivalent amount of wild‐type mRNA would appear phenotypically
normal.
Recently, zebrafish modeling has been used to provide functional support for
discoveries which implicate variants in the pathogenesis of muscle disease. Zebrafish are
an excellent model system for muscle disorders; zebrafish mature and reproduce
rapidly, have transparent embryos, and develop muscle precursor cells early (Bassett
and Currie 2003; Guyon et al. 2007; Santoriello and Zon 2012). Additionally, most of the
genes that are known to be involved in muscular dystrophy in humans have orthologs
in zebrafish (Steffen et al. 2007). In collaboration with the Duke Center for Human
Disease Modeling, the Duke LGMD group has been involved in experiments assessing
the function of variants in myotilin and dnajb6 in this zebrafish model. Injection of
MYOT mRNA with the T57I variant resulted in embryos with smaller, flatter somites as
compared to embryos injected with wild‐type myotilin mRNA as shown in Figure 191.
This data was obtained using birefringence microscopy at 48 hours post‐fertilization

1

Zebrafish work, imaging, and figure by Dr. Erica Davis at the Duke Center for Human Disease Modeling
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(hpf). Disruptions in birefringence indicate disorganization of muscle fibers because
dysmorphic fibers reflect light differently than normal fibers (Berger, Sztal, and Currie
2012). In a separate set of experiments, zebrafish embryos were injected with mRNA
from the short isoform of dnajb6 that contained variants that segregated with affection
status in families with LGMD1E. This resulted in a phenotype that included the
detachment of fibers from the myoseptum by 48 hpf, as shown with a slow myosin
heavy chain stain2 (Sarparanta et al. 2012).
More recently, Manzini et al. identified alleles using exome sequencing that were
excellent candidates for causing Walker‐Warburg Syndrome. They were able to show
that a morpholino knock‐down of GTDC2 affected brain, eye, and somite development
in zebrafish embryos that were not rescued by injection of the mutant allele (Manzini et
al. 2012).

2

Zebrafish work performed by Dr. Christelle Golzio at the Duke Center for Human Disease Modeling
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While this type of zebrafish assay can be useful for a variety of genes and
phenotypes, there are some limitations. Assessment of the results after injections
requires the mutation to cause a quantifiable phenotype in the fish. In addition, some
genes in which mutations are known to cause disease are too large for an in vitro
reaction to create the full‐length mRNA which is necessary for the injections. Therefore,
it is not currently possible to test the effects of individual alleles in some large genes
using this assay. Finally, if a copy of the gene of interest is not present in zebrafish, then
assaying the effect of a variant in that gene would not be appropriate in a zebrafish
system.

6.3 Therapeutic interventions
Until recently, the focus for physicians was treating specific symptoms of
muscular dystrophy, and there was not much hope that either the disease process could
be stopped or that a complete cure could be achieved. As the causes of disease in more
families are identified, the field will move towards the development of treatments for
this disorder as well as methods to prevent the onset of symptoms. The potential types
of treatment for recessively inherited and dominantly inherited disorders differ. Areas
that are being explored for molecular therapy for recessive forms of muscular dystrophy
include gene replacement, direct correction of the genomic defect, correction of the
deleterious effect(s) of the gene defect on the primary transcript, translational read‐
through, and upregulation of analog molecules. Indirect approaches to treating these
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disorders include stimulation of muscle fiber regeneration, induction of muscle fiber
hypertrophy, and limiting fibrosis. For dominant disorders, researchers are exploring
the possibilities of direct correction of the genomic defect or silencing the mutant form
through RNAi (Karpati 2010, 197‐200).
A future challenge will be determining whether newly developed treatments are
safe and effective. The development of new treatments may include drug testing in
zebrafish. Drug testing has been performed to check for improved outcomes in fish with
germline mutations that cause Duchenne muscular dystrophy (Kawahara et al. 2011).
Zebrafish are also useful for drug toxicity screens (Sukardi et al. 2011). Since disorders
such as limb‐girdle muscular dystrophy are rare, the standard randomized, controlled
trials used for common diseases are not feasible. Therefore, clinicians will likely use a
variety of trial types, depending on which design is the most appropriate for the study.
These can include open protocol, open‐label, historical control, cross‐over trials,
withdrawal design trials, or surrogate endpoints (Merlini and Bernardi 2008). Future
muscular dystrophy research will include both increased speed of diagnosis and the
development of new treatments.
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Appendix A
Set of genes known to be involved in skeletal and/or cardiac muscle disease
used for exome variant filtering and coverage analysis.
* Exome sequencing coverage previously examined by Dias et al. (Dias et al.
2012)
Gene
Symbol

Gene Name

Known muscle disorders involved

ABCC9

ATP‐binding cassette, subfamily
C, member 9

Familial atrial fibrillation 12(Olson et al. 2007);
Dilated cardiomyopathy 1O(Bienengraeber et al.
2004)
Nemaline Myopathy(Nowak et al. 1999); Congenital
myopathy with cores(Kaindl et al. 2004); Congenital
fiber‐type disproportion myopathy(Laing et al. 2004)
Atrial septal defect 5 (Matsson et al. 2008);
Cardiomyopathy, dilated, 1R (Olson et al. 1998);
Cardiomyopathy, familial hypertrophic, 11
(Mogensen et al. 1999); Left ventricular
noncompaction 4(Klaassen et al. 2008)

ACTA1*

Actin, alpha, skeletal muscle 1

ACTC1

Actin, alpha, cardiac muscle

ACTN2
ANKRD1

Actinin, alpha‐2
Ankyrin repeat domain‐
containing 1

ANO5*

Anoctamin 5

BAG3*

BCL2‐associated athanogene 3

Dilated cardiomyopathy 1AA(Mohapatra et al. 2003)
Dilated cardiomyopathy(Moulik et al. 2009);
Hypertrophic cardiomyopathy(Arimura et al. 2009)
LGMD2L(Bolduc et al. 2010); Miyoshi muscular
dystrophy(Bolduc et al. 2010)
Myofibrillar myopathy(Selcen et al. 2009); Dilated
cardiomyopathy 1HH(Norton et al. 2011)

BIN1*

Bridging integrator 1

Centronuclear myopathy(Nicot et al. 2007)

CAPN3*

Calpain 3

LGMD2A(Richard et al. 1995)

CAV3*

Caveolin 3

LGMD1C[18]; Rippling muscle disease(Betz et al.
2001); Distal myopathy with reduced caveolin‐
3(Tateyama et al. 2002); Familial hypertrophic
cardiomyopathy(Hayashi et al. 2004)

CFL2*

Cofilin 2

CNTN1*

Contactin 1

COL6A1*

Collagen, type VI, alpha‐1

COL6A2*

Collagen, type VI, alpha‐2

Nemaline Myopathy(Agrawal et al. 2007)
Lethal infantile congenital myopathy(Compton et al.
2008)
Bethlem myopathy(Jobsis et al. 1996); Autosomal
dominant LGMD(Scacheri et al. 2002); Ullrich
congenital muscular dystrophy(Pan et al. 2003)
Bethlem myopathy(Jobsis et al. 1996); Ullrich
congenital muscular dystrophy(Camacho Vanegas et
al. 2001); Autosomal recessive myosclerosis(Merlini
et al. 2008)
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COL6A3*

Collagen, type VI, alpha‐3

CRYAB*

Crystallin, alpha‐B
Cysteine‐ and glycine‐rich protein
3

CSRP3

Bethlem myopathy(Pan et al. 1998); Ullrich
congenital muscular dystrophy(Demir et al. 2002)
Myofibrillar myopathy(Selcen and Engel 2003; Vicart
et al. 1998)
Dilated cardiomyopathy 1M(Knoll et al. 2002);
Hypertrophic cardiomyopathy 12(Geier et al. 2003)

DES*

Desmin

DMD*

Dystrophin

Myofibrillar myopathy(Dalakas et al. 2000; Goldfarb
et al. 1998); Familial dilated cardiomyopathy
(CMD1I)(Li et al. 1999); Neurogenic scapuloperoneal
syndrome, Kaeser type(Walter et al. 2007)
Duchenne muscular dystrophy(Bakker and Pearson
1986; Koenig et al. 1987; Monaco et al. 1986);
Becker muscular dystrophy(Hart et al. 1987); Dilated
cardiomyopathy 3B(Muntoni et al. 1993)

DNAJB6

DNAJ/HSP40 homolog, subfamily
B, member 6

LGMD1E(Harms et al. 2012; Sarparanta et al. 2012)

DNM2*

Dynamin 2

Centronuclear myopathy(Bitoun et al. 2005);
Dominant intermediate Charcot‐Marie‐Tooth
disease(Zuchner et al. 2005)

DPM3*

Dolichyl‐phosphate
mannosyltransferase 3

DSC2

Desmocollin 2

DSG2

Desmoglein 2

DSP

Desmoplakin

DYSF*

Dysferlin

EMD*

Emerin

EYA4

Eyes absent 4

FHL1*

Four‐and‐a‐half lim domains 1

Congenital disorder of glycosylation type IO(Lefeber
et al. 2009)
Arrhythmogenic right ventricular dysplasia 11(Syrris
et al. 2006)
Arrhythmogenic right ventricular dysplasia
10(Pilichou et al. 2006); Dilated cardiomyopathy
1BB(Posch et al. 2008)
Arrhythmogenic right ventricular dysplasia
8(Rampazzo et al. 2002); Dilated
cardiomyopathy(Norgett et al. 2000)
LGMD2B[54]Miyoshi myopathy(Liu et al. 1998);
Distal myopathy with anterior tibial onset(Liu et al.
1998)
Emery‐Dreifuss muscular dystrophy, X‐linked(Bione
et al. 1994)
Dilated cardiomyopathy IJ(Schonberger et al. 2005)
Scapuloperoneal myopathy(Quinzii et al. 2008); X‐
linked myopathy with postural muscle
atrophy(Windpassinger et al. 2008) ;X‐linked
myopathy with reducing bodies(Schessl et al. 2008);
Emery‐Dreifuss muscular dystrophy‐6(Gueneau et
al. 2009)
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Fukutin‐related protein

Congenital muscular dystrophy‐dystroglycanopathy
with brain and eye anomalies 5 (MDDGA5; Walker‐
Warburg syndrome; muscle‐eye‐brain
disease)(Beltran‐Valero de Bernabe et al. 2004);
Congenital muscular dystrophy‐ dystroglycanopathy
with or without mental retardation 5
(MDDGB5)(Brockington et al. 2001); LGMD2I
(MDDGC5)(Brockington et al. 2001)

FKTN*

Fukutin

Congenital muscular dystrophy‐dystroglycanopathy
with brain and eye anomalies 4 (MDDGA4;
Fukuyama congenital muscular dystrophy; Walker‐
Warburg syndrome; muscle‐eye‐brain
disease)(Kobayashi et al. 1998); Congenital muscular
dystrophy‐dystroglycanopathy without mental
retardation 4 (MDDGB4)(Mercuri et al. 2009);
LGMD2M (MDDGC4)(Godfrey et al. 2006); Dilated
cardiomyopathy 1X(Murakami et al. 2006)

FLNA

Filamin A

FLNC*

Filamin C

FRG1

FSHD region gene 1

Cardiac valvular dystrophy(Kyndt et al. 2007)
Myofibrillar myopathy(Vorgerd et al. 2005); Distal
myopathy‐4(Duff et al. 2011)
Possibly involved in FSHD pathogenesis(Gabellini et
al. 2006)

GAA

Glucosidase, alpha, acid

Glycogen storage disease II(Martiniuk et al. 1990)

GNE*

UDP‐N‐acetylglycosamine 2‐
epimerase/N‐acetylmannosamine
kinase

Inclusion body myopathy(Eisenberg et al. 2001);
Nonaka myopathy(Kayashima et al. 2002)

ISCU*

Iron‐sulfur cluster scaffold, E.coli,
homolog of

Hereditary myopathy with lactic acidosis(Mochel et
al. 2008)

ITGA7*

Integrin, alpha‐7

JUP

Junction plakoglobin

Congenital muscular dystrophy(Hayashi et al. 1998)
Arrhythmogenic right ventricular
cardiomyopathy(Asimaki et al. 2007)

KBTBD13*

Kelch repeat and BTB/POZ
domains‐containing protein 13

Nemaline myopathy(Sambuughin et al. 2010)

KLHL9

Kelch‐like 9

LAMA2*

Laminin, alpha 2
Lysosome‐associated membrane
protein 2

FKRP*

LAMP2*

Distal myopathy(Cirak et al. 2010)
Merosin‐deficient congenital muscular
dystrophy(Helbling‐Leclerc et al. 1995)
Danon disease(Nishino et al. 2000)
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LARGE*

Acetylglucosaminyltransferase‐
like protein

LDB3*

Lim domain‐binding 3

LMNA*

Lamin A/C

MATR3*

Matrin 3

Congenital muscular dystrophy‐dystroglycanopathy
with mental retardation 5 (MDDGB6; congenital
muscular dystrophy 1B) (Longman et al. 2003);
Congenital muscular dystrophy‐dystroglycanopathy
with brain and eye anomalies 6 (MDDGA6)(Clement
et al. Brain involvement in muscular dystrophies
with defective dystroglycan glycosylation 2008)
ZASP‐related myofibrillar myopathy(Selcen and
Engel 2005); Dilated cardiomyopathy 1C(Vatta et al.
2003); Left ventricular noncompaction 3(Xing et al.
2006)
LGMD1B(Muchir et al. 2000)Emery‐Dreifuss
muscular dystrophy 2(Bonne et al. 1999); Congenital
muscular dystrophy(Quijano‐Roy et al. 2008);
Dilated cardiomyopathy 1A(Fatkin et al. 1999);
Charcot‐Marie‐Tooth Disease Type 2B1(De Sandre‐
Giovannoli et al. 2002)
Distal myopathy type 2 (with vocal cord and
pharyngeal weakness)(Senderek et al. 2009)

MTM1*

Myotubularin

X‐linked myotubular myopathy(Laporte et al. 1996)

MYBPC3*

Myosin‐binding protein C, cardiac

Cardiomyopathy with skeletal myopathy(Tajsharghi
et al. 2010) Familial hypertrophic cardiomyopathy
4(Watkins et al. 1995)

MYF6*

Myogenic factor 6

Centronuclear myopathy(Kerst et al. 2000)

MYH2*

Myosin heavy chain 2, skeletal
muscle, adult

Inclusion body myopathy 3(Martinsson et al. 2000)

MYH6

Myosin heavy chain 6, cardiac
muscle A

MYH7*

Myosin heavy chain 7, cardiac
muscle, beta

Dilated cardiomyopathy 1EE(Carniel et al. 2005);
Hypertrophic cardiomyopathy 14(Niimura et al.
2002); Atrial septal defect 3(Ching et al. 2005)
Laing distal myopathy(Meredith et al. 2004); Myosin
storage myopathy(Tajsharghi et al. 2003);
Scapuloperoneal syndrome(Pegoraro et al. 2007);
Left ventricular noncompaction(Klaassen et al.
2008); Dilated cardiomyopathy(Kamisago et al.
2000); Familial hypertrophic
cardiomyopathy(Geisterfer‐Lowrance et al. 1990)

MYL2

Myosin light chain 2, regulatory,
cardiac, slow

Familial hypertrophic cardiomyopathy 10(Poetter et
al. 1996)

MYL3

Myosin light chain 3, alkali,
ventricular, skeletal, slow

Familial hypertrophic cardiomyopathy 8(Poetter et
al. 1996)

MYOT*

Titin immunoglobulin domain
protein

LGMD1A(Hauser et al. 2000); Myotilin‐related
myofibrillar myopathy(Selcen and Engel
2004);Spheroid body myopathy(Foroud et al. 2005)
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MYPN

Myopalladin

Dilated cardiomyopathy(Duboscq‐Bidot et al. 2008)

NEB*

Nebulin

NEXN

Nexilin, rat, homolog of

Nemaline Myopathy(Pelin et al. 1999)
Dilated cardiomyopathy 1CC(Hassel et al. 2009);
Familial hypertrophic cardiomyopathy 20(Wang et
al. 2010)

PABPN1*

Polyadenylate‐binding protein,
nuclear, 1

PKP2

Plakophilin 2

Oculopharyngeal muscular dystrophy(Brais et al.
1998)
Arrhythmogenic right ventricular dysplasia(Gerull et
al. 2004)

PLEC*

Plectin 1

PLN

Phosholamban

POMGNT1*

Protein O‐mannose beta‐1,2‐N‐
Acetylglucosaminyltransferase

Congenital Muscular Dystrophy with Familial
Junctional Epidermolysis Bullosa(Smith et al. 1996);
Autosomal recessive LGMD(Gundesli et al. 2010);
Congenital myasthenic syndrome associated with
epidermolysis bullosa(Maselli et al. 2011)
Dilated cardiomyopathy 1P(Schmitt et al. 2003);
Familial hypertrophic cardiomyopathy
18(Minamisawa et al. 2003)
Congenital muscular dystrophy‐dystroglycanopathy
with brain and eye anomalies 3 (MDDGA3; Muscle‐
eye‐brain disease)(Vervoort et al. 2004);
LGMD2M(Clement et al. Mild pomgnt1 mutations
underlie a novel limb‐girdle muscular dystrophy
variant 2008); Congenital muscular dystrophy‐
dystroglycanopathy with mental retardation 3
(MDDGB3)(Mercuri et al. 2009)

Protein O‐mannosyltransferase 1

Congenital muscular dystrophy‐dystroglycanopathy
with brain and eye anomalies 1 (MDDGA1; Walker‐
Warburg syndrome; Muscle‐eye‐brain
disease)(Beltran‐Valero de Bernabe et al. 2002);
Congenital muscular dystrophy‐dystroglycanopathy
with mental retardation 1 (MDDGB1)(van Reeuwijk
et al. 2006); LGMD2K(Balci et al. 2005)

Protein O‐mannosyltransferase 2

Walker‐Warburg syndrome (MDDGA1)(van Reeuwijk
et al. 2005); Congenital muscular dystrophy‐
dystroglycanopathy with brain and eye anomalies 2
(MDDGA2; Walker‐Walkersyndrome; Muscle‐eye‐
brain disease)(Godfrey et al. 2007); Congenital
muscular dystrophy‐dystroglycanopathy with
mental retardation 2 (MDDGB2)(Godfrey et al.
2007); LGMD2N(Godfrey et al. 2007)

POMT1*

POMT2*
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PRKAG2

Protein kinase, amp‐activated,
non‐catalyic, gamma 2

Familial hypertrophic cardiomyopathy 6(Blair et al.
2001); Glycogen storage disease of the heart, lethal
congenital(Burwinkel et al. 2005); Wolff‐Parkinson‐
White syndrome(Gollob et al. 2001)

PSEN1

Presenilin 1

Dilated cardiomyopathy(Li et al. 2006)

PSEN2

Presenilin 2

Dilated cardiomyopathy 1V(Li et al. 2006)

PTRF*

RNA polymerase I and transcript
release factor

Congenital generalized lipodystrophy type 4 and
muscular dystrophy(Hayashi et al. 2009)
Central core disease(Quane et al. 1993; Zhang et al.
1993); Minicore myopathy with external
ophthalmoplegia(Jungbluth et al. 2005; Monnier et
al. 2003); Congenital neuromuscular disease with
uniform type 1 fibers(Sato et al. 2008)
Arrhythmogenic right ventricular dysplasia 2(Tiso et
al. 2001)
Familial atrial fibrillation 10(Laitinen‐Forsblom et al.
2006); Dilated cardiomyopathy 1E(Groenewegen
and Wilde 2005; McNair et al. 2004); Familial
ventricular fibrillation 1(Chen et al. 1998)

RYR1*

Ryanodine receptor 1

RYR2

Ryanodine receptor 2

SCN5A

Sodium channel, voltage‐gated
type V, alpha subunit

SECISBP2*

Selenocysteine insertion
sequence‐binding protein 2

SEPN1*

Selenoprotein N 1

Congenital muscular dystrophy with rigid
spine(Schoenmakers et al. 2010)
Rigid spine muscular dystrophy(Moghadaszadeh et
al. 2001); Congenital fiber‐type disproportion(Clarke
et al. 2006); Multiminicore myopathy(Ferreiro et al.
2002)

SGCA*

Sarcoglycan, alpha

LGMD2D(Romero et al. 1994)

SGCB*

Sarcoglycan, beta

SGCD*

Sarcoglycan, delta

LGMD2E(Lim et al. 1995)
LGMD2F(Nigro et al. 1996); Dilated cardiomyopathy
1L(Tsubata et al. 2000)

SGCG*

Sarcoglycan, gamma

LGMD2C(Noguchi et al. 1995)

SIL1*

SIL1, S. Cerevisiae, homolog of

Marinesco‐Sjogren syndrome(Anttonen et al. 2005)

SLC22A5

Solute carrier family 22 (organic
cation transporter), member 5

Primary systemic carnitine deficiency(Nezu et al.
1999)

SMN1

Survival of motor neuron 1

SPP1

Secreted phosphoprotein 1

Spinal muscular atrophy(Lefebvre et al. 1995)
Modifier of Duchenne muscular dystrophy disease
severity(Bello et al. 2012)

Synaptic nuclear envelope
protein 1

Emery‐Dreifuss muscular dystrophy 4(Zhang et al.
2007); Autosomal recessive cerebellar ataxia type
1(Gros‐Louis et al. 2007)

SYNE1*
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SYNE2*

Synaptic nuclear envelope
protein 2

Emery‐Dreifuss muscular dystrophy 5(Zhang et al.
2001)
Barth Syndrome(Bione et al. 1996); Dilated
cardiomyopathy 3A(D'Adamo et al. 1997); Left
ventricular noncompaction(Bleyl et al. 1997)
LGMD2G(Moreira et al. 2000); Dilated
cardiomyopathy 1N(Knoll et al. 2002)
Arrhythmogenic right ventricular dysplasia
1(Beffagna et al. 2005)
Arrhythmogenic right ventricular dysplasia 5(Merner
et al. 2008)

TAZ*

Tafazzin

TCAP*
TGFB3

Titin‐cap
Transforming growth factor,
beta‐3

TMEM43

Transmembrane protein 43

TMPO

Thymopoietin

TNNC1

Troponin C, slow

TNNI3

Troponin I, cardiac

TNNT1*

Troponin T1, skeletal, slow

TNNT2

Troponin T2, cardiac

TPM1

Tropomyosin 1

TPM2*

Tropomyosin 2

Nemaline myopathy(Johnston et al. 2000)
Dilated cardiomyopathy 1D(Kamisago et al. 2000);
Familial hypertrophic cardiomyopathy 2(Thierfelder
et al. 1994); Familial restrictive cardiomyopathy
3(Peddy et al. 2006); Left ventricular noncompaction
6(Klaassen et al. 2008)
Dilated cardiomyopathy 1Y(Olson et al. 2001);
Familial hypertrophic cardiomyopathy 3(Thierfelder
et al. 1994)
Nemaline myopathy(Donner et al. 2002); Cap
myopathy(Lehtokari et al. 2007)

TPM3

Tropomyosin 3

Cap myopathy(Ohlsson et al. 2009); Congenital
myopathy with fiber‐type disproportion(Clarke et al.
2008); Nemaline myopathy(Laing et al. 1995)

TRIM32*

Tripartite motif‐containing
protein 32

TTN*

Titin

Dilated cardiomyopathy 1T(Taylor et al. 2005)
Dilated cardiomyopathy 1Z(Mogensen et al. 2004);
Hypertrophic cardiomyopathy 13(Hoffmann et al.
2001; Landstrom et al. 2008; Schmidtmann et al.
2005)
Dilated cardiomyopathy 1FF(Carballo et al. 2009);
Dilated cardiomyopathy 2A(Murphy et al. 2004);
Familial hypertrophic cardiomyopathy 7(Kimura et
al. 1997); Familial restrictive
cardiomyopathy(Mogensen et al. 2003)

LGMD2H(Frosk et al. 2002)
Tibial muscular dystrophy(Hackman et al. 2002);
LGMD2J(Hackman et al. 2002); Edstrom myopathy
(with early respiratory failure)(Lange et al. 2005);
Dilated cardiomyopathy 1G(Gerull et al. 2002);
Early‐onset myopathy with fatal
cardiomyopathy(Carmignac et al. 2007);
Hypertrophic cardiomyopathy 9(Satoh et al. 1999)
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VCL

Vinculin

Dilated cardiomyopathy 1W(Olson et al. 2002);
Familial hypertrophic cardiomyopathy 15(Vasile et
al. 2006)

VCP*

Valosin‐containing protein

Inclusion body myopathy with Paget disease of bone
and frontotemporal dementia(Watts et al. 2004)

XK*

Kell blood group protein, McLeod
syndrome‐associated

McLeod myopathy(Ho et al. 1994)
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Appendix B
Coverage of genes known to be involved in muscle disease used for exome
variant filtering and coverage analysis.
* Exome sequencing coverage previously examined by Dias et al.
#CCDS+splice bases in gene= total number of consensus coding bases in the gene
(defined by the NCBI consensus coding sequence from 9/7/2011) plus splicing regions
(defined by 10 bases preceding and following each exon) of the gene. % CCDS+splice
bases failed= percent of total CCDS+splice bases in gene that had <10 reads with
QUAL scores >50. All cases= all exomes sequenced in LGMD2692 and LGMD2359.
% CCDS+splice bases failed

Gene
Symbol

#CCDS+splice
bases in
gene

All
cases

LGMD2359
II:2

LGMD2359
II:7

LGMD2359
III:4

LGMD2692
II:3

LGMD2692
II:8

ABCC9

5568

0.72

1.02

0.74

0.72

0.77

0.95

ACTA1*

1254

1.91

11.16

9.33

2.63

3.75

11.24

ACTC1

1254

0.48

4.86

0.80

0.56

3.11

4.23

ACTN2

3105

4.25

5.38

5.89

5.48

8.05

14.04

ANKRD1

1140

2.11

2.72

2.81

3.60

3.77

2.11

ANO5*

3182

2.55

2.55

2.58

2.55

2.55

2.58

BAG3*

1808

6.64

11.28

11.34

11.39

6.69

11.34

BIN1*

2227

30.18

52.76

42.30

46.88

48.54

64.08

CAPN3*

2946

4.38

6.14

4.62

4.62

8.52

15.85

CAV3*

496

0.40

3.02

0.40

2.02

0.81

13.10

CFL2*

604

4.47

4.64

4.64

4.47

4.47

4.47

CNTN1*

3517

0.65

0.65

0.65

0.65

0.65

0.68

COL6A1*

3787

29.21

42.83

40.22

44.97

37.39

53.45

COL6A2*

3962

21.53

36.90

35.41

36.19

33.52

46.67

COL6A3*

10441

0.92

2.83

2.14

1.81

3.35

2.83

CRYAB*

588

37.93

37.93

37.93

37.93

37.93

37.93

CSRP3

685

0.73

0.73

0.73

0.73

0.73

0.88

DES*

1593

34.65

35.72

38.04

39.80

38.42

40.36

DMD*

12803

1.12

6.58

4.70

7.69

12.38

2.35

DNAJB6

1196

19.65

19.65

19.73

19.65

22.74

19.82

DNM2*

3192

13.19

17.67

13.66

15.44

13.82

20.93

DPM3*

389

0.26

0.26

1.03

0.51

5.40

33.68

DSC2

3082

3.41

3.41

3.41

3.41

3.57

3.54

DSG2

3657

2.16

2.19

2.16

2.16

2.19

2.16
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DSP

9096

2.34

2.34

2.34

2.37

2.34

2.58

DYSF*

7650

9.88

16.38

14.39

15.46

18.81

24.71

EMD*

885

12.09

14.58

22.60

12.20

12.32

12.20

EYA4

2421

0.83

0.91

0.83

0.87

0.83

0.95

FHL1*

1312

3.58

3.58

5.26

6.71

9.98

4.95

FKRP*

1508

88.59

97.35

100.00

95.16

93.04

100.00

FKTN*

1609

3.23

3.23

3.23

3.23

3.23

3.23

FLNA

8884

6.13

18.64

12.66

16.15

12.15

8.32

FLNC*

9138

3.04

13.10

7.65

12.43

8.26

29.58

FRG1

957

0.94

1.36

1.36

1.25

4.18

10.14

GAA

3239

15.41

32.94

23.87

28.93

19.76

41.40

GNE*

2600

0.46

2.15

0.50

0.46

3.62

3.81

ISCU*

663

20.97

23.68

21.57

22.78

25.04

21.12

ITGA7*

4249

8.10

18.26

11.13

14.29

19.28

20.36

JUP

2498

25.30

40.07

28.38

36.51

42.31

47.92

KBTBD13*

1397

69.15

87.54

84.54

80.67

72.01

94.13

KLHL9

1874

0.05

0.05

0.05

0.05

0.05

0.05

LAMA2*

10669

1.84

1.92

1.86

1.96

1.95

2.01

LAMP2*

1736

0.63

4.03

6.34

4.38

6.28

0.69

LARGE*

2551

0.55

1.10

1.10

1.96

3.80

7.96

LDB3*

2828

0.92

7.36

8.13

2.83

2.93

12.69

LMNA*

2256

21.59

29.30

25.93

32.80

36.57

66.80

MATR3*

2892

2.84

2.87

2.84

2.84

2.84

2.87

MTM1*

2092

1.58

7.07

5.07

6.98

7.03

3.49

MYBPC3*

4505

19.22

32.65

27.48

30.17

29.77

43.64

MYF6*

789

0.38

0.38

0.38

0.38

0.38

0.76

MYH2*

6586

0.58

0.61

0.59

0.58

0.58

0.61

MYH6

6560

1.16

2.55

2.07

1.39

2.10

2.48

MYH7*

6568

0.58

1.31

0.61

0.91

0.94

2.51

MYL2

641

1.09

1.09

1.09

1.09

1.09

3.28

MYL3

708

0.85

0.85

0.85

0.85

0.85

0.85

MYOT*

1677

0.54

0.54

0.54

0.54

0.54

0.54

MYPN

4343

0.44

0.44

0.44

0.44

0.46

0.51

NEB*

29303

13.68

14.51

13.86

15.50

15.35

14.93

NEXN

2268

0.53

0.53

0.53

0.53

0.53

1.41

PABPN1*

1061

32.70

35.63

35.63

44.39

45.33

48.35

PKP2

2926

7.62

9.02

9.54

8.78

7.83

9.26

PLEC*

15508

38.26

51.62

47.47

55.42

42.84

52.12
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PLN

179

0.56

0.56

0.56

0.56

0.56

0.56

POMGNT1*

2403

0.87

3.95

1.00

0.92

2.08

1.58

POMT1*

2624

6.67

15.74

10.21

11.74

16.12

23.93

POMT2*

2673

26.64

29.55

28.77

26.79

33.56

34.04

PRKAG2

2030

8.52

9.70

10.39

11.48

10.25

19.36

PSEN1

1604

0.62

2.62

0.75

2.62

2.43

1.68

PSEN2

1547

1.75

12.73

11.05

3.17

9.57

24.95

PTRF*

1213

3.38

14.67

20.94

21.35

8.16

21.19

RYR1*

17237

13.49

19.88

19.27

19.79

19.79

28.42

RYR2

17004

1.56

1.62

1.56

1.68

1.62

2.00

SCN5A

6703

0.63

2.64

2.76

2.22

6.37

8.04

SECISBP2*

2905

2.48

2.62

2.75

2.82

2.89

2.55

SEPN1*

2033

27.55

28.63

28.14

28.82

27.94

31.23

SGCA*

1344

26.64

34.38

31.10

35.04

30.80

30.13

SGCB*

1077

5.39

5.39

5.39

5.39

5.39

5.39

SGCD*

1105

0.72

2.17

0.81

2.08

9.05

5.70

SGCG*

1016

0.69

2.26

0.79

2.07

0.79

14.27

SIL1*

1566

15.58

25.93

22.22

22.73

25.48

34.42

SLC22A5

1874

14.62

18.78

22.09

22.52

19.53

22.89

SMN1

1045

93.30

93.30

93.30

93.30

93.30

93.30

SPP1

1065

0.56

0.56

0.56

0.56

0.56

0.56

SYNE1*

29408

0.50

0.53

0.53

0.65

0.67

0.62

SYNE2*

23069

0.50

0.67

0.52

0.52

0.80

2.04

TAZ*

1099

22.29

40.58

33.76

30.66

40.22

22.75

TCAP*

544

4.96

6.80

7.35

11.95

6.43

11.76

TGFB3

1379

0.51

0.51

0.58

0.51

0.51

1.60

TMEM43

1443

2.98

6.38

3.05

8.25

13.44

11.23

TMPO

3085

5.67

8.01

6.58

10.02

8.17

9.98

TNNC1

606

8.09

16.50

8.09

8.58

12.05

21.95

TNNI3

793

15.01

37.45

24.34

34.68

21.94

50.06

TNNT1*

1097

23.34

34.46

30.63

26.53

38.38

53.60

TNNT2

1167

8.40

10.54

18.94

15.34

26.14

29.82

TPM1

1650

18.85

22.18

26.91

33.88

26.00

25.21

TPM2*

1234

10.62

17.42

12.48

11.10

17.42

16.94

TPM3

1509

0.93

1.13

0.99

0.93

3.51

0.99

TRIM32*

1982

0.05

0.05

0.05

0.15

0.05

0.05

TTN*

110284

0.42

0.50

0.59

0.58

0.57

0.69

VCL

3845

4.16

6.42

6.22

8.79

5.49

8.82
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VCP*

2761

1.92

2.03

1.92

1.96

1.92

1.96

XK*

1395

20.00

39.43

24.09

30.75

30.39

21.15
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