NOVEL GENETIC DEFECTS IN TITINOPATHIES
AND OTHER MUSCULAR DYSTROPHIES

Anni Evilä

Folkhälsan Institute of Genetics and
Department of Medical and Clinical Genetics,
Doctoral Programme in Biomedicine,
University of Helsinki,
Helsinki, Finland

ACADEMIC DISSERTATION
To be presented for public examination, with the permission of the
Faculty of Medicine of the University of Helsinki, in Lecture Hall 3,
Biomedicum Helsinki, on 26 October 2016, at 10.
Helsinki 2016

Supervised by

Professor Bjarne Udd, MD, PhD
Folkhälsan Institute of Genetics and Department of
Medical Genetics, Haartman Institute, University of
Helsinki, Helsinki, Finland
Neuromuscular Research Center, University of
Tampere and Tampere University Hospital,
Tampere, Finland
Neurology Department, Vaasa Central Hospital,
Vaasa, Finland
Docent Peter Hackman, PhD
Folkhälsan Institute of Genetics and Department of
Medical Genetics, Haartman Institute, University of
Helsinki, Helsinki, Finland

Reviewed by

Professor Wolfgang Linke, PhD
Department of Cardiovascular Physiology, Institute
of Physiology, Ruhr University Bochum, Bochum,
Germany
Professor John Vissing, MD, PhD
Copenhagen Neuromuscular Center, Department of
Neurology, Rigshospitalet, University of
Copenhagen, Copenhagen, Denmark

Thesis committee

Docent Mari Auranen, MD, PhD
Department of Neurology, Unit for Neuromuscular
Diseases, Helsinki University Central Hospital,
Helsinki, Finland
Docent Petri Auvinen, PhD
Institute of Biotechnology, University of Helsinki,
Helsinki, Finland

Opponent

Docent Janna Saarela, MD, PhD
Institute for Molecular Medicine Finland, University
of Helsinki, Helsinki, Finland

Custos

Professor Päivi Peltomäki, MD, PhD
Department of Medical and Clinical Genetics,
University of Helsinki, Helsinki, Finland

ISBN 978-951-51-2461-6 (paperback)
ISBN 978-951-51-2462-3 (PDF)
http://ethesis.helsinki.fi
Unigrafia Oy
Helsinki 2016

CONTENTS
List of original publications ......................................................... 7
Abbreviations .............................................................................. 8
Abstract ......................................................................................10
1 Introduction ............................................................................ 12
2 Review of the literature ........................................................... 14
2.1 Human genome sequence and variation ............................................... 14
2.1.1 Types of variation ............................................................................. 14
2.1.1.1 Single nucleotide variants .......................................................... 14
2.1.1.2 Deletions and insertions ............................................................ 15
2.1.1.3 Short tandem repeats ................................................................. 15
2.1.1.4 Structural variants ..................................................................... 15
2.1.2 Modes of inheritance ........................................................................ 16
2.1.3 Variant detection .............................................................................. 17
2.1.3.1 Linkage analysis ......................................................................... 18
2.1.3.2 Sanger sequencing ..................................................................... 19
2.1.3.3 Next-generation sequencing ...................................................... 19
2.1.3.4 Mutation identification .............................................................. 24
2.2 Skeletal muscle ...................................................................................... 24
2.2.1 Skeletal muscle structure ................................................................. 25
2.2.2 Muscle contraction ........................................................................... 27
2.2.3 Muscle proteins ................................................................................28
2.2.3.1 Sarcomeric proteins ...................................................................28
2.2.3.1.1 Titin......................................................................................28
2.2.3.1.2 Z-disc proteins .....................................................................30
2.2.3.1.3 I-band proteins .................................................................... 31
2.2.3.1.4 A-band proteins ................................................................... 32
2.2.3.1.5 M-line proteins .................................................................... 32
2.2.3.2 Sarcolemmal proteins ................................................................ 33
2.2.3.3 Nuclear proteins ......................................................................... 34
2.3 Myopathies ............................................................................................. 35
2.3.1 Muscular dystrophies ....................................................................... 36
2.3.1.1 Congenital muscular dystrophies .............................................. 36
2.3.1.2 Duchenne and Becker muscular dystrophies ............................ 37
2.3.1.3 Emery-Dreifuss muscular dystrophies ......................................38
2.3.1.4 Limb-girdle muscular dystrophies ............................................ 39
2.3.1.5 Distal muscular dystrophies ..................................................... 40
2.3.1.6 Facioscapulohumeral muscular dystrophies ............................. 41
2.3.1.7 Oculopharyngeal muscular dystrophies .................................... 41

2.3.1.8 Myotonic muscular dystrophies ................................................ 42
2.3.2 Titinopathies .................................................................................... 42
2.3.2.1 Hereditary myopathy with early respiratory failure ................. 42
2.3.2.2 Tibial muscular dystrophy and limb-girdle muscular
dystrophy type 2J ...................................................................... 43
2.3.2.3 Other titinopathies ..................................................................... 46
2.3.2.4 Titin cardiomyopathies .............................................................. 47
2.3.3 Diagnostics of myopathies ............................................................... 48
2.3.3.1 Gene panels for myopathies ...................................................... 48
2.3.4 Treatment of myopathies ................................................................. 49
3 Aims of the study ..................................................................... 52
4 Materials and methods ............................................................ 53
4.1 Patients and samples ............................................................................. 53
4.1.1 Patients in the HMERF study (I) ..................................................... 53
4.1.2 Patients in the TMD complex study (II) .......................................... 53
4.1.3 Patients in the MyoCap study (III) .................................................. 53
4.1.4 Patients in the recessive distal titinopathy study (IV) .................... 53
4.2 Methods ................................................................................................. 54
4.2.1 Sanger sequencing (I-IV) ................................................................. 54
4.2.2 Extraction of RNA from muscle tissue and RT-PCR (II-IV) ........... 54
4.2.3 Genotyping (I, IV) ............................................................................ 54
4.2.4 Whole exome sequencing (I) ........................................................... 55
4.2.5 Targeted next-generation sequencing (III, IV) ............................... 55
4.2.6 Bioinformatics methods (I, III, IV) ................................................. 55
5 Results and discussion ............................................................ 57
5.1 Novel mutations in TTN ........................................................................ 57
5.1.1 Mutations identified in the HMERF patients (I) ............................ 57
5.1.2 Additional TTN mutations identified in the complex TMD
patients (II) ...................................................................................... 60
5.1.3 TTN mutations identified in the MyoCap gene panel screen (III) .. 65
5.1.4 Mutations identified in the recessive distal titinopathy patients (IV) 68
5.2 MyoCap gene panel (III).........................................................................71
5.2.1 Coverage in the target region ............................................................71
5.2.2 Specificity of the assay ..................................................................... 72
5.2.3 MyoCap compared to other targeted gene panels and WES ........... 73
5.2.4 Identified mutations in other genes than TTN ................................ 76
6 Conclusions and future prospects............................................ 79
Acknowledgements .................................................................... 82
References ................................................................................. 83

LIST OF ORIGINAL PUBLICATIONS
This thesis is based on the following four publications, which are referred to
in the text by their Roman numerals.
I

Palmio J*, Evilä A*, Chapon F, Tasca G, Xiang F, Brådvik B, Eymard
B, Echaniz-Laguna A, Laporte J, Kärppä M, Mahjneh I, Quinlivan R,
Laforet P, Damian M, Berardo A, Taratuto AL, Bueri JA, Tommiska J,
Raivio T, Tuerk M, Gölitz P, Chevessier F, Sewry C, Norwood F,
Hedberg C, Schröder R, Edström L, Oldfors A, Hackman P, Udd B.
Hereditary myopathy with early respiratory failure: occurrence in
various populations. Journal of neurology, neurosurgery, and
psychiatry, 85(3):345-353, 2014

II

Evilä A, Vihola A, Sarparanta J, Raheem O, Palmio J, Sandell S,
Eymard B, Illa I, Rojas-Garcia R, Hankiewicz K, Negrão L, Löppönen
T, Nokelainen P, Kärppä M, Penttilä S, Screen M, Suominen T,
Richard I, Hackman P, Udd B. Atypical phenotypes in titinopathies
explained by second titin mutations. Annals of Neurology, 75(2):230240, 2014

III

Evilä A, Arumilli M, Udd B, Hackman P. Targeted next-generation
sequencing assay for detection of mutations in primary myopathies.
Neuromuscular Disorders, 26(1):7-15, 2016

IV

Evilä A, Palmio J, Vihola A, Savarese M, Tasca G, Penttilä S, Lehtinen
S, Jonson P H, De Bleecker J, Auer-Grumbach M, Pouget J, SalortCampana E, Vilchez J, Muelas N, Olive M, Hackman P, Udd B.
Targeted next-generation sequencing reveals novel TTN mutations
causing recessive distal titinopathy. Submitted to Molecular
Neurobiology

*The authors contributed equally to the work.

ABBREVIATIONS
ARVC

arrhythmogenic right ventricular cardiomyopathy

ATP

adenosine triphosphate

BMD

Becker muscular dystrophy

BWA

Burrows-Wheeler Aligner

CK

creatine kinase

CMD

congenital muscular dystrophy

CNTM

centronuclear titin myopathy

CNV

copy number variation

DCM

dilated cardiomyopathy

ddNTP

dideoxynucleoside triphosphate

DGC

dystrophin-glycoprotein complex

dNTP

deoxynucleoside triphosphate

DM1

myotonic dystrophy type 1

DM2

myotonic dystrophy type 2

DMD

Duchenne muscular dystrophy

DUX4

double homeobox 4

EDMD

Emery-Dreifuss muscular dystrophy

EMG

electromyography

EOMFC

early-onset myopathy with fatal cardiomyopathy

ESP

Exome Sequencing Project

ExAC

Exome Aggregation Consortium

FHL1

four and a half LIM domains 1

FHL2

four and a half LIM domains 2

FN3

fibronectin type 3

FSHD

facioscapulohumeral muscular dystrophy

GATK

Genome Analysis Toolkit

HCM

hypertrophic cardiomyopathy

HGMD

Human Gene Mutation Database

HMERF

hereditary myopathy with early respiratory failure

Ig

immunoglobulin

IGV

Integrative Genomics Viewer

LGMD

limbǦgirdle muscular dystrophy

LINE

long interspersed nuclear element

MmD-HD multi-minicore disease with heart disease
MRI

magnetic resonance imaging

nbr1

neighbor of BRCA1 gene 1

NGS

next-generation sequencing

NMD

nonsense-mediated decay

OPMD

oculopharyngeal muscular dystrophy

PCR

polymerase chain reaction

RCM

restrictive cardiomyopathy

RT-PCR

reverse transcription polymerase chain reaction

SINE

short interspersed nuclear element

SNP

single nucleotide polymorphism

SNV

single nucleotide variant

SQSTM1

sequestosome 1

SRF

serum response factor

SV

structural variation

TIA1

cytotoxic granule-associated RNA binding protein 1

TMD

tibial muscular dystrophy

WES

whole exome sequencing

WGS

whole genome sequencing

ABSTRACT
Muscular dystrophies are a clinically and genetically heterogeneous group of
inherited disorders that cause progressive weakness and atrophy of muscles.
They are divided into several subgroups based on the clinical and genetic
findings. Mutations in dozens of different genes are known to cause the
disorders, but the proportion of still unsolved cases in all subgroups remains
substantial. The aims of this doctoral study were to identify unknown genetic
defects in muscular dystrophy patients using Sanger sequencing and nextgeneration sequencing methods, and to develop a targeted gene panel for
routine diagnostic use. In the course of this study more than 30 muscular
dystrophy families or sporadic patients obtained a molecular diagnosis. A
majority of the identified mutations were located in TTN gene, encoding titin
protein, which is a giant muscle protein having a central role in aspects of
development, structure and function of the striated muscle. Muscle diseases
caused by mutations in TTN are called titinopathies.
Hereditary myopathy with early respiratory failure (HMERF) is an
inherited muscle disease causing slowly progressive distal and proximal limb
weakness with early respiratory failure and typically begins in the third to
fifth decades of life. In this study 12 unrelated HMERF families from seven
different countries were studied in order to reach a molecular diagnosis.
Whole exome sequencing (WES) was performed on one French family and a
novel missense mutation in TTN exon 343 was identified. The rest of the
families were screened by Sanger sequencing and four other missense
mutations in the same exon were identified. One of the mutations was
previously reported, but the rest were novel. All but one of the mutations
were dominant. One seemed to be recessive, since it did not always cause a
disease in a heterozygous state. These findings considerable expanded the
mutational spectrum of HMERF and highlighted the geographically wide
occurrence of the disease as well as the role of TTN exon 343 as a mutational
hotspot region.
Tibial muscular dystrophy (TMD) is a relatively mild late adult-onset
autosomal dominant distal myopathy characterized by weakness and atrophy
especially in the tibialis anterior muscles of the lower leg. It is caused by
mutations in the last exon, 363 (Mex6), of TTN. In a homozygous state the
Finnish founder TMD mutation, FINmaj, causes a completely different
disease, a severe childhood onset limb-girdle muscular dystrophy type 2J
(LGMD2J). In this study patients having heterozygous TMD mutations, but
more severe or atypical phenotypes were studied. Protein and RNA studies
suggested possible additional mutations in TTN, which could account for the
different clinical phenotype. Sanger sequencing revealed five patients having
a frameshift mutation and one patient having a missense mutation in
compound heterozygosity with the TMD mutation. In addition, one patient
was homozygous for the previously reported Iberian TMD mutation. The
patients having the FINmaj TMD mutation in combination with the

frameshift mutation had an LGMD phenotype like the homozygous FINmaj
patients. And the patients having the French Mex5 or Iberian TMD
mutations in combination with the novel frameshift mutation had a more
severe distal myopathy phenotype as well as the patient homozygous for the
Iberian TMD mutation. The patient having the missense mutation in
compound heterozygosity with the FINmaj TMD mutation had a completely
new titinopathy phenotype differing from both TMD and LGMD. These
results further expand the complexity of muscular dystrophies caused by
TTN mutations and suggest that the coexistence of second mutations may
constitute a more common general mechanism explaining phenotype
variability.
A targeted next-generation sequencing (NGS) gene panel, MyoCap, was
developed in this study to provide a fast and cost-effective method to
sequence 180 myopathy related genes simultaneously. The selected genes
comprised 138 previously reported myopathy-causing genes and 42 novel
genes, which could potentially cause muscle diseases. When compared to
WES MyoCap provided a better read coverage with lower price and faster
analytics for the targeted genes. The results were also reliable with high
sensitivity and specificity. In this study altogether 65 myopathy patients were
sequenced using the assay. Four of the patients served as mutation controls
with previously identified mutations and 61 were research patients having
undetermined mutations despite previous attempts trying to solve them. The
causative mutation was totally or partly solved in 19/61 (31 %) patients. A
majority of the solved patients had mutations in the TTN gene. Due to the
huge size of TTN, the gene was not routinely sequenced before the NGS era,
and novel findings in it were expected.
The MyoCap gene panel was used to detect mutations also in six families
with recessive distal myopathy. Altogether three novel TTN mutations in
exons 362 (Mex5), 363 (Mex6) and 340 were identified in either homozygous
state or in compound heterozygosity with an I-band or A-band nonsense or
frameshift mutation. The novel mutations in Mex5 and Mex6 in compound
heterozygosity with frameshift mutations caused similar more severe TMD
phenotypes as the previously reported French Mex5 and Iberian TMD
mutations when compound heterozygous with TTN frameshift mutations. In
addition, one patient with a new distal myopathy phenotype had a novel
missense mutation in TTN A-band exon 340 in compound heterozygosity
with an A-band nonsense mutation. The results expanded the list of distal
myopathies with a new category: juvenile or early adult onset recessive distal
titinopathy.
The MyoCap gene panel has proved its usefulness in detection of
mutations and it has been implemented in the molecular diagnostics of
myopathies. It is now the first method of choice for molecular genetic
diagnostic of myopathy patients in Finland if no clear candidate gene can be
determined by conventional clinical examinations.

1 INTRODUCTION
Muscular dystrophies are inherited muscle disorders with a wide spectrum of
phenotypes and genetic causes. The main characteristics are progressive
weakness and wasting of muscles. The severity, age of onset, mode of
inheritance and affected muscle groups vary greatly in different subtypes
(Mercuri and Muntoni, 2013). Mutations in dozens of genes are known to
cause these disorders, but since the genetic defect in many patients is still
unsolved, the number of known causative genes will likely expand in the
future. Many of the causative mutations are de novo and possibly present in
only one affected patient. Resolving the genetic cause in such sporadic cases
is difficult. In addition, small families with only few affected members are
challenging with traditional gene mapping and Sanger sequencing
approaches. Clinical, histopathological and Western blotting studies can give
clues of the possible genetic cause, but if no clear candidate gene can be
determined the exact molecular defect may remain unsolved. Identifying the
causative mutations is important, since it enables optimal management of
the disease. Identifying the causative genetic defect is the first step in
understanding the pathomechanism of the disease and the first step towards
therapeutic possibilities. Early therapy trials in muscular dystrophies are
underway and without exact molecular diagnosis such trials are beyond reach
for the patients (Jirka and Aartsma-Rus, 2015; Negroni et al., 2015).
Titinopathies are muscle diseases that are caused by mutations in TTN.
Mutations in the gene can cause muscular dystrophies, but also cardiomyopathies or combinations of cardiac and skeletal muscle disorders.
Titinopathies are an increasingly diverse group of muscle disorders ranging
from mild distal muscular dystrophy to very severe congenital disorders
leading to premature death (Chauveau et al., 2014b). TTN comprises 363
exons and it encodes titin protein, which is the largest protein in human and
nature (Bang et al., 2001). Titin is the major structural protein in the muscle
sarcomere, providing the backbone scaffold and elasticity to the contractile
filaments in the myofibrils, and it has key roles in muscle development and
regulatory signaling functions (Fürst et al., 1989; KontrogianniKonstantopoulos et al., 2009; Labeit and Kolmerer, 1995; Lange et al., 2005).
Detecting mutations in TTN has been a challenge due its huge size and very
laborious and expensive with conventional Sanger sequencing.
During the recent years next-generation sequencing (NGS) has emerged as a
revolutionary tool to discover genetic defects fast and cost-effectively
(Koboldt et al., 2013). It has enabled the sequencing of the whole genome,
exome or targeted genes in only one experiment. In disorders like muscular
dystrophies it provides an efficient tool to overcome the challenges of clinical
and genetic heterogeneity and the challenge of the extremely large muscle
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genes. NGS methods enable identifying of mutations also in individual
sporadic patients, which have been difficult or even impossible to solve
previously (Shimojima et al., 2016). Gene panels for different disease groups
have also been launched and are increasingly used in the clinical diagnostics
as they provide a fast and reliable method to perform genetic testing (Lemke
et al., 2012; Aparisi et al., 2014; Nikiforova et al., 2013).
This doctoral study describes novel mutations identified in titinopathies and
other muscular dystrophies. A few of the mutations were identified by
conventional Sanger sequencing, and the rest by NGS. Whole exome
sequencing (WES) was performed for one family and later a targeted gene
panel, MyoCap, containing myopathy related genes was developed and used
to detect mutations in 61 patients.
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2 REVIEW OF THE LITERATURE
2.1 HUMAN GENOME SEQUENCE AND VARIATION
The DNA in the human genome is organized into 46 chromosomes in the
chromatin of the cell nucleus and contains 22 autosome pairs and the sex
chromosomes, XX for females and XY for males. One part of the genetic DNA
material is embedded in the mitochondria in the cytoplasm of a cell. The
human genome consists of 3 × 109 nucleotide base pairs of which more than
99% are identical between individuals and the rest contain the genetic
differences that makes each person unique. Sequencing of the human
genome and establishment of the consensus reference sequence, the Human
Genome Project, using DNA from anonymous donors, was essentially
completed in 2003 and provided an initial exploration of the variation
among human genomes (International Human Genome Sequencing
Consortium, 2004). The human genome was estimated to contain 20 000 –
25 000 protein coding genes. Approximately only 1.5 - 2 % of the human
genome comprises protein coding regions, while the rest is non-coding
including non-coding RNAs, regulatory DNA sequences, repeats, introns,
pseudogenes and sequences with unknown function. Almost half of the
human genome is composed of repetitive elements. More than 20% of the
human genome comprises long interspersed nuclear elements (LINEs), 13%
of short interspersed nuclear elements (SINEs), 8% of retrovirus like
elements and 3% of inactive DNA transposons. In addition, approximately
5% of the human genome consists of intrachromosomal or interchromosomal
segmental duplications (Antonarakis, 2010).
2.1.1 TYPES OF VARIATION
Variations in the genome arise from errors during DNA replication or they
can be spontaneous lesions introduced via exposure to toxic chemicals or
radiation. Changes in the sequence, mutations, enable evolution, but they
can also be harmful and cause diseases. It has been estimated that the
average newborn acquires 50–100 new mutations at the diploid level (Lynch,
2010).
2.1.1.1 Single nucleotide variants
A single nucleotide variant (SNV) is a substitution of a single nucleotide in
the genome and the most common type of variation occurring at a rate of
~1.0 × 10−8 per site per generation (Lynch, 2010). SNV can be a single
nucleotide polymorphism (SNP), present in more than 1% of the general
population or it can be a disease causing mutation. The National Center for
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Biotechnology Information (NCBI) maintains the database for SNPs (dbSNP)
including also short insertions and deletions. NCBI's ClinVar and the Human
Gene Mutation Database (HGMD) contain information of variants that have
been reported to have clinical significance.
SNV can occur in the coding or non-coding region. A point mutation in a
coding sequence is called missense if it changes an amino acid, synonymous
or silent if it does not, and nonsense if it changes an amino acid to a stop
codon. A point mutation can affect gene splicing if it occurs in the splice
donor, acceptor or branch site and can result in exon skipping or intron
retention or it can activate a cryptic splice site. A mutation in a gene
promoter region can affect transcription factor binding.
2.1.1.2 Deletions and insertions
Deletions and insertions of a single or multiple (non-divisible by three)
nucleotides cause a frameshift in the coding sequence. This leads to
incorporation of incorrect amino acids and eventually to premature stop
codon. It results in expression of a truncated protein, or it can trigger a
nonsense-mediated mRNA decay (NMD). Deletions and insertions
containing nucleotides divisible by three cause an in-frame deletion or
insertion leading to loss or addition of amino acids in the sequence. Deletions
and insertions are common causes of diseases because they often lead to
seriously damaged or lost proteins.
2.1.1.3 Short tandem repeats
Short tandem repeats are variations containing a variable number of short
sequence units, which are repeated several times e.g. CAGCAGCAGCAG.
Tandem repeats with a unit size less than ten nucleotides are called
microsatellites and with a unit size greater than or equal to ten nucleotides
are called minisatellites. Tandem repeat sequences are prone to errors in
replication and recombination, which can lead to changes in the number of
repeated units (Gemayel et al., 2010). Trinucleotide repeat expansions have
been reported to cause several human diseases including Huntington’s
disease, fragile X syndrome and myotonic dystrophies type 1 (DM1)
(Budworth and McMurray, 2013).
2.1.1.4 Structural variants
Structural variations (SVs) were originally defined as deletions, insertions or
inversions greater than 1 kb in size (Feuk et al., 2006), but now as the
sequencing of human genomes is becoming more common the spectrum of
SVs has widened to include much smaller (~50 bp) variations (1000
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Genomes Project Consortium et al., 2010). SVs include deletions, insertions,
inversions, mobile element transpositions, translocations and copy number
variations (CNVs). They are usually generated via non-allelic homologous
recombinations of repetitive sequences, non-homologous end-joining or
microhomology-mediated break-induced replications (Weckselblatt and
Rudd, 2015). The Database of Genomic Variants contains structural variants
identified in healthy control samples (MacDonald et al., 2014).
CNVs are duplications (gains) or deletions (losses) of large genomic regions
that are differentially represented in an individual compared to the reference.
CNVs can change the number of exons or genes in the genome. For example
DMD that encodes dystrophin protein has several known pathogenic CNVs
including one or multiple exons (White and den Dunnen, 2006). Out-offrame mutations in DMD cause a severe Duchenne muscular dystrophy
(DMD) with total loss of dystrophin, whereas in-frame mutations mostly
cause a milder Becker muscular dystrophy (BMD) with altered or truncated
dystrophin (Monaco et al., 1988). Inversions are segments of DNA that have
reversed in orientation, and translocations are changes in position of
chromosomal segments within the genome which do not change the total
DNA content. Breakpoints generated by SVs can disrupt genes or alter gene
expression. Inversions and translocations in DMD have also been identified
in DMD patients (Tran et al., 2013; Worton et al., 1984). Mobile elements
called retrotransposons can transcribe themselves into RNA and then
reversely transcribe themselves back to DNA, which can be inserted at a new
position in the genome. Fukuyama congenital muscular dystrophy is an
autosomal recessive disorder caused by insertion of a transposon, SINEVNTR-Alu, in the 3' UTR of FKTN, which encodes fukutin (Kobayashi et al.,
1998).
2.1.2 MODES OF INHERITANCE
Monogenic Mendelian disorders can be inherited through autosomal
dominant, autosomal recessive or X-linked manner. In the autosomal
dominant inheritance a mutation on one heterozygous copy of the gene
defect is sufficient to cause the disorder. A parent with an autosomal
dominant disorder has a 50% risk of transmitting the disease to the child.
Dominant mutations are often gain-of function mutations leading to proteins
that have new deleterious functions, or they can be dominant negative
mutations that interfere with the functions of the normal protein. Dominant
mutations can also be loss-of-function mutations that lead to
haploinsufficiency with insufficient levels of normal protein (Wilkie, 1994).
In the autosomal recessive inheritance both copies of a gene must carry a
mutation. Thus both parents need to carry at least one copy of the mutation
in order to have an affected child and the risk is then 25%. Recessive
16

mutations are usually loss-of-function mutations leading to reduced or lost
protein function, but the normal allele in the heterozygous carriers is able to
produce enough protein to perform its normal functions.
X-linked inheritance refers to diseases that are caused by mutations in genes
on the X chromosome. X-linked diseases can be dominant or recessive, but
the penetrance of disease can vary in females because they have two X
chromosomes, and differences in the X chromosome inactivation can lead to
varying degrees of expression of the different X alleles (Dobyns et al., 2004).
Males have only one X chromosome, inherited from their mother, making
them hemizygous for X chromosome genes.
A mutation can also occur in the mitochondrial DNA, which is separate from
the chromosomal DNA in the nucleus. All individuals inherit their
mitochondrial DNA from their mother and therefore mitochondrial diseases
have a maternal pattern of inheritance, but the number of mitochondria
carrying the mutation can vary and thus the expression of mitochondrial
disease can be variable (Taylor and Turnbull, 2005).
A mutation can occur in either a germline or somatic cell, but only a germline
mutation can be transmitted to the next generation, while somatic changes
are only present in certain somatic cells of the body. A mosaic is an
individual who has genetically different cells in the body. Mosaicism takes
place when a mutation occurs in the early development and is then present in
only part of the individual’s cells. Mosaicism may be seen in mildly affected
parents of severely affected children (Samuels and Friedman, 2015).
Atypical inheritance pattern can be caused by de novo mutations, for
example, if a child has a dominant mutation but parents are healthy. Also
reduced penetrance can cause atypical inheritance patterns. Penetrance
means the frequency of people who are phenotypically affected when
carrying a mutation. Reduced penetrance can be caused by modifier genes,
epigenetic factors, environmental factors, influence of age or sex or effect of
additional gene variants (Cooper et al., 2013). Inherited diseases can also be
caused by multiple mutations in different genes and then no clear
inheritance pattern can be seen. Polygenic diseases arise from mutations in
multiple genes with cumulative effects. And multifactorial diseases may have
multiple causative genes in combination with environmental factors.
2.1.3 VARIANT DETECTION
Different molecular and cytogenetic techniques have been applied during the
last decades to identify genetic defects causing diseases. Previously the locus
was often first mapped using genetic linkage analysis and microsatellite or
SNP markers and then the linked region was Sanger sequenced in order to
17

detect the causative mutation. If a candidate gene was already known or
suspected Sanger sequencing could be performed directly. To detect
structural variations fluorescent in situ hybridization (FISH), comparative
genomic hybridization (CGH) and multiplex ligation-dependent probe
amplification (MLPA) was used (Katsanis and Katsanis, 2013).
Currently the most widely used method to detect new mutations is NGS,
which enables the sequencing of the whole genome, exome or targeted
regions in only one experiment. Linkage analysis can be used together with
NGS and they provide a powerful combination of tools for mutation detection
(Ott et al., 2015). Detection of SVs using NGS can still be challenging and
they may require use of other methods (Tattini et al., 2015).
2.1.3.1 Linkage analysis
Linkage analysis has been the primary tool for the genetic mapping of
Mendelian disorders. It is based on the observation that genes and other
genetic markers that reside physically close on a chromosome remain linked
during meiosis. In meiosis homologous chromosomes exchange parts in a
process called crossing-over or recombination. The further apart two genes
on the same chromosome are, the more likely it is that a recombination
between them will occur. Recombination fraction or recombination
frequency (θ) between two loci is defined as the ratio of the number of
recombined gametes to the total number of gametes produced.
Recombination fraction is 0 < θ < 0.5, with θ = 0 indicating perfect linkage
and θ = 0.5 meaning complete independence of the two loci. CentiMorgan
(cM) is the distance between genes for which the recombination frequency is
1%. The statistical estimate of whether two loci are likely to lie near each
other on a chromosome and are therefore likely to be inherited together is
called a LOD score, which is calculated as follows (Morton, 1955):
(1 – θ)N × θR
LOD = log10 ─────────
0.5(N + R)
θ = recombination fraction
N = number of non-recombinant offspring
R = number of recombinant offspring
A LOD score of 3 or more is generally taken to indicate that the two loci are
linked and are close to one another. It indicates 1000 to 1 odds that the
linkage being observed did not occur by chance. A LOD score less than -2.0 is
considered evidence to exclude linkage. The most commonly used markers
for linkage analyses are microsatellites and SNPs (Kruglyak, 1997).
Microsatellites are more informative, because they have a higher mutation
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rate. SNPs on the other hand are more common and evenly distributed
across the genome. Parametric linkage analysis requires specification of the
inheritance model and allele frequency and penetrance parameters. It defines
explicit relationship between phenotypic and genetic similarity. Parametric
linkage analysis can be two-point or multipoint. Two-point analysis estimates
the recombination fraction between each marker and disease locus.
Multipoint analysis uses genotype information from several markers
increasing the power of analysis (Teare and Barrett, 2005).
2.1.3.2 Sanger sequencing
Sanger sequencing is the conventional sequencing method used since 1977
when it was developed by Frederick Sanger (Sanger et al., 1977). Sanger
sequencing is still widely used in clinical diagnostics and research, but
compared to NGS it has very low capacity and it is much more laborious and
expensive if several genes need to be sequenced. In the diagnostics Sanger
sequencing can still be used to detect mutations if a candidate gene is known.
It is also used to confirm mutations found by NGS methods (Rehm, 2013).
Sanger sequencing is based on the selective incorporation of chainterminating dideoxynucleoside triphosphates (ddNTPs) by DNA polymerase
during in vitro DNA replication. The chain-termination method requires a
single-stranded DNA template, primers, DNA polymerase, normal
deoxynucleoside triphosphates (dNTPs) and modified ddNTPs, which
terminate the DNA strand elongation. The ddNTPs were previously
radioactively labeled for detection, but fluorescently labeled are used
nowadays (Smith et al., 1986). Each of the four ddNTP chain terminators is
labelled with fluorescent dyes that emit light at different wavelengths.
Previously DNA fragments were size-separated using gel electrophoresis, but
nowadays the sequencing is automated using DNA sequencers, which sizeseparate strands by capillary electrophoresis, detect and record dye
fluorescence and then output data as fluorescent peak trace chromatograms
(Luckey et al., 1990). The read length in Sanger sequencing can reach 900
nucleotides (Morozova and Marra, 2008).
2.1.3.3 Next-generation sequencing
NGS techniques started to emerge after the completion of the Human
Genome Project (International Human Genome Sequencing Consortium,
2004). The first NGS platform 454 was launched in 2005, followed by
Genome Analyzer from Solexa and SOLiD from Agencourt the next year.
Subsequently Roche acquired 454, Illumina acquired Solexa and Applied
Biosystems/Life Technologies acquired Agencourt. Ion Torrent launched
their platform 2010. All of the platforms have library preparation step that
involve fragmenting genomic DNA and attaching specific adapter sequences.
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And they all provide massive parallel sequencing via separated and amplified
DNA templates in a flow cell, but they differ in configurations and in
sequencing chemistry (Liu et al., 2012).
The first DNA sequencing technology based on the sequencing by synthesis
principle was pyrosequencing used in the 454 platform. In this technology
DNA is fragmented and adaptors are attached. The DNA library is mixed
with capture beads, polymerase chain reaction (PCR) reagents and an
emulsion oil to create water droplets, each containing a single bead and a
library fragment. Emulsion PCR is performed within this droplet and
amplified DNA fragments are immobilised onto the bead. The beads are put
in a plate comprised of wells which can accommodate only one capture bead.
In each sequencing cycle one of the four possible nucleotides is washed over
the plate and if the nucleotide is incorporated into the DNA template a
pyrophosphate is released. Wells also contain smaller beads coated with
adenosine triphosphate (ATP) sulfurylase and luciferase, which generate a
chemiluminescent signal in the presence of pyrophosphate and the signal is
detected by a camera (Margulies et al., 2005).
The SOLiD platform utilizes sequencing-by-ligation principle, in which the
mismatch sensitivity of a DNA ligase enzyme is used to determine the
underlying sequence of the target DNA molecule. DNA is fragmented and
adaptors are ligated to the ends. Emulsion PCR is used to immobilise and
amplify the library fragment onto a paramagnetic bead, which is then
immobilised on a glass slide. The ligation based sequencing is performed
with fluorescently labeled universal octamer probes, which hybridize with the
template and after detection of the fluorescence signal the dye is cleaved off
(McKernan et al., 2009).
Illumina is the most used of the platforms and it also utilizes the sequencing
by synthesis method. First DNA is fragmented and adapters are ligated to the
ends of the fragments. One of the adapters is hybridized on a flow cell which
is coated with millions of primers complementary to the ligated adaptor
sequences. Copies of each fragment are generated by bridge amplification in
which free adaptor end anneals with a complementary primer creating
clusters of the same molecule. Primer for the adapter is added and
sequencing is performed using nucleotides that contain different fluorescent
dyes, which are then detected by camera. A reversible terminator on every
nucleotide prevents multiple additions in one round (Bentley et al., 2008).
Ion Torrent uses semiconductor sequencing technology utilizing sequencing
by synthesis method. First DNA is fragmented and adaptors are ligated to
each end. The DNA library is amplified by emulsion PCR on capture beads.
The beads are put onto a chip containing wells, which are able to
accommodate a single coated bead. In each sequencing cycle one of the four
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possible nucleotides is washed over the chip and incorporation of a
nucleotide causes a proton release. The change in the pH within the well is
detected by the ion sensor and converted to a digital signal (Rothberg et al.,
2011).
A couple of sequencing platforms providing long read sequencing have also
been launched: PacBio from Pacific Biosciences and MinION from Oxford
Nanopore Technologies. They are platforms in which PCR is not needed
before sequencing and the signal, fluorescent in PacBio and ionic current in
MinION, is captured in real time as DNA strands are synthesized. PacBio
provides single molecule sequencing technique with up to 40 000
nucleotides read length utilizing a zero-mode waveguide (ZMW). In the
system a single DNA polymerase enzyme is attached at the bottom of a ZMW
with a single molecule of DNA as a template. Different fluorescent dyes are
attached to each of the four nucleotides and when a nucleotide is
incorporated by the DNA polymerase, the fluorescent tag is cleaved off and
the detector detects the fluorescent signal. PacBio enables sequencing of only
small genomes (Coupland et al., 2012). MinION device is about the size of a
mobile phone and can be connected to a computer via a USB port. It
sequences samples by measuring changes in ionic current when singlestranded DNA molecules are translocated through nanopores. MinION is still
under evaluation by the scientific community (Mikheyev and Tin, 2014).
NGS enables sequencing of the whole human genome, exome or targeted
regions in one experiment. In addition, transcriptome (RNA-seq),
methylome (methyl-seq) or chromatin immunoprecipitation (ChIP-seq)
sequencing is possible (Nguyen and Burnett, 2014). Whole genome
sequencing (WGS) enables sequencing of the whole human genome fast and
accurately in only few days. Limitations for its use have mainly been in the
price as well as in challenges in the data analysis, interpretation and storage.
Thus WES has been more widely used NGS application during the recent
years (Gilissen et al., 2011). WES enables sequencing of all exons, which
comprise ~2% of the human genome, but has been estimated to contain
~85% of the disease-causing mutations (Majewski et al., 2011). Several
different exome capture kits are available from different manufacturers. First
chip-based exome capture kits were developed (Albert et al., 2007; Hodges et
al., 2007), but since they required large amounts of input DNA they were
quickly replaced by more efficient solution-based capture systems (Gnirke et
al., 2009).
Currently the major solution-based human exome enrichment systems are
Agilent’s SureSelect Human All Exon, NimbleGen’s SeqCap EZ Exome
Library, Illumina’s TruSeq Exome Enrichment, and Illumina’s Nextera
Exome Enrichment. To capture genomic regions of interest using in-solution
capture a pool of oligonucleotides called probes for regions of interest are
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synthesized and biotinylated. The genomic DNA is fragmented, adapters are
added to both ends and the DNA library is hybridized to the biotinylated
probes. Streptavidin beads are used to pull down the complex of capture
probes and DNA fragments and the DNA fragments are PCR-amplified. The
major differences between the technologies correspond to the choice of the
target regions, probe lengths, probe density, molecules used for capture and
genome fragmentation method. Nextera uses transposomes for
fragmentation, whereas others use ultrasonication. Agilent uses RNA
molecules as probes, whereas other technologies use DNA. NimbleGen has
the highest number of probes with overlapping probes and the highest probe
density. Illumina covers the greatest portion of coding exons across RefSeq,
Ensembl and CCDS databases (Chilamakuri et al., 2014).
In addition to WES targeted gene panels are becoming widely used in
diagnostic laboratories. Gene panels function in the similar manner as WES,
but contain only selected genes relevant for the disorders of interest.
Typically they contain a few to several hundred of genes. Many diagnostic
laboratories have their own gene panels, but commercially available panels
are also available for e.g. cancer, cardiac diseases and immune, neurological,
neuromuscular, metabolic and sensory disorders (Rehm, 2013). The most
widely used enrichment systems for targeted gene panels are hybridization
based in-solution enrichments NimbleGen SeqCap EZ and Agilent SureSelect
and amplicon based enrichment Agilent HaloPlex. The SeqCap and
SureSelect enrichments for targeted genes are similar as the exome
enrichment systems, but contain probes only for selected genes. The
HaloPlex is an amplicon based enrichment system in which DNA is
fragmented using eight restriction enzyme double digests. The probe library
is then added and hybridized to the targeted fragments. The probes are
designed to hybridize to both ends of the targeted DNA restriction fragment
and guide them to form circular DNA molecules. The probes are biotinylated
and the middle part of the probe contains a sequencing-specific motif. The
circles are captured using streptavidin-coated beads, ligated to close the
circles and PCR-amplified using barcoded primers (Bodi et al., 2013;
Samorodnitsky et al., 2015). Also oligonucleotide microarrays have been used
as solid-phase hybridization enrichment systems and microdroplet-based
PCR, which contains a microfluidic device that creates aqueous droplets of
forward- and reverse primers in an oil solution. The primer droplets are then
merged with droplets containing fragmented genomic DNA and PCR
reagents and thermal cycled in a single tube (Metzker, 2010).
WES and targeted gene panels have some disadvantages compared to WGS
due to the PCR-amplification, which causes problems especially in the GCrich regions showing low or absent coverage (Meienberg et al., 2015). Also
CNVs are not easily detected due to the non-uniform depth of coverage and
non-contiguous nature of the captured exons (Belkadi et al., 2015). The main
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reasons of using WES and targeted gene panels over WGS have been lower
price and smaller requirements of storage space and easier analysis. Lower
cost enables sequencing of larger number of samples, which have made WES
and targeted gene panels a better option especially in the diagnostics. The
trend in research is however going forward to WGS as the human genome
sequencing price $1000 per genome is becoming reality. Illumina has
launched their HiSeq X Ten sequencer, which can sequence a human genome
at 30X coverage or greater for less than $1000 (Watson, 2014). This means
that WES does not have that strong price advantage anymore and since WGS
has several advantages over WES it has started to become more and more
used. WGS enables sequencing of variants also in the non-coding regions of
the genome including introns, promoters and enhancers that are omitted in
WES. In addition WGS has more uniform sequence coverage due to the lack
of capture/hybridization and PCR steps. Both PCR-free and non-PCR-free
WGS show lower GC bias compared to WES (Meienberg et al., 2015). The
more uniform sequence coverage allows better detection of CNVs and other
SVs (Belkadi et al., 2015). Also two to three times lower average read depth is
sufficient in WGS compared to WES (Lelieveld et al., 2015). In both WGS and
WES repetitive and homologous regions are difficult to align correctly to the
human reference sequence due to the multiple identical locations in the
genome. Longer read lengths and insert sizes could help to overcome this
problem (Li and Freudenberg, 2014).
After sequencing the genome, exome or targeted genes bioinformatics tools
are needed to process the data to interpretable format. NGS data analysis
starts with the alignment of the sequence reads to the human reference
genome. One of the most used alignment software for this is BurrowsWheeler Aligner (BWA) (Li and Durbin, 2009). After alignment duplicates
generated by PCR are removed and local realignment around indels is
performed to reduce artifactual mismatches. Also base quality scores are
recalibrated to more accurate. The recalibration tool attempts to correct for
variation in quality with machine cycle and sequence context. The next step
is a likelihood calculation for each possible genotype at each nucleotide,
which can be a homozygote for the reference allele, a homozygote for the
alternative allele or a heterozygote. This is based on quality scores and allele
counts from the reads. Variant calling is performed to identify sites differing
from the reference sequence. The Genome Analysis Toolkit (GATK) and
SAMtools are softwares often used for variant calling (McKenna et al., 2010;
DePristo et al., 2011; Li et al., 2009; Li, 2011). Variants differing from the
reference sequence are annotated by adding information about the variant
location (exonic, intronic, splice site, UTR or intergenic region) and type
(synonymous, missense, insertion or deletion) as well as the gene name and
changes at transcript and protein levels. Also the variant frequency in
different databases and pathogenicity predictions using different
conservation and prediction tools are useful information. Detection of
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structural variants from NGS data is sometimes possible and based on
discordant paired-end reads, split reads or depth of coverage (Nielsen et al.,
2011; Oliver et al., 2015; Abel and Duncavage, 2013).
2.1.3.4 Mutation identification
The interpretation of pathogenicity of detected variants can be challenging
especially in the case of missense variants. The region of the mutation in the
gene can give clues if other pathogenic mutations in the same gene or region
have been reported. Also if the changed amino acid is very different in
properties than the original e.g. if a hydrophobic amino acid is changed to a
hydrophilic, a negatively charged to a positively charged or a small amino
acid to a large amino acid, which can alter the structure and function of the
protein. Sometimes it is possible to create a protein model and estimate
weather the amino acid change can be harmful to the protein structure. It is
also useful to check if the change is in a evolutionary conserved region with
programs e.g. GERP, PhastCons or PhyloP or if the change is predicted to
affect the protein structure or function using prediction tools e.g. MutPred,
Condel, PolyPhen-2, SIFT or MutationTaster.
Nonsense and frameshift mutations are usually pathogenic due to their
deleterious effects on the protein, but often in a recessive manner. It has
been estimated that human genomes typically contain ~100 loss-of-function
variants and ~20 genes are completely inactivated (MacArthur et al., 2012).
Variants located in the donor or acceptor splice sites can alter splicing, but
other splicing mutations are more difficult to predict. NetGene2, Human
Splicing Finder and GeneSplicer are programs that can be used to predict
effects on splicing. The variants can also be further studied on RNA or
protein levels.
The variant frequency in the population is an important factor. Dominant
mutations should have zero or almost zero frequency in the variant
databases, whereas recessive mutations can have higher frequencies. In order
to identify mutations in recessive disorders excluding variants with allele
frequencies >1% is usually sufficient. Variant databases containing
information about population frequencies include 1000 Genomes, Exome
Sequencing Project (ESP) and Exome Aggregation Consortium (ExAC). NGS
of parent-child trios is an efficient approach to identify de novo mutations.

2.2 SKELETAL MUSCLE
Skeletal muscles are voluntary muscles and responsible for mobility of the
body. Skeletal muscle comprises 40% of body mass and is the most common
of the three types of muscle tissue, the others being non-voluntary cardiac
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and smooth muscles. Skeletal and cardiac muscles are striated whereas
smooth muscles are non-striated. The most characteristic function of
muscles is their ability to transform chemical energy into directed
mechanical movement and force. The functional properties of muscle tissue,
excitability, contractility, extensibility and elasticity, enable it to perform its
mechanical function. The four important functions of the skeletal muscle
tissue are to produce movement, maintain posture, stabilize joints and
generate heat (Marieb and Hoehn, 2013).
2.2.1 SKELETAL MUSCLE STRUCTURE
The skeletal muscle cells, also known as myocytes or muscle fibers, are long
tubular cells ranging from 10 to 100 μm in diameter and can be centimeters
in length. They contain multiple nuclei since they arise from fusion of
myoblasts, which are embryonic mesodermal cells. Each skeletal muscle fiber
is supplied with a nerve ending that controls its activity. Skeletal muscles are
attached to bones by collagen-rich fibers known as tendons (Figure 1A). The
individual muscle is surrounded by a layer of connective tissue known as the
epimysium. Groups of fibers within a muscle are arranged in bundles called
fascicles and surrounded by another layer of connective tissue known as the
perimysium. Endomysium is the connective tissue that surrounds each
muscle fiber. The muscle fibers contain numbers of myofibrils, which run the
entire length of the muscle fibers. Myofibrils are composed of myofilaments:
myosin forming the thick and actin the thin filament, which slide along each
other during muscle contraction. The myofibrils are built up of repeated end
to end connected sarcomeres (Figure 1B), which are the basic functional
units of muscle contraction and which provide the striated appearance of
skeletal muscle. Titin is sometimes referred as the third filament in the
sarcomere providing support to the contractile filaments and containing the
molecular spring that restores each sarcomere and the whole muscle back to
their resting length after contraction. The sarcomere is divided into four
distinct sections called Z-disc, I-band, A-band and M-line (Marieb and
Hoehn, 2013; Frontera and Ochala, 2015).
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Figure 1. A) Structure of skeletal muscle (based on the figure from Servier Medical Art,
http://www.servier.com). B) A simplified schematic structure of the sarcomere.

Skeletal muscle fibers are highly specialized cells and have special names for
different cell organelles. A single muscle fiber is surrounded by a cell
membrane called sarcolemma and the cytoplasm of a muscle fiber is known
as sarcoplasm. The basal lamina associates closely with the sarcolemma
providing protection. Satellite cells are the adult stem cells of skeletal muscle.
They reside between the sarcolemma and the basal lamina and contribute to
muscle growth, repair and regeneration. Mitochondria form a network
throughout the muscle fiber and generate the energy needed for muscle
actions when oxygen is available. The sarcoplasmic reticulum is a specialized
type of endoplasmic reticulum that stores, releases and reuptakes the
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calcium ions needed for muscle contraction (Figure 2). The calcium ions are
stored in terminal cisternae, which are dilated end sacs of the sarcoplasmic
reticulum. Between two terminal cisternae is a transverse tubule (T-tubule),
which is a deep invagination of the sarcolemma and the pathway for action
potential to signal the sarcoplasmic reticulum to release calcium. T-tubule
and two cisternae form a complex called a triad (Marieb and Hoehn, 2013;
Frontera and Ochala, 2015).

Figure 2. The sarcoplasmic reticulum and T-tubules (based on the figure from Servier
Medical Art, http://www.servier.com).

Different skeletal muscle fiber types exist due to the diverse requirements of
skeletal muscles in the body. The fibers are divided based on the speed of
contraction that reflects how fast their myosin ATPases split ATP and based
on the major pathways for forming ATP, which is either oxygen-using aerobic
pathway or anaerobic glycolysis. The three main types of muscle fibers are:
slow oxidative fibers (type 1), fast oxidative fibers (type 2A) and fast
glycolytic fibers (type 2B). Skeletal muscles are a mixture of different fiber
types and muscle fibers can also adapt to changing demands by changing size
or fiber type composition (Marieb and Hoehn, 2013).
2.2.2 MUSCLE CONTRACTION
Muscle contraction occurs when an action potential travels down a motor
neuron to the neuromuscular junction and releases acetylcholine, which
binds receptors on the muscle sarcolemma and induces depolarization. The
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action potential travels to the T-tubule causing voltage-dependent calcium
ion release from the sarcoplasmic reticulum to the cytoplasm of the fiber.
Calcium ions bind to troponin-tropomyosin complex located in the grooves
of the actin filaments. This causes troponin to change conformation and
tropomyosin slides out exposing the actin-myosin binding sites. Myosin
interacts with actin by crossbridges and moves along the actin filament using
energy from ATP hydrolysis. The muscle creates force and shortens. After the
action potential has passed the calcium gates close and calcium pumps
remove calcium from the cytoplasm back to the sarcoplasmic reticulum. The
troponin returns to its normal shape and allows tropomyosin to cover the
actin-myosin binding sites on the actin filament and the muscle relaxes
(Marieb and Hoehn, 2013).
2.2.3 MUSCLE PROTEINS
Hundreds of different proteins have important roles in the muscle fiber. This
chapter describes some of the most relevant proteins in the muscle
sarcomere, sarcolemma and nucleus.
2.2.3.1 Sarcomeric proteins
2.2.3.1.1 Titin
Titin is the largest known protein in human and encoded by TTN gene. The
gene contains 363 exons and one alternative C-terminal exon, which is
present in the novex-3 isoform. The total coding sequence is 114.4 kb and the
protein-coding capacity is 38 138 amino acids with molecular weight of 4.2
MDa (Bang et al., 2001). Titin has several described isoforms listed in the
NCBI database, but none of them contains all the exons. The longest cardiac
isoform, N2BA, contains 313 exons and is 104 301 nucleotides encoding 34
350 amino acids and the longest known skeletal isoform, N2A, contains 312
exons and is 101 518 nucleotides encoding 33 423 amino acids. The second
last TTN exon 362 (Mex5), is differentially spliced in skeletal muscle
(Kolmerer et al., 1996).
One titin molecule spans half of the sarcomere from Z-disc to M-line and is
present in all four sections of the sarcomere (Fürst et al., 1988). The titin Cterminus is anchored to the M-line where two adjacent titin molecules from
opposite Z-discs overlap (Obermann et al., 1996; Gregorio et al., 1998). Titin
has several important functions in muscle. During myofibril assembly it
functions as a molecular blueprint for sarcomere organization (Fürst et al.,
1989). Titin is also a scaffold protein containing numerous binding sites for
other proteins throughout its length (Kontrogianni-Konstantopoulos et al.,
2009). It keeps other sarcomeric proteins in correct positions and maintains
the sarcomeric structure during contraction and restores muscles back to

28

their resting length after contraction. The elastic spring element of titin is
responsible for the passive elasticity of muscle and it is located in the
differentially spliced I-band region (Labeit and Kolmerer, 1995). The sensory
and signaling functions of titin are mainly located in the Z-disc, M-line and in
the N2A and N2B elements of the I-band titin. Titin senses the mechanical
status of the sarcomere and transmits information to signaling pathways that
regulate muscle function via gene expression or protein turnover (Lange et
al., 2005; Knöll et al., 2002; Miller et al., 2003).
Titin is a highly modular protein, comprising immunoglobulin-like (Ig) and
fibronectin type 3 -like (FN3) domains, but also unique sequences that are
mainly present in the Z-disc, M-line and in the N2A and N2B elements of the
I-band. The Z-disc consists of Z-repeats and unique sequences. A-band titin,
which is the largest part of titin, contains repetitive super-repeats of Ig and
FN3 domains. I-band titin contains tandem Ig domains and a repetitive
PEVK region that is rich in proline (P), glutamate (E), valine (V) and lysine
(K) residues and responsible for the elasticity of titin together with the Igdomains. I-band titin also contains two alternatively spliced elements, N2A
and N2B, of which N2B is cardiac specific and N2A is present in skeletal
isoforms and in the cardiac N2BA isoform. The exon coding for the
alternative C-terminus of titin in the short novex-3-isoform is also located in
the I-band. The function of this short isoform is not known, but it is present
in both cardiac and skeletal muscles. Most of the alternatively spliced TTN
exons are located in the I-band region. M-line titin contains Ig-domains (M1M10), unique sequences (is1-is7) and a kinase domain (Bang et al., 2001;
Labeit and Kolmerer, 1995; Labeit et al., 1992; Linke, 2000) (Figure 3).

Figure 3. Titin domains in the four sarcomeric regions.

The role of titin and other sarcomeric proteins (Figure 4) is described in the
following chapters.
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Figure 4. Sarcomeric proteins.

2.2.3.1.2 Z-disc proteins
The Z-disc separates one sarcomere from the next. The core of a Z-disc
consists of anchored actin filaments from adjacent sarcomeres which are
crosslinked by α-actinin molecules (Luther, 1991). The Z-discs vary in size,
ranging between 30 and 50 nm in fast muscle and between 100 and 140 nm
in slow muscle (Rowe, 1973; Luther et al., 2003). The amount of α-actinin
links between actins depends on the fiber type with slow fibers having more
links than fast fibers. Titin contains also several α-actinin binding sites on
the differentially spliced Z-repeat region (Ohtsuka et al., 1997b; Ohtsuka et
al., 1997a). The number of repeats correlates to the number of α-actinin
molecules as wells as to the thickness of Z-disc (Gautel et al., 1996). Titin,
actin and α-actinin form a ternary complex at the Z-disc (Young et al., 1998).
The most N-terminal domains of titin interact with telethonin, also known as
titin-cap, which connects the N-termini of two titin molecules (Gregorio et
al., 1998). The Z-disc end of the actin filament is capped by a protein called
CapZ which also binds to α-actinin and the C-terminus of nebulin, which is
an actin-binding protein in the thin filament of the sarcomere (Papa et al.,
1999; Pappas et al., 2008). Myotilin is important for the stability of thin
filaments during muscle contraction. It binds α-actinin and crosslinks actin
filaments at Z-disc (Salmikangas et al., 2003).
In addition to structural components, several proteins in the Z-disc are
involved in mechanosensing and signaling. These include muscle LIM
protein (MLP), also known as cysteine-rich protein 3 (CRP3), which in
interaction with telethonin is thought to form a stress sensor complex (Knöll
et al., 2002). Telethonin is also known to interact with calsarcin, which is
also known as filamin, α-actinin, telethonin interacting Z-disc protein
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(FATZ) or myozenin (MYOZ) (Frey and Olson, 2002). Calsarcin interacts
with calcineurin, ZASP/LDB3 and myotilin (Frey and Olson, 2002; Gontier
et al., 2005). Calcineurin plays important role in sensing and integrating
intracellular calcium concentrations (Klee et al., 1979). ZASP interacts with
α-actinin and may have role in myofibril turnover and load adaptation (Zhou
et al., 1999).
2.2.3.1.3 I-band proteins
The major component of I-band is actin that forms the thin filaments of
sarcomere together with nebulin, troponin complex (comprising troponin-I,
troponin-C and troponin-T) and two strands of tropomyosins, which cover
the active sites of actin and prevent myosin binding. Calcium ion binding to
the troponin complex causes a conformation change and leads to
tropomyosin moving away from the active site, which in turn enables actinmyosin-interaction and muscle contraction (Farah and Reinach, 1995). In
addition one molecule of nebulin spans the entire length of the thin filament.
Nebulin is an actin-binding protein that stabilizes the thin filament (Witt et
al., 2006). Actin proteins are monomers that polymerize to form thin
filaments. Polymerization is reversible allowing actin filaments to be broken
down when necessary. Cofilin 2 controls actin polymerization and
depolymerization (Kremneva et al., 2014).
Titin contains N2A, N2B and PEVK elements in the I-band region. The
cardiac specific N2B element interacts with four and a half LIM domains 1
(FHL1) and 2 (FHL2), which are transcriptional coactivators. FHL1 and
mitogen activated protein kinase (MAPK) form a putative biomechanical
strain sensor complex in N2B (Lange et al., 2002; Sheikh et al., 2008). The
cardiac and skeletal muscle specific N2A element interacts with muscle
ankyrin repeat proteins (MARPs), which are thought to shuttle to the nucleus
in response to mechanical strain and act as negative regulators of gene
expression (Miller et al., 2003). The PEVK segment associates with actin and
binds calcium ions and presumably various SRC Homology 3 (SH3) domaincontaining proteins, which might also have a role in mechanosensitivity
(Labeit et al., 2003; Ma and Wang, 2002). The titin I-band region contains
also several binding sites for proteases. The elastic proximal-Ig region
contains a binding site for calpain 1, N2A element for calpain 3 and Z-/Iregion for metalloproteinase 2 (Coulis et al., 2008; Ojima et al., 2005;
Duguez et al., 2006; Ali et al., 2010). In addition molecular chaperones have
been shown to protect the spring region. A Smyd2-methyl-HSP90 complex
stabilizes N2A and helps to maintain the sarcomeric I-band structure (Donlin
et al., 2012). Another protective mechanism for I-band titin involves HSP27
and αB-crystallin, which are translocated under stress to the I-band region
(Bullard et al., 2004; Kötter et al., 2014).
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2.2.3.1.4 A-band proteins
The major component of A-band is myosin that forms the thick filament of
sarcomeres. Myosin molecules comprise two heavy chains and four light
chains and have three domains: head, neck and tail. The N-terminal parts of
the heavy chains form the two myosin heads that contain actin- and ATPbinding sites. The C-terminal tail provides an anchor that maintains the
position of the heavy chain. The long tail forms the backbone of the thick
filament and the heads protrude as crossbridges toward the thin filament.
The neck domain binds essential and regulatory light chains (Ruppel and
Spudich, 1996). Myosin interacts with myosin binding protein C (MyBP-C)
and titin, which also binds MyBP-C (Offer et al., 1973; Murayama et al., 1989;
Fürst et al., 1992). The interaction between myosin, titin and MyBP-C is
believed to be responsible for maintaining the ordered arrangement of the
sarcomere (Freiburg and Gautel, 1996).
2.2.3.1.5 M-line proteins
The myosin filaments are connected to each other via myomesin in the Mline (Obermann et al., 1997). Also the C-termini of two titin molecules are
connected via myomesin (Obermann et al., 1996). The proteins form a lattice
including also obscurin and obscurin-like 1 (Fukuzawa et al., 2008;
Sarparanta et al., 2010). The M-line is ideally placed to sensor mechanical
strain as the M-line lattice is deformed only during active contraction.
In the M-line titin interacts with muscle RING finger proteins
MURF1/TRIM63 and MURF2/TRIM55 (Centner et al., 2001; Pizon et al.,
2002). MURF1 predominates in fast fibers and MURF2 in slow fibers. The
MURF proteins can bind to serum response factor (SRF) in response to
stress signals and mediate transcriptional repression of SRF target genes.
The MURF proteins can also function as ubiquitin E3 ligases in ubiquitinmediated muscle protein turnover (Spencer et al., 2000; Perera et al., 2012).
The M-line titin contains the titin protein kinase, which plays an important
role in mechanotransduction. The kinase has been reported to be an inactive
pseudokinase acting as a conformationally regulated scaffold that connects
the ubiquitin ligases MURF1 and MURF2 and coordinates muscle-specific
ubiquitination pathways and myofibril trophicity (Bogomolovas et al., 2014).
The kinase also interacts with zinc-finger protein neighbor of BRCA1 gene 1
(nbr1), which forms a signaling complex with sequestosome 1 (p62/SQSTM1)
and MURF2. Nbr1 and p62/SQSTM1 are linked to autophagic protein
turnover and muscle gene transcription, which lead to adaptation of muscle
in response to changes in mechanical strain. Autophagy is an important
protein degradation mechanism in muscle in addition to the ubiquitinproteasome system (Lange et al., 2005).
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The M-line titin also interacts with FHL2, which in turn binds to metabolic
enzymes creatine kinase, phosphofructokinase and adenylate kinase and
target them to the sarcomeric regions of high metabolic activity (Lange et al.,
2002).
Calpain 3 is a skeletal muscle-specific calcium-activated cysteine protease,
which specifically binds to titin in the M-line and I-band. The M-line binding
site has a role in regulating the activity and stability of calpain 3. The protein
is activated through autolysis within the active site and it lyses sarcomeric
and sarcolemmal components when not trapped by titin (Sorimachi et al.,
1995).
2.2.3.2 Sarcolemmal proteins
The sarcolemma plays a central role in the skeletal muscle structure and
function. It is directly involved in synaptic transmission and action potential
propagation and has an essential structural role. A few important
sarcolemmal proteins are depicted in Figure 5.

Figure 5. Sarcolemmal proteins.

The sarcolemma contains dystrophin-glycoprotein complex (DGC) that is
composed of several transmembrane and peripheral components and it
forms a link between the extracellular matrix and the cytoskeleton (Ervasti
and Campbell, 1991). α- and β-dystroglycans are central proteins of the
complex. α-dystroglycan is extracellular and binds laminin-α2 (merosin),
which forms a structural part of the basal lamina (Shibuya et al., 2003). βdystroglycan spans the sarcolemma and binds dystrophin inside the cell.
Dystrophin is an important component that provides structural stability to
the DGC. It binds the submembrane actin and intermediate filament
cytoskeleton of the muscle fiber and completes the link between the
cytoskeleton and the extracellular matrix (Ervasti and Campbell, 1993). The
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absence of dystrophin permits excess calcium to penetrate the sarcolemma.
In addition to dystroglycans and dystrophin, the core of the complex is also
formed by four sarcoglycans (α, β, γ, and δ) and sarcospan (Crosbie et al.,
1997). They are thought to contribute to stabilization of the complex within
the sarcolemma. The sarcoglycans are single transmembrane domaincontaining proteins and form a heterotetrameric complex. Sarcoglycans and
dystroglycans are glycosylated on their extracellular domain and posttranslational processing is necessary for proper functioning of DGC (Michele
and Campbell, 2003). Collagen VI is an extracellular matrix protein which
forms a distinct microfibrillar network and has a critical role in maintaining
skeletal muscle functional integrity (Sabatelli et al., 2001).
The sarcolemmal proteins include also dysferlin, which is a transmembrane
protein involved in calcium-mediated sarcolemma resealing (Bansal et al.,
2003). Caveolin 3 is an important component of caveolae, which participate
in vesicular trafficing and signal transductin. Caveolin 3 inhibits dysferlin
endocytosis (Tang et al., 1996). Anoctamin 5 is a putative cytoplasmic
calcium-activated chloride channel. It is proposed to play a role in
sarcolemmal maintenance and repair (Tsutsumi et al., 2004; Mizuta et al.,
2007; Bolduc et al., 2010). Desmin is a muscle-specific intermediate filament
protein essential for the structural integrity and function of muscle. It
connects the nuclear membrane, Z-disc and sarcolemma (Herrmann and
Aebi, 2000).
2.2.3.3 Nuclear proteins
The nuclear envelope is an impermeable membrane barrier between the
nucleus and the cytoplasm containing nuclear pore complexes that regulate
transport of soluble macromolecules in and out of the nucleus. The nuclear
envelope consists of the outer nuclear membrane that is continuous with the
endoplasmic reticulum and a lumen, which is the inner nuclear membrane.
The nuclear lamina is a dense fibrillar network inside the nucleus, which is
thought to provide a framework for the nuclear envelope. It is mainly
composed of lamin polymers and lamin-binding proteins that are embedded
in the inner nuclear membrane. Lamin A and C are components of the
nuclear lamina. They are reported to be involved in nuclear stability,
chromatin structure and gene expression (Lammerding et al., 2006). Emerin
is a single pass serine-rich transmembrane protein of the inner nuclear
membrane that interacts with lamins A and C and mediates membrane
anchorage to the cytoskeleton (Sakaki et al., 2001). SUN proteins are
predicted to regulate nuclear envelope spacing. They are located in the inner
nuclear membrane and they bind nesprin proteins in the outer nuclear
membrane (Cain and Starr, 2015). Nesprin 1 and 2 are outer nuclear
membrane proteins that link the nucleus to the actin cytoskeleton and are
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critical for nuclear positioning and anchorage (Zhang et al., 2007). Some
important nuclear proteins are depicted in Figure 6.

Figure 6. Nuclear proteins.

2.3 MYOPATHIES
Myopathies refer to diseases that are caused by dysfunction or loss of muscle
fibers in contrast to neurogenic muscle weakness secondarily caused by
disorders of the nervous system. Myopathies can result in weakness and
wasting of muscles, myalgias, cramps, muscle breakdown and contractures.
Acquired myopathies are caused by external factors and can be due to
metabolic derangements, toxic exposures, drugs, infections or autoimmune
dysfunction causing inflammation in the muscle. Most myopathies are
inherited and they have been divided into several subgroups. Muscular
dystrophies are genetic myopathies that cause progressive loss of muscle
tissue. Channelopathies are characterized by delayed relaxation after muscle
contraction causing muscle stiffness and pain or episodes of flaccid muscle
paralysis. They are caused by mutations in muscle ion channels that lead to
increase or decrease in muscle membrane excitability. Mitochondrial
myopathies may by isolated disorders of the muscle and they are frequently
combined with dysfunction in multiple organ systems mediated by
dysfunction of the mitochondrial respiratory chain proteins. Metabolic
myopathies are caused by specific enzymatic defects that lead to restricted
muscle energy metabolism and result in skeletal muscle dysfunction.
Congenital myopathies are present from birth and include a number of
diseases grouped by histopathology findings such as central core disease,
congenital myopathy with fiber-type disproportion, multiminicore disease,
myotubular (centronuclear) myopathy and nemaline myopathy. They are
usually non-progressive and cause reduced contractility leading to muscle
weakness and hypotonia already in early childhood (Karpati, 2010).
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2.3.1 MUSCULAR DYSTROPHIES
Muscular dystrophies are a subgroup of genetic myopathies characterized by
progressive loss of muscle tissue leading to weakness and atrophy of muscles.
Histopathologically the affected muscles show dystrophic changes including
fiber necrosis and regeneration combined with replacement of muscle fibers
by adipose or connective tissue (Costanza and Moggio, 2010). Clinically and
genetically muscular dystrophies are a very heterogeneous group of
disorders. The age of onset can vary from congenital to late adulthood
depending on the disorder. Also the affected muscle groups vary considerably
and in some disorders also the respiratory and cardiac muscles can be
severely affected. Muscular dystrophies have been divided into several
subgroups based on the clinical distribution of the muscle weakness and
inheritance pattern before the genetic etiology was known (Mercuri and
Muntoni, 2013).
Muscular dystrophies are known to be caused by mutations in dozens of
different genes and the number is likely to grow as novel mutations are
identified (Kaplan and Hamroun, 2014). The heterogeneity of the disorders
cause diagnostic difficulties because similar phenotypes can be caused by
mutations in several alternative genes and also different mutations in one
gene can cause different phenotypes. Muscular dystrophies can be inherited
in autosomal dominant, autosomal recessive or X-linked manner depending
on the disorder and many patients have de novo mutations. The prevalence
for all muscular dystrophies is between 19.8 and 25.1 per 100 000 personyears with the most common types being DM1 (0.5-18.1 per 100 000),
facioscapulohumeral muscular dystrophy (FSHD) (3.2-4.6 per 100 000) and
DMD (1.7-4.2 per 100 000) (Theadom et al., 2014). However, due to founder
mutations the frequencies vary considerably in different populations and the
corresponding numbers for Finland are very different: the most common is
tibial muscular dystrophy (TMD) with prevalence of 20/100 000 and the
prevalence of DM1 is 12/100 000 based on clinical data. In Finland DM2 is
likely as common as DM1 (Udd, 2007).
2.3.1.1 Congenital muscular dystrophies
Congenital muscular dystrophies (CMD) are present at birth or begin at early
infancy showing hypotonia and generalized weakness. Features of CMD
include decreased motor abilities and delay or arrest of motor milestones.
The patients often have joint contractures, scoliosis, feeding difficulties and
respiratory insufficiency and in some subtypes the cardiac muscle, central
nervous system or eyes can be involved. Some forms of CMD cause also
mental retardation. The progression of CMD varies between subtypes and the
disease may lead to death already in childhood. Several causative genes are
known and CMDs have been divided into several subgroups (Table 1). The

36

most common CMDs are laminin-α2 deficiency, Ullrich congenital muscular
dystrophy, fukutin-related proteinopathy, glycosylation disorders of αdystroglycan (dystroglycanopathies), SEPN1-related rigid spine syndrome
and LMNA-related CMD. Intellectual disability, structural brain or eye
abnormalities and seizures are found almost exclusively in the
dystroglycanopathies, while white matter abnormalities without major
cognitive involvement are present in the laminin α2-deficient subtype.
Majority of the CMD mutations are recessive, but mutations in COL6A1 and
COL6A2 can be dominant or recessive and LMNA mutations have been
autosomal dominant de novo mutations (Bertini et al., 2011).
Table 1. CMD subtypes and causative genes.
Subtype

Gene

Protein

Laminin alpha-2 deficiency
(MDC1A)

LAMA2

Laminin-α2 (Merosin)

Collagen VI-deficient CMD/
Ullrich CMD/ Bethlem CMD

COL6A1

Collagen VI

COL6A2

Collagen VI

Dystroglycanopathies

COL6A3

Collagen VI

POMT1

Protein-O-mannosyltransferase 1

POMT2

Protein-O-mannosyltransferase 2

FKTN

Fukutin

FKRP

Fukutin-related protein

LARGE

Large

POMGNT1

Protein O-linked mannose Nacetylglucosaminyltransferase 1 (β1,2-)

POMGNT2

Protein O-linked mannose Nacetylglucosaminyltransferase 2 (β1,4-)

ISPD

Isoprenoid synthase domain-containing
protein

DAG1

Dystroglycan

TMEM5

Transmembrane protein 5

B3GALNT2

β1,3-N-acetylgalactosaminyltransferase 2

GMPPB

GDP-mannose pyrophosphorylase B

POMK

Protein-O-mannose kinase

SEPN1-related myopathy/ rigid
spine syndrome

SEPN1

Selenoprotein N

LMNA-related CMD (L-CMD)

LMNA

Lamin A/C

2.3.1.2 Duchenne and Becker muscular dystrophies
DMD and BMD, dystrophinopathies, are recessive X-linked disorders caused
by mutations in DMD that encodes the dystrophin protein. Since the
disorders are X-linked, majority of the patients are males, but milder disease
may occur in female carriers. In the severe DMD dystrophin is completely
absent and in the less severe BMD it is present in either a mutated or a
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truncated form (Le Rumeur, 2015). The DMD gene is the largest gene in
human, comprising 2.4 Mb and containing 79 exons. However, the longest
transcript is only 14 kb, because the introns of the gene are very large. Of the
reported mutations 65% are deletions of one or multiple exons, 10% are
duplications of exons and 15% are point mutations (Flanigan et al., 2009;
Tuffery-Giraud et al., 2009). Out-of-frame mutations lead to the severe DMD
and in-frame mutations mostly to the less severe BMD (Monaco et al., 1988).
DMD boys begin to show signs of proximal muscle weakness as early as 2-3
years of age, with problems in walking and climbing stairs. They are never
able to run and become wheelchair bound before the age of 12. A third of the
boys also have a non-progressive mental retardation. The disease
progressively weakens all the skeletal muscles in the limb and trunk, and
later also respiratory and cardiac muscles. Respiratory and cardiac
impairments progress and previously patients died around the age of 20.
With current medical management the mean survival is around 40 years.
BMD is a much milder version of DMD. The onset is usually in the teens or
early adulthood and the progression is slower, but cardiomyopathy can be
very severe (Le Rumeur, 2015).
2.3.1.3 Emery-Dreifuss muscular dystrophies
Emery-Dreifuss muscular dystrophy (EDMD), also known as
humeroperoneal muscular dystrophy, causes a distinct muscle atrophy
pattern with a humeroperoneal distribution and joint contractures. The
muscle involvement of the upper extremities is predominantly proximal,
while the weakness and wasting in the lower limbs is mostly distal. Weakness
later extends to the scapular and pelvic limb-girdle muscles, but the course is
slowly progressive. The onset of the disease is usually in the mid-childhood
or the second decade. EDMD can be a severe disease due to the cardiac
involvement that usually arises after the second decade and may lead to
sudden death (Puckelwartz and McNally, 2011).
Reported genes causing EDMD include EMD and LMNA, which encode the
proteins emerin and lamin A and C in the nuclear lamina (Bione et al., 1994;
Bonne et al., 1999). Mutations in FHL1 encoding FHL1 have also been
reported (Gueneau et al., 2009). EMD mutations are X-linked recessive and
FHL1 mutations X-linked dominant, while LMNA mutations can either be
dominant or recessive. Dominant mutations have also been reported in
SYNE1 and SYNE2 encoding nesprin 1 and nesprin 2, which connect nuclei to
the cytoskeleton (Zhang et al., 2007; Puckelwartz et al., 2010). Recently
reported recessive mutations in TTN cause an EDMD-like phenotype without
cardiomyopathy (De Cid et al., 2015).
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2.3.1.4 Limb-girdle muscular dystrophies
Limb-girdle muscular dystrophies (LGMD) are characterized by weakness in
the proximal muscles around hip and shoulder girdles. To date 30 causative
genes have been identified, of which seven are autosomal dominant and 23
are autosomal recessive (Table 2). The autosomal dominant LGMD1 forms
cause less than 10% of the LGMDs and they usually have adult-onset and
milder phenotype, except LGMD1B and severe forms of LGMD1D (Mercuri et
al., 2004; Palmio et al., 2015). The autosomal recessive LGMD2 forms are
more common and range from very severe to mild. Many of them have a
childhood or early adulthood onset (Nigro and Savarese, 2014).
Table 2. Known LGMD genes and the proteins they encode. The LGMD1 forms are
dominant and the LGMD2 forms recessive.
Disorder
LGMD1A
LGMD1B
LGMD1C
LGMD1D
LGMD1E
LGMD1F
LGMD1G
LGMD2A
LGMD2B
LGMD2C
LGMD2D
LGMD2E
LGMD2F
LGMD2G
LGMD2H
LGMD2I
LGMD2J
LGMD2K
LGMD2L
LGMD2M
LGMD2N
LGMD2O

Gene
MYOT
LMNA
CAV3
DNAJB6
DES
TNPO3
HNRPDL
CAPN3
DYSF
SGCG
SGCA
SGCB
SGCD
TCAP
TRIM32
FKRP
TTN
POMT1
ANO5
FKTN
POMT2
POMGNT1

LGMD2P
LGMD2Q
LGMD2R
LGMD2S
LGMD2T
LGMD2U
LGMD2V
LGMD2W

DAG1
PLEC1
DES
TRAPPC11
GMPPB
ISPD
GAA
LIMS2

Protein
Myotilin
Lamin A/C
Caveolin 3
DnaJ/Hsp40 homolog, Subfamily B, member 6
Desmin
Transportin 3
Heterogeneous nuclear ribonucleoprotein D-like protein
Calpain 3
Dysferlin
γ-Sarcoglycan
α-Sarcoglycan
β-Sarcoglycan
δ-Sarcoglycan
Telethonin
Tripartite motif containing 32
Fukutin related protein
Titin
Protein-O-mannosyl transferase 1
Anoctamin 5
Fukutin
Protein-O-mannosyl transferase 2
Protein O-linked mannose beta1,2-Nacetylglucosaminyl
transferase
Dystroglycan
Plectin
Desmin
Transport protein particle complex 11
GDP-mannose pyrophosphorylase B
Isoprenoid synthase domain containing
Alpha-1,4-glucosidase
Lim and senescent cell antigen-like domains 2
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2.3.1.5 Distal muscular dystrophies
Distal muscular dystrophies show progressive weakness and atrophy
preferentially in the distal muscles of limbs used for movements including
hands, fingers, ankles and toes. Muscle pathology shows myopathic and
dystrophic changes depending on the site of muscle biopsy, and frequently
rimmed vacuoles and/or myofibrillar pathology. Around 20 genetically
distinct distal muscular dystrophies, historically called distal myopathies, are
known to date (Table 3). The inheritance can be dominant or recessive and
the age of onset can vary from infancy to late adulthood depending on the
disorder. Miyoshy, Nonaka and Laing distal myopathies, KLHL9-myopathy,
ABD-distal filaminopathy and distal nebulin myopathy are early onset
disorders beginning in infancy, childhood or teens, but the rest of the
disorders begin later in life. Many of the disease genes encode sarcomeric
proteins. Distal myofibrillar myopathies include desminopathy, αBcrystallinopathy, myotilinopathy and zaspopathy. The proteins associated
with myofibrillar myopathy are located in the sarcomeric Z-disc and they
form protein aggregates when mutated and lead to disintegration of the
sarcomeric filament structure of the myofibrils (Udd, 2014).
Table 3. Distal muscular dystrophies with identified gene defect. DM = distal myopathies,
MM = Myofibrillar myopathies with distal phenotype.

DM

MM

Disorder
Miyoshi myopathy
Nonaka myopathy

Mode
AR
AR

Gene
DYSF
GNE

Laing myopathy

AD

MYH7

Tibial muscular dystrophy
(Udd myopathy)
Welander distal myopathy

AD

TTN

AD

TIA1

Vocal cord and pharyngeal
distal myopathy
Distal ABD-filaminopathy
Distal caveolinopathy
Distal VCP-myopathy
Distal KLHL9-myopathy
Distal anoctaminopathy
Distal nebulin myopathy
Distal DNAJB6-myopathy

AD

MATR3

AD
AD
AD
AD
AR
AR
AD

FLNC
CAV3
VCP
KLHL9
ANO5
NEB
DNAJB6

Distal ADSSL1-myopathy
Desminopathy
αB-crystallinopathy
Myotilinopathy
Zaspopathy

AR
AD
AD
AD
AD

ADSSL1
DES
CRYAB
MYOT
LDB3
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Protein
Dysferlin
Glucosamine (UDP-N-acetyl)-2epimerase/N-acetylmannosamine
kinase
Myosin, heavy chain 7, cardiac
muscle, beta
Titin
TIA1 cytotoxic granule-associated
RNA binding protein
Matrin 3
Filamin C
Caveolin 3
Valosin containing protein
Kelch like family member 9
Anoctamin 5
Nebulin
DnaJ/Hsp40 homolog, Subfamily
B, member 6
Adenylosuccinate synthase like 1
Desmin
αB-crystallin
Myotilin
LIM domain binding 3/ZASP

2.3.1.6 Facioscapulohumeral muscular dystrophies
FSHDs are divided into two types, FSHD1 and FSHD2, based on the type and
effect of the mutation. Both types show asymmetric and progressive muscle
weakness affecting initially the face, shoulders, and arms followed by the
distal then proximal lower extremities. Symptoms typically develop during
the teenage years, but they can begin at any age from infancy to later
adulthood. The autosomal dominant FSHD1 is more common (~95%) and it
is caused by chromatin relaxation induced by pathogenic contraction of a
macrosatellite repeat D4Z4, located on the 4q subtelomere, and leading to
pathogenic expression of DUX4. FSHD1 patients have one to ten D4Z4
repeat units, while normal alleles have 11 to 100 repeat units. The D4Z4contraction alone is not pathogenic. Close to the last D4Z4 repeat unit is a
polymorphic site with two allelic variants: 4qA and 4qB. The 4qA is in cis
with a functional polyadenylation consensus site and only contractions on
4qA alleles are pathogenic, because DUX4 transcripts originating from the
4qA allele can be polyadenylated and translated into protein. DUX4 is a
retrogene encoding double homeobox 4 (DUX4). It is a germline
transcription factor that is normally repressed in somatic cells most probably
by a mechanism of repeat-mediated heterochromatin formation. DUX4 in a
muscle induces apoptosis and inflammation. FSHD2 is a digenic disease
caused by heterozygous mutations in the SMCHD1 encoding structural
maintenance of chromosomes flexible hinge domain containing 1 (SMCHD1),
which is an essential protein for chromatin condensation. Mutations in this
gene lead to chromatin relaxation of the D4Z4 locus. In addition the patients
have the 4qA allele in order to express stable DUX4 transcripts. Patients
having both D4Z4 contraction and SMCHD1 mutations have also been found
and they show a more severe clinical phenotype (Sacconi et al., 2015).
2.3.1.7 Oculopharyngeal muscular dystrophies
Autosomal dominant oculopharyngeal muscular dystrophy (OPMD) is a lateonset muscle disease beginning in the fifth or sixth decade with progressive
weakness and atrophy in the muscles of eyelids, face, and throat. Later also
proximal skeletal muscles become affected (Ruegg et al., 2005). Specific
histological hallmarks of OPMD are cytoplasmic rimmed vacuoles and
intranuclear inclusions on muscle biopsy. To date only mutations in PABPN1
have been reported to cause the disorder. The vast majority of the mutations
are dominant trinucleotide repeat expansions (Brais et al., 1998). PABPN1
encodes polyadenylate-binding protein nuclear 1 (PABPN1), which plays key
roles in post-transcriptional processing of RNA controlling the poly(A) tail
length. It is not known why mutations in a ubiquitously expressed gene lead
to a muscle-specific disease (Banerjee et al., 2013).
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2.3.1.8 Myotonic muscular dystrophies
Myotonic muscular dystrophies are autosomal dominant disorders
characterized by progressive muscle weakness and myotonia, inability to
relax muscles. There are two major types of myotonic dystrophy, DM1 and
DM2, which have distinct but overlapping symptoms. DM1 causes muscle
wasting and weakness initially in the hands and feet and later in the head and
neck, ending up with generalized weakness with dysphagia and respiratory
failure. DMs are multiorgan disorders with heart conduction defects,
cataracts and gastrointestinal, brain and endocrinological abnormalities.
DM1 occurs in four different clinical phenotypes: congenital, childhood
onset, classic adult onset, and mild late onset forms. DM2 is less severe than
DM1 and without congenital or childhood onset forms and does not cause
clinically relevant brain dysfunction. Primarily affected muscles in DM2 are
proximal lower limb muscles and the disease onset is from the fourth to the
eighth decade. Myotonia is usually mild or absent, but muscle pain can be
disabling (Udd and Krahe, 2012).
DM1 is caused by trinucleotide (CTG) repeat expansion in the 3′UTR of
DMPK encoding dystrophia myotonica protein kinase (Brook et al., 1992).
Normal alleles have 5-34 CTG repeats and disease alleles have >50 CTG
repeats with considerable anticipation due to instability of the repeat tract:
increase of repeat size in consecutive generations. A hallmark of molecular
pathology in DM1 is the accumulation of CUG-expanded mRNA in distinct
nuclear aggregates that sequester RNA-binding proteins (Ho et al., 2005;
Jones et al., 2011). DM2 is caused by a tetranucleotide (CCTG) repeat
expansion in the first intron of CNBP encoding CCHC-type zinc finger
nucleic acid binding protein (Liquori et al., 2001). The intron contains a
complex repeat motif, (TG)n(TCTG)n(CCTG)n. On normal alleles, the overall
length of the CCTG portion ranges from 11 to 26 tetranucleotide repeats and
on disease alleles from ~75 to more than 11 000. The presence of the repeat
expansion results in nuclear and cytoplasmic aggregation of CNBP mRNA
(Jones et al., 2011).
2.3.2 TITINOPATHIES
Titinopathies are muscle diseases caused by mutations in TTN. The disorders
have huge phenotypic variability ranging from mild late onset distal
muscular dystrophies to severe life-threatening early onset skeletal and/or
cardiac muscle diseases.
2.3.2.1 Hereditary myopathy with early respiratory failure
Hereditary myopathy with early respiratory failure (HMERF, OMIM
#603689) was first described in seven unrelated families with autosomal
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dominant inheritance in 1990 (Edström et al., 1990). The disease causes
slowly progressive proximal and distal lower limb weakness with respiratory
muscle involvement and can affect also upper limbs and axial muscles. The
symptoms typically begin in the third to fifth decades of life. The disease
severity varies among patients and the respiratory defect and distal leg
weakness are usually the first symptoms. Some patients may require walking
aids within a few years of onset, while others remain ambulant until their late
70’s. Wheelchair dependence and the need for nocturnal noninvasive
ventilatory support are common and the life expectancy of the patients is
decreased (Edström et al., 1990). Histopathology of HMERF muscles shows
myopathic-dystrophic changes with protein aggregations and rimmed
vacuoles. HMERF pathology can be classified as a myofibrillar myopathy
with myofibrillar abnormalities and characteristic cytoplasmic bodies, which
are abnormal protein aggregates, often localized in subsarcolemmal position
(Edström et al., 1990; Tasca et al., 2010). HMERF has been identified in
several families worldwide. Two Swedish families showed a linkage to TTN
locus and a heterozygous missense mutation (c.102271C>T, p.R34091W) in
TTN exon 358 encoding the titin M-band kinase domain region was
identified in 2005 (Lange et al., 2005). The mutation was shown to affect the
interaction between titin and nbr1 and was thought to lead to pathogenic
effect through a disruption of a signaling pathway that involves
p62/SQSTM1, MuRF2 and SRF (Lange et al., 2005). The genetic cause in
other HMERF families remained unknown until WES studies revealed a
novel missense mutation in TTN exon 343 (Ohlsson et al., 2012; Pfeffer et al.,
2012). After this finding a missense mutation in TTN exon 343 was also
identified in the original Swedish family with the kinase mutation and the
role of the first identified mutation became unclear. Later the kinase
mutation has been seen in healthy individuals and it cannot cause the disease
alone, but it may cause the disease together with the exon 343 mutation
(Hedberg et al., 2014a; Lange et al., 2014).
2.3.2.2 Tibial muscular dystrophy and limb-girdle muscular dystrophy
type 2J
TMD (also known as Udd myopathy, OMIM #600334) was the first muscle
disorder reported to be caused by mutations in TTN. It is an autosomal
dominant disorder causing weakness and atrophy especially in the tibialis
anterior muscles of the lower leg and progressing to the other anterior
compartment muscles, extensor digitorum longus and extensor halluces
longus. Symptoms include decreased ankle dorsiflexion, foot drop and
problems with walking. Also proximal lower limb muscles gluteus minimus
and hamstring muscles may be involved after the age of 60. The disorder is
very mild and slowly progressive. Onset of weakness is usually after the age
of 35, but may be as late as in the 60’s and most patients remain ambulant
with normal life span (Udd et al., 1991; Udd et al., 1993). TMD is the most
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common distal myopathy in Finland with prevalence up to 1/5000 (Udd,
2007). The disorder is caused by mutations in the last two exons, 362 (Mex5)
and 363 (Mex6), of TTN and they encode the unique sequence is7 and the
M10 domain. The first described TMD mutation, FINmaj, was found in
Finnish patients (Hackman et al., 2002). It is an 11-bp insertion/deletion
mutation located in the last exon of TTN. It exchanges four amino acids
(EVTW → VKEK) in the M10 domain. Later several other TMD mutations,
including missense, nonsense, frameshift and in-frame deletion, in the last
two exons of TTN have been identified in European families (Van den Bergh
et al., 2003; Hackman et al., 2008; Pollazzon et al., 2010; Suominen et al.,
2012). Reported TMD mutations are listed in Table 4.
Table 4. Reported TMD mutations (NM_001267550.1 and NP_001254479.1).
Mutation

Exon

DNA

Protein

Reference

French C

362 (Mex5)

c.107647delT

p.S35883Qfs*10

(Hackman et
al., 2008)

FINmaj

363 (Mex6)

c.107780-107790
delAAGTAACATGG
insTGAAAGAAAAA

p.35927-35930
delinsVKEK

(Hackman et
al., 2002)

Italian

363 (Mex6)

c.107837A>C

p.H35946P

(Pollazzon et
al., 2010)

Belgian

363 (Mex6)

c.107840T>A

p.I35947N

(Van den Bergh
et al., 2003)

French A

363 (Mex6)

c.107867T>C

p.L35956P

(Hackman et
al., 2002)

Iberian

363 (Mex6)

c.107889delA

p.K35963Nfs*9

(Hackman et
al., 2008)

French B

363 (Mex6)

c.107890C>T

p.Q35964*

(Hackman et
al., 2008)

Swiss

363 (Mex6)

c.107892-107897
delAGATGG

p.35964-35966
delinsH

(Suominen et
al., 2012)

The FINmaj mutation causes a completely different and much more severe
early-onset limb-girdle muscular dystrophy type 2J (LGMD2J) when
homozygous (Udd et al., 1991; Udd, 1992; Udd et al., 1992; Udd et al., 2005).
Only a few patients with the disorder have been diagnosed. The disease onset
in the patients was in the first or second decades of life and the first
symptoms were weakness and atrophy of proximal muscles, which then
eventually progressed to all limb and trunk muscles. Severe disability with
loss of ambulation occurred within 20 years. One patient homozygous for the
French TMD mutation (c.107890C>T, p.Q35964*) has also been reported,
but he showed a slightly different phenotype. The disease onset was at age 25
and the first symptoms occurred in the proximal upper limbs. A generalized
weakness and wasting in all four limbs was observed at the age of 47. The
anterior compartments of arms and forearms, the quadriceps and anterior
leg muscles showed pronounced involvement. The patient lost ambulation at
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the age of 56. The elbow, wrist and finger extensor muscles remained
relatively preserved in the upper limbs. The phenotype was not completely
identical to the FINmaj homozygous LGMD2J patients as the age of onset
was later, the first symptoms were in the upper limbs, and the proximal and
distal muscles were equally involved in the first examination (PenissonBesnier et al., 2010). Recently a novel mutation c.107788T>C (p.W35930R)
in TTN Mex6 was identified in three homozygous patients of a Chinese
family with proximal lower and upper limb weakness and elbow and ankle
joint contractures. The age of onset was in the teens and the patients lost
ambulation before they were 30 years old. The family members having
heterozygous mutation were healthy (Zheng et al., 2015). Atypical
phenotypes in heterozygous TMD patients have been observed in about 9%
of the patients. Some patients have had earlier disease onset compared to
typical TMD, and in some patients also posterior or proximal lower limb
muscles have been affected (Udd et al., 2005).
Histopathology of TMD muscle shows myopathic-dystrophic changes.
Rimmed vacuoles are present in anterior compartment muscles, but may be
absent in other muscles, while LGMD2J muscles do not show rimmed
vacuolar pathology (Udd et al., 1993; Udd et al., 1992; Udd et al., 2005).
Majority of the reported TMD mutations are located in TTN Mex6, which
encodes the last M10 domain of titin. Known ligands for this domain are
obscurin, obscurin-like 1 and myospryn (Fukuzawa et al., 2008; Sarparanta
et al., 2010). The mutations have been reported to decrease binding ability of
titin to obscurin and in LGMD2J muscles mislocalization of obscurin has
been observed. Differences in severity between FINmaj, French A and
Belgian TMD mutations have been studied using yeast two-hybrid and
glutathione S-transferase (GST) pulldown assays and the results have shown
that the clinically more severe mutations, FINmaj and French A, clearly
reduce titin-obscurin/obscurin-like 1 binding, whereas binding by the
Belgian TMD mutation was not detectably reduced. The FINmaj and French
A mutations disrupt key structural features of the M10 Ig-fold, while the
Belgian TMD mutation is a structurally less severe missense mutation
(Fukuzawa et al., 2008). Obscurin is a sarcomeric giant protein participating
in myofibril organization and interacts with titin also in the Z-disc (Young et
al., 2001). Myospryn is a muscle-specific protein of the tripartite motif
superfamily and reported to function in vesicular trafficking and protein
kinase A signaling (Benson et al., 2004; Reynolds et al., 2007). Myospryn has
been reported to associate with costameres and the interaction of titin with
myospryn could provide a link between the peripheral myofibrils and the
costamere-like structures present at the M-band level (Sarparanta et al.,
2010; Durham et al., 2006).
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The FINmaj mutation leads to a pathological cleavage of a larger part of the
titin C-terminus with loss of titin is5-M10 region, according to western blot
and immunofluorescence studies of LGMD2J muscles (Hackman et al.,
2002; Charton et al., 2015). The unique is7 region, encoded by Mex5, is
located next to the M10 domain of titin. Mex5 is an alternatively spliced exon
and leads to a variable expression of is7+ and is7− titin isoforms in different
muscles (Kolmerer et al., 1996). The is7 region contains the M-line binding
site for the muscle-specific protease calpain 3 (Sorimachi et al., 1995).
According to yeast two-hybrid assay results the FINmaj, French A and
Belgian TMD mutations do not directly affect the ability of calpain 3 to bind
C-terminal titin, but since the FINmaj mutation induces a pathological
proteolytic cleavage of C-terminal titin the binding site is lost and leads to
secondary calpain 3 deficiency in LGMD2J, although the cleavage is not
caused by calpain 3 (Charton et al., 2015). Normal proteolytic processing of
C-terminal titin by calpain 3 may have important role in the regulation of
normal muscle sarcomeric functions, and these still unexplored functions of
normally occurring C-terminal fragments are totally disrupted in LGMD2J.
Immunofluorescence studies suggested that the pathological cleavage takes
place in the titin is4-is5-region and may be caused by the ubiquitous calpains
(Charton et al., 2015).
2.3.2.3 Other titinopathies
Centronuclear titin myopathy (CNTM) is a congenital myopathy present at
birth or infancy with variable degrees of progressive wasting of muscles and
weakness involving cranial, axial, proximal, and distal muscles. CNTM is
characterized by the presence of muscle fibers with numerous centrally
localized nuclei in the absence of other significant histopathological lesions.
Reported TTN mutations causing CNTMs are recessive compound
heterozygous mutations, including frameshift, nonsense, splice site or
missense mutations mainly in the A-band and M-line regions of TTN
(Ceyhan-Birsoy et al., 2013).
Early-onset myopathy with fatal cardiomyopathy (EOMFC), also known as
Salih myopathy, is a titinopathy affecting both cardiac and skeletal muscles.
It is a form of congenital muscular dystrophy with childhood-onset dilated
cardiomyopathy (Carmignac et al., 2007). Recessive TTN mutations in two
consanguineous families have been reported. The affected patients had
delayed motor development and joint deformities with contractures that
restricted the movement of the neck and back. Later in childhood scoliosis
developed as well as cardiac failure, which progressed rapidly and eventually
led to death. The TTN mutations were homozygous deletions causing
frameshift in Mex1 (c.105528_105535del AGTGACCA, p.Gln35176Hisfsכ9) or
in Mex3 (c.106571delA, p.Lys35524Argfsכ22). The heterozygous carriers
were healthy. Truncated proteins were experimentally confirmed in the
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patients’ skeletal and heart muscles (Carmignac et al., 2007). Later
additional families were characterized and a more inclusive term multiminicore disease with heart disease (MmD-HD) was proposed. The reported
MmD-HD families had homozygous or compound heterozygous nonsense,
frameshift and missense mutations mainly in the Mex1 and Mex2 exons of
TTN (Chauveau et al., 2014a).
Childhood-juvenile onset Emery-Dreifuss-like phenotype without cardiomyopathy has been reported in three families with recessive truncating
mutations in TTN exons Mex1-Mex3. The patients have limb-girdle weakness
and early-onset elbow joint contractures. The biopsies showed rimmed
vacuoles, a dystrophic pattern, and a secondary reduction in calpain 3 (De
Cid et al., 2015).
2.3.2.4 Titin cardiomyopathies
TTN mutations are known to cause several types of cardiomyopathies.
Dilated cardiomyopathy (DCM) is a heart muscle disorder characterized by
dilated and poorly functioning left ventricle with disease onset usually in the
adulthood. TTN mutations causing DCM have been reported to be dominant
frameshift or nonsense mutations in the I- and A-band regions, missense
mutations in the Z-disc, I-band and M-line, and mutations that are predicted
to affect splicing in different parts of TTN (Itoh-Satoh et al., 2002; Gerull et
al., 2002; Herman et al., 2012; Roberts et al., 2015).
Hypertrophic cardiomyopathy (HCM) is characterized by thickening of the
heart muscle and can lead to a sudden death. HCM can affect individuals of
different ages. Reported TTN mutations causing HCM are dominant
missense mutations in Z-disc or I-band TTN (Itoh-Satoh et al., 2002; Satoh
et al., 1999; Arimura et al., 2009). Also frameshift, nonsense and splice site
variants of unknown significance in HCM patients have been reported in
different parts of TTN (Herman et al., 2012; Lopes et al., 2013).
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is characterized
by fibro-fatty replacement of the right ventricular myocardium, which leads
to cardiac arrhythmias and can cause sudden death. The disease usually
begins in the teens or in early adulthood. Reported TTN mutations causing
ARVC are mainly dominant missense mutations in the I- and A-band
regions, but some patients have compound heterozygous mutations (Taylor
et al., 2011).
Restrictive cardiomyopathy (RCM) is a rare disorder characterized by
restrictive filling of the ventricles with disease onset at adulthood. Dominant
missense mutation in TTN I-band has been reported to cause this disease.
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Mutations in several other cardiac genes are also known to cause
cardiomyopathies (Peled et al., 2014).
2.3.3 DIAGNOSTICS OF MYOPATHIES
Diagnostic efforts in myopathies often require combinations of different
methods. The primary starting point is the clinical evaluation, which
provides information about the disease onset, affected muscle groups and
symptoms of the patient. After that specific tests can be performed to get
more information. Serum creatine kinase (CK) levels can be measured since
an elevated level is a sign of muscle damage. Electromyography (EMG) is a
technique used for evaluating the electrical activity produced by skeletal
muscles, which helps to distinguish myopathic-dystrophic and inflammatory
disease from neurogenic muscle wasting and weakness. Magnetic resonance
imaging (MRI) is performed to characterize and localize the severity and
pattern of muscle involvement. The MRI patterns of variable muscle
involvement can be characteristic or even pathognomonic for certain types of
dystrophies and are essential in the diagnostic process. Studies on muscle
biopsy including histopathology, histochemistry, immunohistochemistry and
Western blotting as well as electron microscopy are performed to observe
abnormal changes in the structure of muscle fibers, inflammation,
necrotizing features and to detect defective proteins either as loss of protein
or abnormal accumulations. All these examinations are important for
phenotyping when evaluating possible candidate genes for genetic testing,
which is required to obtain the exact genetic diagnosis. NGS methods have
increased the utility of genetic testing dramatically and targeted gene panels
containing myopathy genes are often used when no clear candidate gene can
be suspected or if the candidate gene is too large for conventional Sanger
sequencing. The family history, phenotype characteristics as well as other
clinical data is nevertheless essential when interpreting the NGS results
(Bushby, 2009; Fardeau and Desguerre, 2013; Bönnemann et al., 2014).
2.3.3.1 Gene panels for myopathies
The first reported targeted NGS assay in the field of myopathies included
only one large gene, DMD, and it was developed to detect mutations in DMD
and BMD patients (Bonnal et al., 2010). In the assay long PCR combined
with massive pyrosequencing was used and 3X coverage was sufficient for
99.99% accuracy. Later Lim et al. described a custom solution-based target
enrichment using the Agilent SureSelect kit with barcode multiplexing and
massively parallel sequencing by Illumina Genome Analyser (2 × 69 cycles)
to detect both small mutations and CNVs in DMD (Lim et al., 2011). Xie et al.
described an assay capturing DMD by NimbleGen array-based hybridization
chip and sequencing using Illumina HiSeq2000 (2 × 90 bp reads) (Xie et al.,
2012). NGS assay for TTN has also been developed as Herman et al.
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described an assay to detect TTN mutations in cardiomyopathies. TTN was
enriched by filter-based hybridization capture and sequenced with Illumina
Genome Analyzer II or HiSeq (single-end or paired-end). CNVs were
analyzed by comparing the distribution of sequence reads among subjects.
One duplication was detected and its presence was confirmed (Herman et al.,
2012).
Other reported targeted gene panels for myopathies contain more genes.
Vasli et al. described NMD-seq, which can capture and sequence 256
neuromuscular genes simultaneously. Targeted regions were captured using
the Agilent SureSelect custom target enrichment kit and the enriched DNA
fragments were barcoded, pooled by four, and sequenced on Illumina
Genome Analyzer IIx to generate 72 bp paired-end reads. A coverage-based
method was used to analyze CNVs and one large deletion was identified
(Vasli et al., 2012). Valencia et al. described a gene panel containing 12
congenital muscular dystrophies genes. They used two different methods to
capture targets: RainDance microdroplet-based PCR and a custom Agilent
SureSelect solution-based hybridization and for sequencing the SOLiD
platform (Valencia et al., 2012). Savarese et al. described MotorPlex gene
panel containing 93 genes causing nonsyndromic muscle disorders. Agilent
HaloPlex target enrichment system was used and the libraries were
sequenced using the HiSeq1000 (Savarese et al., 2014). Chae et al. described
a gene panel containing 579 genes associated with myopathies including also
potential candidate genes. They used Agilent Haloplex capturing system and
sequenced using Illumina Genome Analyzer IIx instrument (2 × 100 bp)
(Chae et al., 2015). Sevy et al. described a gene panel for 298 neuromuscular
disease genes using Agilent HaloPlex enrichment system and for sequencing
Ion PGM sequencer (Sevy et al., 2015). Dai et al. described a gene panel for
44 genes associated with muscular dystrophies and congenital myopathies
using NimbleGen custom capture array and paired-end sequencing with
Illumina HiSeq2000 (Dai et al., 2015). The performances of the gene panels
have been overall good and they have provided high sensitivity and
specificity.
2.3.4 TREATMENT OF MYOPATHIES
Currently there is no cure for inherited myopathies, but certain therapies and
medications aim to treat the problems resulting from the disorders and
improve the quality of life for patients. Supportive care for muscular
dystrophies include physical therapy, occupational therapy, orthopedic
surgery, genetic counseling, invasive and noninvasive mechanical ventilation,
and the use of implanted cardiac devices. Pharmacological, gene and cell
therapies are under development. The main focus has been on DMD, which
is the most common and severe form of muscular dystrophy.
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Pharmacological treatments for myopathies have been limited. Corticosteroids have been shown to improve skeletal muscle strength and function
in DMD patients. For myotonic dystrophy patients mexiletine, a sodiumchannel blocker, have been used to reduce myotonia. Pharmacological
therapies under development include myostatin inhibitors and insulin-like
growth factor 1, which induce muscle regeneration. One promising
pharmacological treatment for DMD aims to increase levels of utrophin, a
homolog of dystrophin, to compensate for the absence of dystrophin.
Compounds that can induce ribosomal read-through of nonsense mutations
have also been identified and they could help DMD patients with premature
termination codons (Leung and Wagner, 2013; Abdel-Hamid and Clemens,
2012).
Gene and cell therapies for different myopathies are under development.
Many of the gene-based approaches utilize antisense oligonucleotides, which
are small 20–30 nucleotides long single-stranded DNA or RNA sequences
that can target gene transcripts and modulate splicing patterns or inhibit
protein translation. Antisense-mediated transcript targeting approaches have
been developed for DMD, which is caused by mutations that disrupt the open
reading frame of DMD. To restore the open reading frame an exon-skipping
treatment has been developed, which results in the milder BMD disease.
Antisense oligonucleotide-based approaches have also been developed to
treat other myopathies including dysferlinopathies and laminopathies by
bypassing mutation in in-frame exon, Fukuyama muscular dystrophy by
skipping of cryptic retrotransposon exon, OPMD by polyadenylation site
usage, DM1 by reduced levels of mutated transcript and Pompe disease by
reduced levels of glycogen synthase. The DMD and DM1 therapies have
advanced to the clinical trial phase (Jirka and Aartsma-Rus, 2015). Also
other gene therapy approaches have been developed for DMD, because all
DMD mutations cannot be treated with antisense oligonucleotides. In one of
the approaches, an alternate copy of dystrophin is delivered using
recombinant adeno-associated virus, which has shown the most potential.
Shortened but functional forms of dystrophin, small enough to be packaged
within the virus capsid, have been designed for the treatment (Ramos and
Chamberlain, 2015). Adeno-associated virus-based vectors are also under
development to treat myotubular myopathy and metabolic myopathies
(Childers et al., 2014; Mah et al., 2013).
Cell therapy is another potential treatment for myopathies. It can be seen as
a form of gene therapy if the functional gene or protein is directly delivered
using cells as vectors. Cell therapy involves the purification of adult stem
cells from the patient, correction of the genetic defect, expansion of the
corrected cells and reinjection of the cells into the patient. Alternatively cells
from healthy donors can be used, but they can lead to rejection. A fusion of
the stem cells into myofibers allows delivery of the corrected gene. Different
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cell types have been considered as candidates for cell therapy in
neuromuscular diseases. One of them are myoblasts, which are able to fuse
with host myofibers and deliver normal proteins, but long-term engraftment
is limited because of low cell survival, since the myoblasts are unable to
migrate throughout the damaged tissue. Since the intramuscular injection of
myoblasts leads to localized tissue repair at the site of injection, for
conditions like OPMD or FSHD, which have a limited number of muscles
affected, the myoblast transplantation is applicable. In order to treat every
muscle, the cells would need to be injected into the bloodstream.
Mesoangioblasts are vessel-associated stem cells able to differentiate into
several mesodermal cell types including myotubes. Injected mesoangioblasts
cross the vessel barrier and migrate into the dystrophic muscle where they
participate in muscle regeneration. Pluripotent stem cells, such as embryonic
stem cells and induced pluripotent stem cells, provide an alternative
therapeutic agent to treat muscular dystrophies that affect large muscle
groups because of their capacity for migration and self-renewal (Negroni et
al., 2015; Wilschut et al., 2012).
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3 AIMS OF THE STUDY
The aims of the study were:
1. To identify causative mutations in unclarified muscular dystrophy
patients and families using NGS methods.
2. To identify additional mutations in patients having heterozygous TMD
mutations, but more severe or complex phenotypes.
3. To develop a targeted NGS gene panel, MyoCap, for detection of
mutations in primary myopathies.
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4 MATERIALS AND METHODS
4.1 PATIENTS AND SAMPLES
A total of 107 muscular dystrophy patients from various countries and ethnic
origins were included in this doctoral study. The study was approved by the
local ethics committees and samples were obtained according to the Helsinki
declaration.
4.1.1 PATIENTS IN THE HMERF STUDY (I)
31 affected patients, 16 males and 15 females, and their 26 healthy family
members were included in the HMERF study. The patients were from 12
unrelated HMERF families from Finland, Sweden, France, Germany, Italy,
United Kingdom and Argentina. The DNA samples were provided by the
clinicians in different countries. The diagnosis of HMERF was based on
clinical symptoms of respiratory insufficiency together with muscle weakness
and/or presence of cytoplasmic bodies in muscle biopsy and a typical pattern
of muscle involvement on MRI.
4.1.2 PATIENTS IN THE TMD COMPLEX STUDY (II)
Eight patients from seven families were included in the TMD complex study.
The families were from Finland, France, Spain and Portugal. The patients
had a previously reported TMD mutation, but a more severe or complex
phenotype. DNA samples of the patients and healthy family members were
obtained from clinicians in the corresponding countries. Muscle biopsy
tissues were available from all the patients.
4.1.3 PATIENTS IN THE MYOCAP STUDY (III)
Altogether 65 patients were included in the MyoCap study. Four of the
patients served as mutation controls with previously reported mutations, and
61 were unsolved myopathy patients despite of extensive diagnostic
approaches. The patients were from 15 different countries and the DNA
samples were from their corresponding clinicians. 14 of the patients had
dominant disease, 11 recessive and 36 were sporadic.
4.1.4 PATIENTS IN THE RECESSIVE DISTAL TITINOPATHY STUDY (IV)
Ten patients and 16 healthy family members from six unrelated families were
included in the recessive distal titinopathy study. The families were from
Albania, Bosnia, Iran, Tunisia and Spain. The DNA samples were sent by the
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corresponding clinicians in different countries and muscle biopsy tissues
were available from three patients. All the patients had a recessive distal
myopathy phenotype with childhood or early adult onset and healthy
parents.

4.2 METHODS
4.2.1 SANGER SEQUENCING (I-IV)
Sanger sequencing was performed to identify mutations, confirm NGS
findings and also to assess the segregation of the mutation with the disease in
the families. Primers were designed using Primer3 software
(http://bioinfo.ut.ee/primer3-0.4.0/) and PCR was performed using
DreamTaq™ DNA Polymerase (Thermo Scientific) according to standard
protocol. The PCR products were purified with Exonuclease I (Thermo
Scientific) and FastAP Thermosensitive Alkaline Phosphatase (Thermo
Scientific), and sequenced on ABI3730xl DNA Analyzer (Applied Biosystems)
at the Institute for Molecular Medicine Finland (FIMM), using the Big-Dye
Terminator v3.1 kit. The sequences were analyzed using Sequencher 5.0
software (Gene Codes Corporation).
4.2.2 EXTRACTION OF RNA FROM MUSCLE TISSUE AND RT-PCR (IIIV)
The consequences of frameshift, nonsense and splice site mutations were
studied by sequencing cDNA. Total RNA was extracted from frozen muscle
biopsies with RNeasy Fibrous Tissue Mini kit (Qiagen) or Direct-zol™ RNA
MiniPrep Kit (Zymo Research) according to manufacturer’s instructions.
cDNA was synthesized using High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) or RevertAid H Minus Reverse Transcriptase (Thermo
Scientific) following the instructions. PCR was performed using DreamTaq™
DNA Polymerase (Thermo Scientific). When required the amplified products
were size separated by agarose gel electrophoresis and the fragments were
extracted using QIAquick Gel Extraction Kit (Qiagen).
4.2.3 GENOTYPING (I, IV)
Families were genotyped using up to 13 microsatellite markers around the
TTN locus: D2S2314, D2S1244, D2S138, D2S148, D2S2173, D2S300,
D2S385, D2S324, D2S2978, D2S2261, D2S384, D2S364, and D2S350. The
fluorescently-labeled PCR products were analyzed using ABI3730xl DNA
Analyzer and GeneMapper v4.0 software (Applied Biosystems). The
haplotypes were constructed manually assuming a minimum number of
recombination events.
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4.2.4 WHOLE EXOME SEQUENCING (I)
Whole exome sequencing was performed at the Axeq/Macrogen laboratory in
South Korea. The DNA enrichment was performed using Illumina TruSeq™
Exome Enrichment Kit and the DNA fragments were sequenced on Illumina
HiSeq 2000 platform with 100 bp paired-end reads.
4.2.5 TARGETED NEXT-GENERATION SEQUENCING (III, IV)
The MyoCap gene panel was developed for detection of mutations in patients
with primary myopathies. Altogether 180 myopathy related genes were
included in the first version of the panel. The target region contained coding
exons and 3' and 5' UTRs of transcripts present in databases RefSeq,
Ensembl, CCDS, Gencode and VEGA. The total size of the target region was
1.3 Mb containing 3999 exons.
Capture probes (custom SeqCap EZ Choice Library, Roche NimbleGen) were
designed using NimbleDesign (Roche NimebleGen) and 50-105-mer probes
were allowed to have up to five close matches in the genome. DNA
enrichment and next-generation sequencing were performed at FIMM.
Sample libraries were processed according to NEBNext DNA Sample Prep
Master Mix Set 1 (New England BioLabs) and four barcoded libraries were
pooled to each capture reaction using the designed custom SeqCap EZ Choice
Library and following the SeqCap EZ instructions (Roche NimbleGen). 100
bp paired-end sequencing was performed using Illumina HiSeq 1500 with
sequencing depth of 100X.
4.2.6 BIOINFORMATICS METHODS (I, III, IV)
Sequencing reads from WES were aligned to the human reference genome
(UCSC hg19) using BWA and the variant calling was performed following
GATK’s best practices. Variant filtering was performed using the analysis and
visualization program RikuRator (unpublished, created by Riku Katainen
from Lauri Aaltonen lab, the University of Helsinki).
Sequencing reads from MyoCap were aligned to the human reference
genome (UCSC hg19) using BWA. SAMtools was used to remove duplicates.
Realignment around indels and base quality score recalibration were
performed using GATK and variant calling was performed using both GATK
and SAMtools. Annovar was used to annotate the variants. Exonic and splice
site variants, within 15-bp of splice junctions, were analyzed. Variants with
allele frequency higher than 1% in 1000 Genomes or ESP6500 databases
were filtered out. The Human Gene Mutation Database (HGMD Professional
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2014.3) was used to detect previously reported pathogenic mutations and
Integrative Genomics Viewer (IGV) to visualize the data.
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5 RESULTS AND DISCUSSION
5.1 NOVEL MUTATIONS IN TTN
5.1.1 MUTATIONS IDENTIFIED IN THE HMERF PATIENTS (I)
Study I included 12 unrelated HMERF families from seven different
countries. Two of the families were from the original report and two were
other previously reported families with HMERF phenotype, but with
unsolved genetic cause (Edström et al., 1990; Tasca et al., 2010; Chapon et
al., 1989). Altogether 31 patients, 16 males and 15 females, and 26 healthy
family members were studied. The mean age of disease onset was 36.6 years
ranging from 16 to 53. The patients had distal and proximal lower limb
weakness and respiratory insufficiency. Neck flexor, abdominal and ankle
dorsiflexion weakness was marked. Muscle weakness was progressive and
usually symmetrical. At onset upper limbs were not affected, but in the later
course proximal and distal weakness in the upper extremities was observed.
The severity of muscle weakness and the rate of progression varied from mild
to loss of ambulation at age 36 years. Typical pathological findings included
fiber-size variation, increase of internal nuclei, cytoplasmic bodies and
rimmed vacuoles.
In 2012, studies using WES identified a novel dominant missense mutation
(p.C31712R) in TTN A-band exon 343 in three Swedish and three British
families (Ohlsson et al., 2012; Pfeffer et al., 2012). During the same time our
study using WES revealed a novel missense mutation (p.P31709R) in TTN
exon 343 in a French HMERF family. TTN exon 343 was then Sanger
sequenced from the rest of the studied HMERF families and altogether five
different TTN missense mutations in the 12 unrelated HMERF families were
identified (Table 5). One of the mutations (p.C31712R) was the recently
reported, but the four others were novel. All the mutations were located in
the same TTN exon 343, encoding FN3 domain in the titin A-band region,
and they all changed a conserved amino acid. Family members were also
Sanger sequenced and the mutations segregated with the disease in the
families. All the mutations were dominant except one (p.P31732L), which
seemed to be recessive as it did not always cause a disease in a heterozygous
state.
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Table 5. Identified TTN mutations in the HMERF families (NM_001267550.1 and
NP_001254479.1).
Family

Ethnicity

Exon

DNA

Protein

A

French

343

c.95126C>G

p.P31709R

B, C, D, E, F, G

Finnish, two
Swedish,
British, Italian,
Argentinian

343

c.95134T>C

p.C31712R

I

British

343

c.95185T>C

p.W31729R

H

German

343

c.95187G>C

p.W31729C

J, K, L

Italian, two
French

343

c.95195C>T

p.P31732L

Previous linkage studies in the French family A had excluded the TTN locus
(Xiang et al., 1999), but re-classification of some of the individuals showed
that the disease was indeed linked to the TTN locus. Families B, C, D, E, F
and G sharing the mutation p.C31712R and families J, K and L sharing the
mutation p.P31732L were genotyped using eight microsatellite markers
flanking the TTN locus. Families B, C, D, E, F and G shared also the same,
although short (<1.3 Mb), haplotype including two markers, D2S300 and
D2S385, suggesting a common origin of the mutation. Families J, K and L
shared another haplotype including the same two markers, also suggesting a
common origin.
The p.C31712R mutation is the most common of the HMERF mutations
identified so far. It was first identified in three Swedish and British families
(Ohlsson et al., 2012; Pfeffer et al., 2012). Our study added six more families,
two from Sweden and one from Finland, Britain, Italy and Argentina with
Caucasian, probably Italian, ancestry. Later the same mutation has been
identified in five new British and one Canadian (with British ancestry) and
Spanish families (Pfeffer et al., 2014; Pfeffer et al., 2014a; Toro et al., 2013).
In addition, the same mutation has also been found in one Canadian family
with Indian ancestry, but with a different haplotype than in the original
British families, indicating a de novo mutation (Toro et al., 2013; Pfeffer et
al., 2014b) and from one Chinese family with a new haplotype, which shared
the core haplotype with the Canadian family with Indian ancestry (Yue et al.,
2015). The mutation is dominant with full penetrance, but its prevalence is
unknown as HMERF is considered to be an under-diagnosed disease and
probably a lot more common than expected (Pfeffer et al., 2014).
Identification of different disease alleles with the same mutation suggest that
this position in TTN may be a mutational hotspot and de novo mutations in it
may arise in different ethnic groups.
Families A, I and H from France, Britain and Germany had all different
missense mutations, p.P31709R, p.W31729R or p.W31729C, which
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segregated with the disease in the families. The mutations were dominant
with full penetrance. They were located in the same region as the p.C31712R
mutation and the patients had identical phenotypes, age of onset and disease
severity as the patients with the p.C31712R mutation. Later other single
families with novel dominant missense mutations in the same TTN exon 343
have been reported. A novel c.95358C>G (p.N31786K) mutation was
identified in a Brazilian family, a novel c.95372G>A (p.G31791D) mutation in
an American family and a novel c.95186G>T (p.W31729L) mutation in a
Japanese family (Pfeffer et al., 2014; Toro et al., 2013; Izumi et al., 2013).
The p.P31732L mutation identified in families J, K and L is clearly more
complicated, since the penetrance is not fully dominant. In families J and K it
shows recessive and in family L dominant inheritance. However, the
homozygous patients in families J and K have a more severe disease with
earlier onset and more rapid progression than the heterozygous patients in
family L, whose respiratory insufficiency occurred at a much later age and
without clear limb muscle weakness. The heterozygous parents in family J
showed subclinical myopathy in MRI with some fatty degenerative change in
HMERF typical muscles. Since this mutation may or may not cause clinically
manifested disease in heterozygous state, and it causes a clearly more severe
phenotype in homozygosity, we called this mutation semirecessive in the
corresponding publication. Another alternative could be that the
manifestation of a milder HMERF in the family L could be the result of a
second gene defect segregating with the disease and interfering with the
molecular pathways affected by the TTN exon 343 mutation. During the
same time the p.P31732L mutation was also reported in one heterozygous
patient of a British family who also had a 61-year-old brother as a healthy
carrier of the mutation (Pfeffer et al., 2014). Later it has been reported in a
Chinese patient as a de novo mutation (Yue et al., 2015). The mutation has
also been observed in WES project in heterozygous state in a single patient,
but without further confirmation of its possible pathogenicity (Vasli et al.,
2012). The original Swedish HMERF families having the titin kinase
mutation c.102271C>T (p.R34091W) in exon 358 (Mex1) (Lange et al., 2005)
also had the p.P31732L mutation in cis and the HMERF disease in them is
likely caused by the combination of these mutations (Hedberg et al., 2014a;
Lange et al., 2014). The titin kinase mutation has later been seen in general
population and has an allele frequency of 0.1% (rs140319117) in ExAC. Also
the c.95195C>T (p.P31732L) mutation has been observed in general
population with allele frequency of 0.0017%. The heterozygous patients in
family L did not have the titin kinase mutation in addition to the p.P31732L
mutation, but they may have some other additional pathogenic variant,
which remains to be clarified.
Hedberg et al. have studied how the HMERF mutations, p.P31709R,
p.C31712R, p.W31729R, p.W31729C and p.P31732L, affect the biochemical
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behavior of this titin FN3 A-band domain and all the mutations resulted in
impaired FN3 domain solubility, which was not seen in amino acid changes
associated with common SNPs of the same region. In silico analyses further
supported the notion that the reported mutations impair proper folding of
the FN3 domain (Hedberg et al., 2014b).
5.1.2 ADDITIONAL TTN MUTATIONS IDENTIFIED IN THE COMPLEX
TMD PATIENTS (II)
Eighteen patients with heterozygous FINmaj TMD mutation, but more severe
or complex phenotypes were described in 2005 (Udd et al., 2005). The
patients had unusual TMD phenotypes including proximal leg or posterior
lower leg muscle weakness and atrophy. Two of the patients had disease
onset in childhood and a phenotype that resembled more of LGMD2J, caused
by homozygous FINmaj mutation. One of the patients presented with
generalized weakness from early infancy without further progression until
adolescence with some increasing weakness. The other patient had proximal
lower limb muscle weakness with onset at age 7 and a slowly progressive
LGMD phenotype with moderate walking difficulties at age 17 (Udd et al.,
2005). These two patients were included in Study II and they represent
patients 2 and 3. In 2008, a novel TMD mutation c.107647delT
(p.S35883Qfs*10) in TTN Mex5 was identified in a French family with two
affected members, a mother and a son (Hackman et al., 2008). They had a
more severe distal phenotype when compared to the TMD and a disease
onset at 20-30 years. The muscle weakness progressed to proximal muscles
and also to arm muscles in the son. Later the patients also had dysphagia.
Unequal expression of the TTN alleles was observed in RT-PCR and Western
blot studies (Hackman et al., 2008). These two patients were also included in
the Study II and they represent patients 5A and 5B. In addition, four other
patients, 1, 4, 6 and 7, were included. Patient 1 had proximal muscle
weakness starting from infancy. Patient 4 had a novel titinopathy phenotype
starting at age 30 with muscle atrophy in the right calf, which progressed to
the right thigh and then to the left thigh. Muscle biopsy showed dystrophic
changes and rimmed vacuoles. Patient 6 had a disease onset in childhood
with progressing distal muscle weakness in the lower limbs and mild
weakness in the proximal lower limb muscles. Patient 7 had an early adult
onset disease with slowly progressive distal and proximal muscle weakness in
the lower limbs.
Muscle biopsies were available from the patients and RT-PCR and Western
blotting studies were performed. RT-PCR spanning TTN exons Mex4-Mex6
or Mex5-Mex6 showed higher signal from the TMD mutated allele in the
sequenced patients 1, 3, 5A and 5B suggesting unequal expression of the TTN
alleles (Figure 7). Western blot using antibodies for M10 domain of titin
showed loss of epitope recognition in patients 1, 3, 5A, 6 and 7 (patient 2 and
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5B were not tested). The Western blot results looked similar to the blots of
FINmaj homozygous LGMD2J muscle. The RT-PCR and Western blot results
suggested a presence of second probably truncating and NMD-causing
mutation on the other TTN allele.

Figure 7. The cDNA sequencing chromatograms showed higher signal from the FINmaj
mutated allele (patient 3) and French Mex5 mutated allele (patient 5A) compared to the
other TTN allele.

Sanger sequencing of TTN from patients’ genomic DNA was performed in
order to identify the additional mutations. Sequencing was performed
starting from the last exon of TTN and continuing upstream as majority of
TTN mutations had previously been found in the end of the gene. Sequencing
revealed six novel TTN mutations (Table 6). Patients 1, 2, 5A, 5B and 6 were
compound heterozygotes having the previously reported TMD mutation in
combination with a novel TTN frameshift mutation, patient 7 was
homozygous for the previously reported Iberian TMD mutation and patient 4
with the new titinopathy phenotype had a novel missense mutation in TTN
A-band exon 339 in combination with the FINmaj TMD mutation. Patient 3
with the heterozygous FINmaj TMD mutation and LGMD phenotype was not
clarified, although every exon of TTN was sequenced and the RT-PCR and
Western blot results had suggested an additional mutation on the other TTN
allele. It is possible that the mutation may have gone undetected because of
faulty primers or if the mutation is located in a deep intronic region or if it is
too large to be detected by Sanger sequencing.
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Table 6. Identified TTN mutations in the complex TMD patients (NM_001267550.1 and
NP_001254479.1).
Patient

Reported TMD mutation

Novel TTN mutation

Phenotype

1

Exon 363, FINmaj
c.107780-107790
delAAGTAACATGG
insTGAAAGAAAAA
p.3592735930delinsVKEK
(maternal)

Exon 358 (M-line)
c.101113delT
p.S33705Lfs*4
(paternal)

LGMD

2

Exon 363, FINmaj
(paternal)

Exon 207 (PEVK)
c.39492dupT
p.E13165fs*1
(maternal)

LGMD

3

Exon 363, FINmaj
(maternal)

not found

LGMD

4

Exon 363, FINmaj
(maternal)

Exon 339 (A-band)
c.92167C>T
p.P30723S
(paternal)

novel titinopathy

5A

Exon 362, French
c.107647delT
p.S35883Qfs*10

Exon 352 (A-band)
c.98105delC
p.P32702Lfs*15

severe TMD

5B

Exon 362, French
(maternal)

Exon 357 (A-band)
c.100558100561dupACTG
p.G33521Dfs*25

severe TMD

6

Exon 363, Iberian
c.107889delA
p.K35963Nfs*9
(maternal)

Exon 318 (A-band)
c.67089delT
p.K22364Rfs*24
(paternal)

severe TMD

7

Exon 363, Iberian
(homozygote,
maternal and paternal)

-

severe TMD

The frameshift mutation regions were sequenced from cDNA of patients 1, 2,
5A, 5B and 6. The sequencing chromatograms showed a lower signal from
the frameshift alleles compared to the TMD alleles and were in concordance
with the earlier sequencing results of the TMD mutation regions (Figure 8).
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Figure 8. The cDNA sequencing chromatograms showed a lower signal from the frameshift
alleles compared to the TMD alleles.

All the novel frameshift mutations identified in this study cause a premature
stop codon in the sequence and are located >50-55 nucleotides upstream of
the last exon-exon junction making them likely to trigger NMD (Nagy and
Maquat, 1998). NMD is a surveillance pathway that functions to reduce
errors in gene expression by degrading mRNAs that contain premature stop
codons, which would otherwise lead to translation of erroneous proteins.
NMD is often incomplete, but the amount of translated truncated titin
protein from the frameshift alleles was not studied. If the truncated protein is
translated it does not seem to have any dominant effect as individuals
carrying the novel frameshift mutation, the fathers of patients 1 and 6 and
the mother of patient 2, were healthy at age 53-64. This indicates that the
frameshift alleles are recessive and not able to cause disease alone. The
compound heterozygous patients with TMD and frameshift mutations had
similar phenotypes as the homozygous patients with the corresponding TMD
mutation. Frameshift and nonsense mutations in different parts of TTN Aband region have previously been reported to cause dominant cardiomypathy
(Herman et al., 2012). The cardiomypathy mutations were first thought to
cause the disease by means of dominant negative mechanism, but according
to new studies haploinsufficiency is more likely (Roberts et al., 2015; Hinson
et al., 2015). The penetrance of TTN truncating mutations in DCM was more
than 95% for the subjects who were more than 40 years of age (Herman et
al., 2012). This was not the case in the patients of our study and it remains to
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be clarified why some TTN frameshift mutations cause cardiomyopathy,
while some do not.
Phenotypic variability between different TMD mutations has been observed.
In heterozygous state the reported Mex6 TMD mutations cause a somewhat
similar distal myopathy with weakness in the lower limbs. An exception is the
Belgian TMD mutation, which causes a milder phenotype (Van den Bergh et
al., 2003). It has been explained that the FINmaj and French A mutations
disrupt key structural features of the M10 Ig-fold, while the Belgian TMD
mutation is a structurally less severe missense mutation. FINmaj and French
A mutations have been shown to reduce the binding of obscurin/obscurinlike 1 to titin, while the Belgian TMD mutation did not have this effect
(Fukuzawa et al., 2008). Our study shows that the previously reported
Iberian TMD mutation can have reduced penetrance and the mutation
carriers can be asymptomatic. This was observed in the parents of patient 7
and the mother of patient 6, who were heterozygous for the Iberian TMD
mutation, but healthy at age of 55-60 years. It is possible that the parents
may have a very late disease onset. The Iberian TMD mutation is a single
nucleotide deletion leading to a frameshift in the end of the gene. Likely this
region is not as important as the FINmaj mutation region of the domain.
Phenotypic variability has also been observed in the homozygous or
compound heterozygous patients with TMD mutations. The FINmaj
mutation has been shown to cause a severe childhood onset LGMD
phenotype in homozygous patients (Udd et al., 1991; Udd, 1992; Udd et al.,
1992). Quite similar early onset LGMD phenotype was also observed in
patients 1 and 2 who had the heterozygous FINmaj mutation in compound
heterozygosity with a frameshift mutation. Also patients homozygous for the
French c.107890C>T (p.Q35964*) and Chinese c.107788T>C (p.W35930R)
Mex6 mutations have been reported to have an LGMD phenotype (PenissonBesnier et al., 2010; Zheng et al., 2015). The Chinese mutation is located in
the same region as the FINmaj mutation, which may explain the similar
phenotypes caused by the mutations. The French patient had a milder
phenotype than LGMD2J with a later disease onset at 25 years. The first
symptoms were in the upper limbs and the proximal and distal muscles were
equally involved in the first examination (Penisson-Besnier et al., 2010). The
French mutation is located close to the Iberian TMD c.107889delA
(p.K35963Nfs*9) mutation, which does not cause an LGMD phenotype in
homozygosity or compound heterozygosity with a frameshift mutation, but
rather a more severe distal phenotype as seen in patients 6 and 7. Both of
these mutations cause frameshift and loss of about the last third of the Mex6
exon. Patients 5A and 5B had the previously reported French Mex5 mutation
c.107647delT (p.S35883Qfs*10) (Hackman et al., 2008) in compound
heterozygosity with a frameshift mutation. The Mex5 mutation causes a
frameshift in the end of Mex5 and a total loss of Mex6 resulting in the loss of
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M10 domain. Heterozygotes with this mutation are not known, but the
compound heterozygous patients, 5A and 5B, have similar more severe distal
phenotype as the compound heterozygous or homozygous patients 6 and 7
with the Iberian TMD mutation. Mex5 is an alternatively spliced exon and
not present in all skeletal muscle isoforms. This means that some of the
isoforms skip the mutation and are normal. This could explain why the
mutation does not lead to the more severe LGMD phenotype. Mex5 encodes
is7, which contains the M-line calpain 3 binding site (Sorimachi et al., 1995).
When studying calpain 3 levels by Western blotting patient 5A showed
normal levels whereas patients 1, 3, 6 and 7 showed clear reduction, similar
as seen in the LGMD2J muscle, which is in line with the Mex5 mutation
having no effect in is7- isoforms of titin.
Patient 4 with a new titinopathy phenotype had a novel missense mutation
c.92167C>T (p.P30723S) in TTN exon 339, encoding for FN3 domain in the
A-band region, in compound heterozygosity with the FINmaj TMD mutation.
The patient had inherited the missense mutation from his healthy father and
the FINmaj mutation from his TMD mother. The patient, however, had a
disease that was completely different from both TMD and LGMD2J. The
onset was at the age of 30 years and started with muscle atrophy of the right
calf, progressing to the right thigh and then to the left thigh requiring a stick
for walking at the age of 45 years. The tibialis anterior muscles were
relatively spared. How the combination of these two mutations cause the
phenotype remains to be clarified.
5.1.3 TTN MUTATIONS IDENTIFIED IN THE MYOCAP GENE PANEL
SCREEN (III)
The MyoCap targeted gene panel was developed to enhance the genetic
testing of unsolved myopathy patients. TTN mutations identified in the first
screen are discussed in this chapter and the panel itself in the later chapters.
Altogether 61 research patients negative for previous candidate gene
approaches were included in the first screen and nine of them had
pathogenic TTN mutations (Table 7). Two of the patients (P8 and P9)
received definite diagnosis, four patients (P13-P16) probable diagnosis and
three patients (P19-P21) with recessive disorders, were identified with one
likely pathogenic mutation.
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Table 7. TTN mutations identified in the first MyoCap screen (NM_001267550.1 and
NP_001254479.1). AR = autosomal recessive, S = sporadic.
Patient
Origin

Mutation

Status

Mode

Phenotype

P8
Spain

TTN:exon326:c.77226_77229del:
p.S25742fs
TTN:exon363:c.107889delA:p.K35963fs

novel
reported

AR

Distal myopathy

P9
Tunisia

TTN:exon326:c.85011_85014del:
p.E28338fs
TTN:exon363:c.107743A>C:p.T35915P

novel
novel

AR

Distal myopathy

P13
Italy

TTN:exon304:c.60494A>G:p.H20165R
TTN:exon363:c.107837A>C:p.H35946P

novel
reported

S

Adult onset
proximal rimmed
vacuolar

P14
Spain

TTN:exon306:c.63625C>T:p.R21209X
TTN:exon340:c.94285T>A:p.W31429R

novel
novel

S

Distal myopathy

P15
Finland

TTN:exon107:c.30326C>G:p.T10109R
TTN:exon358:c.105037C>T:p.R35013C

novel
novel

S

Marked upper
limb rimmed
vacuolar

P16
USA

TTN:exon343:c.95297C>T:p.S31766F
TTN:exon357:c.100400T>G:p.V33467G

rs191484894
rs200166942

S

HMERF

P19
Spain

TTN:exon363:c.107889delA:p.K35963fs

reported

AR

Distal myopathy

P20
Italy

TTN:exon361:c.107377+2->T

novel

S

Marked upper
limb rimmed
vacuolar

P21
Canada

TTN:exon359:c.106531+2T>A

novel

AR

Proximal rimmed
vacuolar

Patient P8 had the previously reported Iberian TMD mutation in compound
heterozygosity with a novel frameshift mutation in A-band exon 326. The
patient had muscle weakness in the lower limb muscles starting at age four.
The phenotype was compatible with the previously reported patient (Study
II) with the Iberian TMD mutation and a compound heterozygous A-band
frameshift mutation.
Patient P9 had a novel missense mutation in exon 363 (Mex6) in compound
heterozygosity with a novel frameshift mutation in A-band exon 326. The
patient had muscle weakness in lower limb muscles starting at age 24. The
Mex6 mutation was located in the same region as the previously reported
TMD mutations and the patient also had similar phenotype as the compound
heterozygous patients having TMD and A-band frameshift mutations.
Patient P13 had the previously reported Italian TMD mutation in compound
heterozygosity with a novel missense mutation in A-band exon 304. The
patient belonged to the previously reported Italian TMD family (Pollazzon et
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al., 2010), but he had a different phenotype with a proximal thigh muscle
weakness starting before the lower leg weakness. The patient had inherited
the TMD mutation from his TMD father and the novel missense mutation
from his healthy mother. The phenotype in this patient was almost identical
to the phenotype that was reported in Study II in patient 4 having the
FINmaj TMD mutation in compound heterozygosity with a novel missense
mutation in A-band exon 339. These novel missense mutations are clearly
recessive, but the mechanism of their pathogenicity requires clarification.
Patient P14 was the only affected member in her family. She had a novel
distal myopathy phenotype starting in the late childhood with mild distal
weakness. At age 29 she had severe weakness of the anterior compartment
muscles of legs and mild weakness in wrists, fingers, shoulders and hips.
MyoCap revealed two novel TTN mutations. A novel missense mutation in Aband exon 340 inherited from her healthy mother and a novel nonsense
mutation in A-band exon 306 inherited from her healthy father. In addition,
her brother with the missense mutation and her sister with the nonsense
mutation were healthy. The pathogenicity of TTN missense mutations can be
difficult to determine, but as the mutation c.94285T>A (p.W31429R)
exchanges a conserved hydrophobic tryptophan, buried in the FN3 domain,
to a positively charged arginine it most probably breaks the hydrophobic core
of the domain and leads to an unfolded FN3.
Patient P15 had two novel missense mutations in TTN, one in I-band exon
107 (c.30326C>G, p.T10109R) and the other in M-line exon 358
(c.105037C>T, p.R35013C). The exon 107 encodes an Ig-like domain in the
N2A region, which contains the I-band binding site for calpain-3 (Sorimachi
et al., 1995) making it an interesting candidate. The mutated region in the
exon 358 (Mex1) encodes an Ig-like M4 domain in the titin M-line with
unknown ligands. M4 was first reported to interact with myomesin
(Obermann et al., 1997), but the interaction could not be repeated in
additional experiments (Fukuzawa et al., 2008). The patient had a more
severe weakness in the proximal and distal upper limbs and milder weakness
in the lower limbs. The first diagnostic examination was at age 47 and he
started to use the wheelchair at age 49. The patient had inherited the exon
358 mutation from his father who had a milder phenotype with limb
weakness after age 70. Also the patient’s son had the mutation and he was
healthy at age 35. The findings are interesting, but more evidence is needed
to confirm the pathogenicity of the mutations.
Patient P16 had an HMERF phenotype and no family history with the
disease. Two rare TTN variants were identified. One of them (c.95297C>T,
p.S31766F) was located in the same exon 343 as the reported HMERF
mutations, with an allele frequency of 0.4 % in ExAC (rs191484894). The
other variant (c.100400T>G, p.V33467G) was in exon 357, encoding a
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domain in the end part of A-band, with an allele frequency of 0.03 % in ExAC
(rs200166942). The findings were considered highly interesting, since one of
the reported HMERF mutations (p.P31732L) is more or less recessive and
causes the disease in homozygosity or in combination with another mutation
(p.R34091W) (Hedberg et al., 2014a; Lange et al., 2014). The findings of the
patient P16 need more studies.
Patients P19, P20 and P21 were identified having only one TTN mutation
each, not sufficient to cause their diseases alone. Patient P19 had the
previously reported Iberian TMD mutation, but more severe early onset
phenotype with muscle weakness in the lower limbs. His brother with similar
phenotype had the mutation too, but it was also present in their healthy
father and sister. Iberian TMD causes a mild late onset dominant distal
myopathy (Hackman et al., 2008), and additional mutation in the affected
members would have been expected. Healthy carriers of the mutation have
previously been found and in compound heterozygosity with a frameshift
mutation the mutation causes a more severe TMD phenotype (Study II). The
patient had several rare missense variants in the TTN A-band region, and
likely some of them contribute to the phenotype, but their significance could
not be determined. Patient P20 with upper limb muscle weakness had a
splice site mutation c.107377+2->T in TTN intron 361, which introduced a
new splice site and resulted in a transcript with an extra G between exons 361
and 362 leading to a frameshift and three exchanged amino acids before the
stop codon. The mutation was also present in the patient’s healthy sister and
thus not likely to have a dominant effect. The possible other TTN mutation
could not be determined. Patient P21 with proximal muscle weakness
starting before the age of 30 had a TTN mutation c.106531 + 2T>A that
caused skipping of exon 359 (Mex2), but which was not likely to cause the
disease alone, since the patient’s son also had the mutation and was healthy
at age 37. The possible other TTN mutation could not be determined.
5.1.4 MUTATIONS IDENTIFIED IN THE RECESSIVE DISTAL
TITINOPATHY PATIENTS (IV)
Six distal myopathy families with recessive inheritance pattern were included
in this study. Family A was from Albania with the proband living in Italy. The
proband had a distal muscle weakness in the lower limbs starting at age 36.
Family B was from Bosnia and had two affected members. The proband had
atrophy and weakness of tibialis anterior muscles in the lower leg with
disease onset at 25 years. Her brother had weakness of toe and foot extensors
and walking difficulties since childhood. On examination he was 32 years old
and he had been diagnosed with cardiomyopathy years before after an
episode of acute tonsillitis and myocarditis. Family C was from Iran and the
proband had weakness of lower limb muscles and walking difficulties since
the age of 29. Family D was from Tunisia and the proband had progressive
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distal and proximal muscle weakness in the lower limbs starting at age 24.
Her sister (P9 from Study III) had similar phenotype and the same disease
onset. Family F was from Spain and the proband (P8 from Study III) had
distal and proximal lower limb muscle weakness starting at age 4. His
brother had similar muscle weakness, but with disease onset in the teens.
Family G was from Spain and the proband (P14 from Study III) had a novel
phenotype with severe weakness in tibialis anterior muscles and mild muscle
weakness in wrists, fingers, shoulders and hips.
One affected patient from each family was screened for mutations using the
MyoCap gene panel. Recessive TTN mutations in either homozygous state or
in compound heterozygosity with a nonsense or frameshift mutation were
identified in the patients (Table 8). Family members carrying only one of the
identified mutations were healthy.
Table 8. Identified TTN mutations in
(NM_001267550.1 and NP_001254479.1).

the

Family

Ethnicity

Exon

A

Albanian

362

B

C

D

F

G

Bosnian

Iranian

Tunisian

Spanish

Spanish

recessive

distal

titinopathy

DNA

patients

Protein

c.107635C>T

p.Q35879*

(homozygous)

(homozygous)

266

c.50026G>T

p.E16676*

362

c.107635C>T

p.Q35879*

76

c.22027C>T

p.Q7343*

362

c.107635C>T

p.Q35879*

326

c.85011_85014del

p.E28338Hfs*9

363

c.107743A>C

p.T35915P

326

c.77226_77229del

p.S25742Rfs*9

363

c.107889delA

p.K35963Nfs*9

306

c.63625C>T

p.R21209*

340

c.94285T>A

p.W31429R

Altogether three novel TTN mutations in exons 362 (Mex5), 363 (Mex6) and
340 (A-band) were identified and the previously reported Iberian TMD
mutation in one family. The mutations were in compound heterozygosity
with I- or A-band nonsense or frameshift mutations. The phenotypes
observed in the patients with novel Mex5 or Mex6 mutations and truncating
mutations were similar to the phenotypes seen in the patients in Study II. It
is possible that these novel Mex6 mutations also cause a dominant late onset
mild TMD phenotype like the previously reported dominant Mex6 TMD
mutations. Three of the families (A, B and C) shared the same mutation
(c.107635C>T, p.Q35879*) in Mex5. Genotyping using eight microsatellite
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markers around TTN was performed and the affected members in the
families also shared the same haplotype, suggesting a common origin of the
mutation. The families are of different ethnicity, Albanian, Bosnian and
Iranian, and it is likely that more families with this mutation exist, but the
mutation manifests the disease only when in compound heterozygosity with
a truncating TTN mutation.
RT-PCR from muscle biopsies of patients from families B and C was
performed and it suggested unequal expression of the TTN alleles in the
patients showing lower signals from the I- and A-band nonsense mutations
compared to the Mex5 mutated allele. The results were similar as in the
previous TMD complex patients (Study II). The lower expression of the Iand A-band nonsense alleles is likely due to NMD as the mutations cause a
premature stop codon in the sequence >50-55 nucleotides upstream of the
last exon-exon junction (Nagy and Maquat, 1998). Western blotting using
antibody for M10 domain was also performed on a patient from family C and
it showed reduction of titin fragments, but not complete absence of the
protein as seen in the LGMD2J biopsy. The detected protein very likely
originated from the normal is7- isoform, which lack the is7 domain and also
the mutation.
All the identified I- and A-band nonsense and frameshift mutations seem to
be recessive as the heterozygous carriers of the mutations were healthy at age
53-65. Dominant cardiomyopathy has been observed in patients with
truncating mutations in TTN A-band (Herman et al., 2012). Cardiomyopathy
was present in one of the Bosnian patients, but it was likely caused by
something else than the truncating TTN mutation, since the patient's sister
with the same combination of TTN mutations did not have cardiomyopathy,
as well as their father who was a healthy heterozygous carrier of the
truncating A-band mutation.
Distal myopathy -causing mutations in the TTN A-band region have not been
previously reported. In this study, a patient in the family G had a novel
missense mutation c.94285T>A (p.W31429R) in TTN exon 340 in compound
heterozygosity with a nonsense mutation c.63625C>T (p.R21209*) in exon
306. Segregation of the mutations was studied in the family members. Only
the affected had both of the mutations, whereas the healthy mother and
brother carried the missense A-band mutation and the healthy father and
sister carried the nonsense A-band mutation, indicating that the mutations
are recessive and in different TTN alleles. The missense mutation causes an
exchange of a conserved hydrophobic tryptophan to a positively charged
arginine. The tryptophan is buried in the FN3 domain and the exchange most
probably breaks the hydrophobic core of the domain and leads to an
unfolded FN3. The mutation presumably causes the disease by a loss-offunction mechanism when interactions of the domain are disrupted. Two
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putative ligands for the domain are dysferlin and angiomotin (Blandin et al.,
2013), but their interaction with titin requires confirmation. The patient had
a novel distal myopathy phenotype with severe weakness in tibialis anterior
muscles and milder muscle weakness in wrists, fingers, shoulders and hips.

5.2 MYOCAP GENE PANEL (III)
The MyoCap gene panel was developed in order to enhance genetic testing in
primary myopathies. Previously the main method to detect mutations was
Sanger sequencing of single candidate genes. This was a slow and laborious
method especially for patients with less distinct phenotypes when several
genes needed to be sequenced in order to identify the causative mutation or
for patients with huge candidate genes. Targeted gene panels provide fast
and cost-efficient solution to sequence several genes simultaneously and with
better coverage compared to WES.
A total of 138 previously reported myopathy-causing genes (Kaplan and
Hamroun, 2012) and 42 novel genes were selected to the panel. The novel
genes were not previously reported to cause myopathy, but were considered
interesting, since they encode proteins that have direct interactions with
known myopathy associated proteins. Probes were designed for the coding
exons and UTRs of the gene transcripts present in databases RefSeq,
Ensembl, CCDS, Gencode and VEGA. The total size of the target region was
1.3 Mb and contained 3999 exons. SeqCap EZ Choice Library from
NimebleGen was chosen as capture kit since the NimebleGen SeqCap EZ
enrichment system was reported to have more specific targeting and
enrichment characteristics with more high quality reads, deeply covered base
pairs and a more uniform coverage in the target regions compared to Agilent
SureSelect enrichment system (Sulonen et al., 2011).
The first MyoCap screen was performed on selected myopathy patients
without molecular diagnosis despite of extensive candidate gene approaches.
Altogether 61 patients were selected, and four additional patients having
previously identified mutations served as mutation controls. The patients
were from 15 different countries and had different myopathies, the most
common phenotypes being distal myopathy and LGMD. The mode of
inheritance was dominant in 14 patients, recessive in 15 patients and 32
patients were sporadic.
5.2.1 COVERAGE IN THE TARGET REGION
The mean read depth in the target region was 131X, and on average 94.8% of
the target region was covered with at least 20X. The reads did not cover the
target region uniformly, because some regions were more difficult to
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sequence than others. The poorly covered 5.2% of the target region
comprised mainly repetitive or GC-rich regions. Overall 147 exons of the total
3999 target exons had read depth less than 20X in all analyzed samples and
44 exons had no reads at all. Problems with repetitive and GC-rich sequences
have been encountered in other targeted gene panels as well (Vasli et al.,
2012; Valencia et al., 2012). GC-rich sequences contain more than 60% of
guanine and cytosine nucleotides. These regions are very stable because of
stacking interactions and secondary structures, for example hairpin loops,
causing problems in the PCR amplification step. By optimizing the PCR
conditions the coverage in the GC-rich regions could probably be increased
(Aird et al., 2011). The 32 kb triplicate region in NEB and the 10 kb triplicate
region in TTN were poorly covered due to high degree of repetitiveness.
Longer read lengths could help to overcome the aligning problem of
repetitive sequences (Li and Freudenberg, 2014). The average read depth
also varied between the samples ranging from 26X to 238X and was likely
caused by pooling of the samples and differences in the DNA concentrations.
5.2.2 SPECIFICITY OF THE ASSAY
All the seven mutations in the four control patients were detected. The
mutations included a single-nucleotide substitution, a single nucleotideduplication, a four-nucleotide duplication, three single-nucleotide deletions
and an eleven nucleotides insertion/deletion mutation (FINmaj), which was
shown as four different mutations in the results: a deletion, an insertion and
two substitutions. According to this relatively small sample set MyoCap
seemed to be a reliable method to detect small substitutions and indels.
CNVs and SVs were not analyzed, because their detection is rather inaccurate
due to non-uniform coverage and noncontiguous nature of the targeted
regions (Benjamini and Speed, 2012).
The average amount of variants detected per patient was 1589. After filtering
out variants having frequency >1% in 1000 Genomes and ESP6500 an
average of 35 variants were left in the results, including variants in the coding
exons and intronic variants that were located less than 15 bp from exonintron borders. Intronic variants close to exons were included in the results
in order to detect variants possibly affecting splicing. The vast majority of the
detected variants were real. Sanger sequencing of 85 variants confirmed 82
of them to be true positives, providing the specificity value of 96%.
Detection of indels is more challenging than detection of substitution
mutations, because reads overlapping the indel sequences are more difficult
to map (Li et al., 2008). Often the number of detected substitutions is very
similar when comparing different NGS platforms or analysis tools, but the
number of indels can differ greatly (Jiang et al., 2015). This was also seen in
the MyoCap data, in which two variant calling algorithms, GATK and
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SAMtools, were used. GATK called only slightly more SNVs (84 327 vs. 83
647), but notable more indels (11 350 vs. 7692) than SAMtools. It is possible
that GATK has a higher false positive rate, but in turn SAMtools missed three
pathogenic single-nucleotide deletions in the patients, which were detected
by GATK and then confirmed by Sanger sequencing. According to these
results GATK seems to be more reliable than SAMtools in indel detection.
The majority of the SNVs (83 316) and indels (6766) were called by both
algorithms.
5.2.3 MYOCAP COMPARED TO OTHER TARGETED GENE PANELS
AND WES
Several targeted gene panels for myopathies and other neuromuscular
disorders have been reported (Table 9). Two of the reported gene panels
contained genes for all known neuromuscular disorders. MyoCap was
decided to contain only genes for myopathies to reduce unnecessary
sequencing, because myopathic and neuropathic weakness can be
distinguished, e.g. using electrodiagnostic testing (Paganoni and Amato,
2013) and another gene panel for neuropathies was designed. Myopathies
can have overlapping phenotypes and thus all myopathy related genes were
included in the same panel instead of dividing them into smaller subgroups.
In addition, 42 new genes were included, but it did not lead to identification
of pathogenic mutations in them in the first MyoCap screen. Chae et al. had
also selected over 200 new genes into their panel, but did not report any
finding in these genes.
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Table 9. The characteristics of different neuromuscular gene panels.

Panel

Genes

Capture

Sequencing

Illumina
Genome
Analyzer
IIx (2×72
bp)

Read
depth

Coverage

Bioinformatics

Detected
control
mutations

False
positives

94%
>10X

BWA,
SAMtools,
SVA,
VaRank,
CNV
analysis

10/10

16.5%

10/19
(RDT)

22%
(RDT)

12/19
(SS)

15%
(SS)

84/84

3%

n/a

n/a

8/8

n/a

97%
>20X

BWA,
SOAPsnp,
SAMtools

n/a

n/a

94.8%
>20X

BWA,
GATK,
SAMtools,
Annovar

7/7

3.5%

256
(neuromuscular
disorders)

Agilent
SureSelect

(Valencia
et al.,
2012)

12 (congenital
muscular
dystrophies)

RainDance
microdropletbased
PCR
(RDT)
and
Agilent
SureSelect
(SS)

SOLiD

MotorPlex
(Savarese
et al.,
2014)

93 (nonsyndromic
muscle
disorders)

Agilent
HaloPlex

Illumina
HiSeq
1000

(Chae et
al., 2015)

579 (myopathies
including
also new
genes)

Agilent
HaloPlex

Illumina
Genome
Analyzer
IIx
(2×100
bp)

175X

96%
>20X

(Sevy et
al., 2015)

298
(neuromuscular
disorders)

Agilent
HaloPlex

Ion
Torrent
PGM

196X

95%
>10X

(Dai et al.,
2015)

44
(muscular
dystrophies and
congenital
myopathies)

Nimble
-Gen
2.1M
Array

Illumina
HiSeq20
00
(2×90
bp)

MyoCap

180 (myopathies
including
also new
genes)

Nimble
-Gen
SeqCap EZ

Illumina
HiSeq15
00
(2×100
bp)

NMD-seq
(Vasli et
al., 2012)

138X

51X
(RDT)
53X
(SS)

n/a

220X

131X
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87%
>20X
(RDT)
95%
>20X
(SS)

95%
>100
X

NextGENe

BWA,
GATK,
Annov
ar
BWA,
GATK,
Seattle
Seq,
wAnno
var
Torrent
Suite™
Software,
Annovar

Different enrichment systems and sequencing platforms were used in the
gene panels with Agilent HaloPlex and Illumina HiSeq being the most
popular. Almost all panels resulted in high coverage and sensitivity with
exception being the RainDance micro-droplet-based PCR and SOLiD
platform used in the panel of Valencia et al. MyoCap performed well
compared to others, but the percentage of bases having more than 20X reads
could likely be increased by increasing the sequencing depth. It is important
to determine the sufficient sequencing depth to ensure adequate coverage
and reliable mutation detection, but not to waste money on excess
sequencing. The sensitivity and specificity were high in the reported gene
panels and all the control mutations were detected, except in the panel of
Valencia et al. with several mutations missed. The false positive rate was
lowest in MyoCap and MotorPlex.
Previously a comparison of in-solution hybridization based (NimbleGen
SeqCap EZ and Agilent SureSelect) and amplicon based (Agilent HaloPlex)
enrichment systems has been published (Samorodnitsky et al., 2015). The
report noted that HaloPlex requires less experimental time and lower DNA
input than SureSelect and SeqCap, but the disadvantage of the HaloPlex
system is that it uses restriction enzyme digestion that leads to low library
complexity, high duplicate rate and in case SNVs occurring in or near digest
sites it may limit capture. The SeqCap and SureSelect enrichment systems
use sonication for fragmentation and show high complexity in libraries,
which lead to higher uniformity of coverage and more evenly distributed
performance also in the GC-rich and GC-low regions (Samorodnitsky et al.,
2015). This can be seen as an advantage in MyoCap, which uses SeqCap
enrichment system.
Diagnostic yields of different panels were difficult to compare, because many
of the variants were reported to be possibly pathogenic or of unknown
significance. In majority of the gene panel screens, including MyoCap, less
than half of the patients received a definite molecular diagnosis. The
unsolved patients likely have the causative mutation outside the panel genes.
It is also possible that some patients may have the causative mutation in
more than one gene resulting in new phenotypes, which can make the
interpretation of the results difficult, and lead to missed diagnosis. A few
patients having recessive disorders, but only one pathogenic mutation
compatible with the phenotype identified, were also found. It is possible that
the other mutation was in some of the low coverage regions, or it could have
been a deep intronic mutation or CNV, which were not analyzed in MyoCap.
MyoCap was also compared to WES, which was performed on 27 research
patients using NimbleGen SeqCap EZ Human Exome v2.0. MyoCap had
higher read depth (139X vs. 44X) and coverage (94.0% vs. 65.0% > 20 X) in
the MyoCap coding regions providing better sensitivity and specificity.
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MyoCap is also more suitable for diagnostics than WES, because it is many
times cheaper and contains only the most relevant myopathy causing genes
generating less data and requiring less storage space. Many diagnostics
patients have mutations in the known myopathy genes and sequencing more
genes is useless. MyoCap can also be easily updated when new discoveries of
disease genes are made.
5.2.4 IDENTIFIED MUTATIONS IN OTHER GENES THAN TTN
Altogether 61 research patients negative for previous candidate gene
approaches were sequenced in the first MyoCap screen. The causative
mutation was solved in nine patients. Three patients had previously reported
mutations, but a phenotype that had not previously been associated with the
mutation. Four patients had probable causative mutations, but more
evidence is still needed to confirm their pathogenicity. Three recessive
patients had one likely pathogenic mutation, but the other causative
mutation could not be determined. 42 patients remained unsolved. The
genetic defect was thus totally or partly clarified in 19/61 patients (31%). The
result was reasonable good considering that the patients were already
extensively studied and the majority of candidate genes had been excluded.
The identified mutations in TTN were described in the previous chapters and
the mutations in other genes are described here.
Patients P1-P6 were identified to have previously reported mutations with
compatible phenotypes. The findings are listed in Table 10. A majority of
these patients had either distal myopathy or LGMD, which can be
challenging disorders in molecular diagnostics when using Sanger
sequencing as the number of possible candidate genes is high. This was also
the reason why the mutations had not been detected earlier in the patients.
Patient P7 with an LGMD phenotype had a novel 15-bp in-frame deletion in
FLNC, in the same location as previously reported 12-bp in-frame deletion
causing myofibrillar myopathy (Shatunov et al., 2009). Clinical overlap of
myofibrillar myopathy and LGMD has been demonstrated (Vorgerd et al.,
2005) and it was a plausible explanation also for this patient. The mutation
was also present in the patients’ affected brother, but not in the healthy
father.
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Table 10. Identified mutations in other genes than TTN in the MyoCap screen. AD =
autosomal dominant, AR = autosomal recessive, XD = X-linked dominant, S = sporadic.
Patient

Mutation

Status

P1
Netherlands

ANO5:NM_213599:exon17:c.1898+1G>A
(homozygote)

reported

AR

LGMD

P2
Netherlands

CRYAB:NM_001885:exon4:c.325G>C:
p.D109H

reported

S

Distal
myopathy

P3
UK

FHL1:NM_001449:exon5:c.458G>A:
p.C153Y (hemizygote)

reported

XD

Scapuloperoneal
myopathy

P4
Finland

FKRP:NM_024301:exon4:c.826C>A:
p.L276I (homozygote)

reported

AR

LGMD

P5
Germany

VCP:NM_007126:exon3:c.277C>T:p.R93C

reported

S

Distal
myopathy

P6
Greece

GNE:NM_001128227:exon10:c.1853T>C:
p.I618T (homozygote)

reported

AR

Distal
myopathy

P7
Netherlands

FLNC:NM_001458:exon18:c.27862800del:p.V930-A934del

novel

AD

LGMD

P10
France

MYH7:NM_000257:exon37:c.5329G>A:
p.A1777T

reported

S

Distal and axial
myopathy

SQSTM1:NM_003900:exon8:c.1175C>T:
p.P392L

reported
S

Distal rimmed
vacuolar
myopathy

S

Scapuloperoneal
rimmed
vacuolar

Origin

P11
France

P12
Australia

TIA1:NM_022173:exon13:c.1070A>G:
p.N357S

rs116621885

SQSTM1:NM_003900:exon7:c.1165+1G>A

reported

TIA1:NM_022173:exon13:c.1070A>G:
p.N357S

rs116621885

Phenotype

Patient P10 had a previously reported missense mutation c.5329G>A
(p.A1777T) in MYH7 exon 37. The mutation has been reported to cause
hypertrophic cardiomyopathy (Richard et al., 2003), but the patient had
distal and axial myopathy. MYH7 encodes β-myosin heavy chain, found in
cardiac muscle and type 1 skeletal muscle fibers. Mutations in the gene cause
both cardiac and skeletal muscle diseases (Colegrave and Peckham, 2014).
Mutations in exons 32, 34, 35, and 36, have been reported to cause distal
myopathy (Meredith et al., 2004) and this mutation was considered to be the
likely cause of the disease.
Patients P11 and P12 had previously reported SQSTM1 mutations, but
atypical phenotypes, not previously associated with the mutations. Patient
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P11 with distal myopathy had a missense mutation c.1175C>T (p.P392L) in
exon 8 and patient P12 with scapuloperoneal myopathy had a splice site
mutation c.1165+1G>A in intron 7. The mutations have been reported to
cause Paget’s disease of bone and amyotrophic lateral sclerosis (ALS) when
heterozygous (Laurin et al., 2002; Hocking et al., 2002; Fecto et al., 2011;
Teyssou et al., 2013), but the patients did not have these disorders. SQSTM1
is an autophagic adaptor protein that shuttles aggregated and ubiquitinated
proteins to the autophagosome for degradation via its C-terminal ubiquitinassociated (UBA) domain. The SQSTM1 c.1165+1 G>A mutation results in the
expression of two alternatively spliced SQSTM1 proteins: one lacking the Cterminal PEST2 domain and another lacking the C-terminal UBA domain
(Bucelli et al., 2015). P12 is the sporadic patient in Bucelli et al. The article
also described two brothers from US having the same mutation and a distal
myopathy phenotype. The patients P11 and P12 had, in addition to the
SQSTM1 mutation, a rare TIA1 variant c.1070A>G (p.N357S) (0.7 % allele
frequency in ExAC), which was located in the same exon as the previously
reported pathogenic TIA1 mutation c.G1150A (p.E384K) causing Welander
distal myopathy (Klar et al., 2013; Hackman et al., 2013). TIA1 encodes a
cytotoxic granule-associated RNA binding protein (TIA1), which is involved
in splicing regulation and translational repression (Del Gatto-Konczak et al.,
2000; Piecyk et al., 2000). TIA1 is a key component of stress granules, which
are cytoplasmic foci that sequester untranslated mRNAs during different
types of cellular stress (Kedersha et al., 1999; Kedersha et al., 2000; Gilks et
al., 2004). Subsequent MyoCap runs have revealed more distal myopathy
patients having combination of reported SQSTM1 mutation and the TIA1
p.N357S variant. The TIA1 variant is suggested to have an effect to the
phenotype on the patients, but more studies are needed to confirm this.
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6 CONCLUSIONS AND FUTURE PROSPECTS
This doctoral thesis describes novel pathogenic mutations and previously
reported mutations associated with novel phenotypes in muscular dystrophy
patients. Sanger sequencing, WES and a custom made targeted gene panel,
MyoCap, were used to detect the mutations in the patients. As a result, more
than 30 families or sporadic patients obtained a molecular diagnosis. The
majority of the mutations were identified in TTN, which encodes the
enormous sarcomeric protein titin. The gene comprises 363 exons, and due
to its huge size, it was not routinely sequenced in diagnostic efforts before the
NGS era, and novel findings in it were expected.
WES was performed on one French family having HMERF and a novel
missense mutation in TTN exon 343 was identified. During the same time
HMERF mutations in the same exon were reported in three British and three
Swedish families (Ohlsson et al., 2012; Pfeffer et al., 2012). This led to the
identification of several other HMERF mutations when the exon was Sanger
sequenced from the rest of the families. Altogether five different TTN
missense mutations in 12 unrelated HMERF families were identified in this
study. The families were from Finland, France, Britain, Sweden, Italy,
Germany and Argentina. The results considerably expanded the mutational
spectrum of HMERF and highlighted the geographically wide occurrence of
the disease as well as the role of TTN exon 343 as a mutational hotspot
region. Four of the identified mutations showed dominant inheritance, but
one seemed to be recessive, since it did not always cause a disease in the
heterozygous state. Further studies are needed to clarify why some
heterozygous patients manifest a disease, while some do not. One
explanation could be an additional mutation in TTN or in some other gene.
Another unsolved issue is why mutations in this exon and not in other exons
coding similar FN3 domains of A-band titin cause HMERF disease with the
very unique pattern of muscle involvement. Since this pattern and the
pathology is identical with HMERF caused by the combination of the
recessive mutation and the mutation in the kinase domain of titin on the
same allele in some families, a regulatory function of autophagy turnover by
the corresponding FN3 domain is possible.
Six patients having heterozygous TMD mutation, but more severe or atypical
phenotype were identified to have an additional mutation in the other allele
of TTN. In a majority of these patients the mutation was a truncating
mutation in the I- or A-band region. The phenotype of the patients was very
similar to the phenotype of homozygous patients with the corresponding
TMD mutation. However, phenotype differences between compound
heterozygous patients with different Mex5 or Mex6 mutations were observed.
The Finnish patients with the FINmaj TMD mutation in compound
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heterozygosity had an LGMD phenotype, while patients with the French
Mex5 or Iberian TMD mutation in compound heterozygosity had a more
severe distal phenotype with earlier onset and more rapid progression
compared to TMD. Previous studies showing that the FINmaj mutation
disrupts a more crucial region in the M10 domain (Fukuzawa et al., 2008)
and the fact that it leads to an absence of a larger part of the titin C-terminus
(Hackman et al., 2002; Charton et al., 2015) could explain the differences
seen in the phenotypes. One patient having the FINmaj mutation had also in
compound heterozygosity a novel missense mutation in TTN exon 339 and a
novel adult-onset phenotype with weakness in calf and thigh muscles
differing from both TMD and LGMD2J. The results suggest that coexistence
of two TTN mutations in patients may be a more common mechanism
causing phenotypic variability in titinopathies.
The MyoCap gene panel was used to detect mutations in six families with
juveline or early adult onset recessive distal titinopathy. The patients had a
mutation in Mex5, Mex6 or A-band exon 340 in compound heterozygosity
with an I- or A-band truncating mutation. The patients with the novel Mex5
or Mex6 mutations had similar more severe TMD phenotype as the patients
having the previously reported French Mex5 or Iberian Mex6 TMD mutation
in compound heterozygosity with a truncating mutation. The missense
mutation in the A-band was the first distal myopathy causing mutation
identified in the titin A-band region. The results expanded the list of distal
myopathies with a new category: juvenile or early adult onset recessive distal
titinopathy.
Several truncating mutations mainly in the titin I- and A-band regions were
identified in this study. The truncating mutations seem to be harmless in
heterozygosity, but can cause variable phenotypes in compound
heterozygosity with other TTN mutations. The RT-PCR results suggested that
the nonsense and frameshift mutations located upstream of the last exons of
TTN likely cause NMD, while the nonsense and frameshift mutations located
in the last two exons do not. This is in agreement with the observation that
NMD occurs when the premature stop codon is located >50-55 nucleotides
upstream of the last exon-exon junction (Nagy and Maquat, 1998).
Quantitative PCR would be needed to confirm these findings. NMD is often
incomplete, but the amount of expressed truncated titin proteins in these
patients is not known. Further studies using Western blotting with an
antibody that detects truncated titins would give some insight to this.
Truncating mutations in titin A-band have been reported to cause dominant
cardiomyopathies, but it was not the case in the patients of this study. Only
one of the patients had cardiomyopathy and it was likely due to something
else than TTN mutations, since the patient’s sister with the same
combination of TTN mutations did not have any cardiomyopathy. The reason
why some frameshift and nonsense mutations in the TTN A-band region
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cause cardiomyopathy and some do not is still to be clarified. The prevalence
of truncating TTN A-band variants is 0.19 % in the ExAC database suggesting
that 1 in 500 individual carries a truncating TTN A-band variant (Akinrinade
et al., 2015). The truncating I- and A-band TTN mutations identified in this
study seem to be recessive and harmless in heterozygosity, but in compound
heterozygosity with other TTN mutation they cause various titinopathy
phenotypes depending on the other mutation.
Several missense mutations in TTN were also identified in this study. The
pathogenicity of a missense mutation is often difficult to determine and more
studies are needed to elucidate the effects on the protein level. Further
studies could include computational modelling and in silico analyses,
expressing of titin domains and characterizing their biochemical properties,
and interaction studies of titin and its ligands. Sequencing of large genes, like
TTN, is not a problem anymore, the biggest challenge now is in the
interpretation of the results. How to determine which variants are
pathogenic as almost every individual carries rare TTN variants. Additional
patients with similar phenotype and genotype characteristics could give some
insight to this. One possible approach to address this could be to collect and
combine phenotype and genotype data from different laboratories more
systematically.
During the last years NGS methods have proven to be accurate and highly
efficient methods to detect pathogenic mutations. They are also cheaper,
faster and less laborious than the conventional Sanger sequencing. The
MyoCap gene panel was designed to detect mutations in primary myopathies.
It has been implemented in the routine molecular genetic diagnostics of
myopathy patients and it has accelerated the detection of mutations
remarkably. NGS gene panels overcome the diagnostic challenges of
numerous or large candidate genes and patients with atypical phenotypes
can also get their molecular genetic diagnosis. MyoCap has been updated
twice and the current third version contains 265 genes. MyoCap is now the
first method of choice for detecting mutations in diagnostic patients in
Finland if no clear candidate gene can be determined. WES or WGS is still
needed for patients having mutations in novel genes outside the gene panel.

81

ACKNOWLEDGEMENTS
This study was carried out at the Folkhälsan Institute of Genetics and the
Department of Medical and Clinical Genetics, University of Helsinki during
2012 - 2016. The present and former heads of the Folkhälsan Institute of
Genetics and the Department of Medical and Clinical Genetics are thanked
for providing excellent facilities for research work.
The Doctoral Programme in Biomedicine (DPBM) and the following
foundations and organizations are thanked for funding this study: the
Folkhälsan Research Foundation, the Finska Läkaresällskapet, the Jane and
Aatos Erkko Foundation, the Sigrid Jusélius Foundation, the Liv och Hälsa
Foundation, the Academy of Finland, the Finnish Cultural Foundation and
the Association Francaise Contre les Myopathies. In addition, Helsinki
University Chancellor’s Travel Grant, the Oskar Öflund Foundation and the
Magnus Ehrnrooth Foundation are thanked for financially supporting my
participation in international congresses.
I am grateful to my supervisor and the group leader professor Bjarne Udd for
giving me the opportunity to work in this project and for all the helpful and
insightful comments to my study. I also thank the co-supervisor Peter
Hackman for guidance and for all the discussions we have had about work
and studies during these years. The thesis committee members Mari Auranen
and Petri Auvinen are thanked for providing useful advice.
All the co-authors of the original publications are warmly thanked for their
contribution to this project, especially Johanna Palmio for clinical
characterization, Meharji Arumilli for bioinformatics processing, Anna
Vihola for Western blots and Per Harald Jonson for protein models and
predictions. I also thank all the clinicians who provided samples.
I thank former Udd group members: Jaakko Sarparanta for guiding me when
I started to work in the group and Mark Screen for help with RNA work and
discussions during the years when sharing the office. The current member
Helena Luque is thanked for the previous work in the Distlink project and for
always being so nice and helpful. The Udd group members in Tampere are
thanked for the years we worked together. And the visiting scientists, Giorgio
Tasca and Marco Savarese, are thanked for collaboration.
My colleagues in other research groups at Folkhälsan Research Center are
thanked for helping me in various things in the laboratory and for the shared
times at Folkhälsan and in different events during these years. I also want to
thank my former officemate Tea for lunches and everyday discussions.
Last, I thank my friends and family for support, especially my husband, Ilari,
for being my companion throughout this journey and for always being there
for me.

82

REFERENCES
1000 Genomes Project Consortium, Abecasis GR, Altshuler D, Auton A, Brooks LD,
Durbin RM, Gibbs RA, Hurles ME, McVean GA. 2010. A map of human genome
variation from population-scale sequencing. Nature 467:1061-1073.
Abdel-Hamid H, Clemens PR. 2012. Pharmacological therapies for muscular
dystrophies. Curr Opin Neurol 25:604-608.
Abel HJ, Duncavage EJ. 2013. Detection of structural DNA variation from next
generation sequencing data: A review of informatic approaches. Cancer Genet
206:432-440.
Aird D, Ross MG, Chen WS, Danielsson M, Fennell T, Russ C, Jaffe DB, Nusbaum C,
Gnirke A. 2011. Analyzing and minimizing PCR amplification bias in illumina
sequencing libraries. Genome Biol 12:R18-2011-12-2-r18. Epub 2011 Feb 21.
Akinrinade O, Koskenvuo JW, Alastalo T. 2015. Prevalence of titin truncating
variants in general population. PLoS ONE 10:e0145284.
Albert TJ, Molla MN, Muzny DM, Nazareth L, Wheeler D, Song X, Richmond TA,
Middle CM, Rodesch MJ, Packard CJ, Weinstock GM, Gibbs RA. 2007. Direct
selection of human genomic loci by microarray hybridization. Nat Methods 4:903905.
Ali MA, Cho WJ, Hudson B, Kassiri Z, Granzier H, Schulz R. 2010. Titin is a target
of matrix metalloproteinase-2: Implications in myocardial ischemia/reperfusion
injury. Circulation 122:2039-2047.
Antonarakis S. 2010. Human genome sequence and variation. In: Speicher M,
Motulsky A, Antonarakis S, editors. Springer Berlin Heidelberg. p 31-53.
Aparisi MJ, Aller E, Fuster-Garcia C, Garcia-Garcia G, Rodrigo R, VazquezManrique RP, Blanco-Kelly F, Ayuso C, Roux AF, Jaijo T, Millan JM. 2014. Targeted
next generation sequencing for molecular diagnosis of usher syndrome. Orphanet J
Rare Dis 9:168-014-0168-7.
Arimura T, Bos JM, Sato A, Kubo T, Okamoto H, Nishi H, Harada H, Koga Y,
Moulik M, Doi YL, Towbin JA, Ackerman MJ, Kimura A. 2009. Cardiac ankyrin
repeat protein gene (ANKRD1) mutations in hypertrophic cardiomyopathy. J Am
Coll Cardiol 54:334-342.
Banerjee A, Apponi LH, Pavlath GK, Corbett AH. 2013. PABPN1: Molecular function
and muscle disease. FEBS J 280:4230-4250.
Bang ML, Centner T, Fornoff F, Geach AJ, Gotthardt M, McNabb M, Witt CC, Labeit
D, Gregorio CC, Granzier H, Labeit S. 2001. The complete gene sequence of titin,
expression of an unusual approximately 700-kDa titin isoform, and its interaction
with obscurin identify a novel Z-line to I-band linking system. Circ Res 89:10651072.

83

Bansal D, Miyake K, Vogel SS, Groh S, Chen CC, Williamson R, McNeil PL,
Campbell KP. 2003. Defective membrane repair in dysferlin-deficient muscular
dystrophy. Nature 423:168-172.
Belkadi A, Bolze A, Itan Y, Cobat A, Vincent QB, Antipenko A, Shang L, Boisson B,
Casanova JL, Abel L. 2015. Whole-genome sequencing is more powerful than wholeexome sequencing for detecting exome variants. Proc Natl Acad Sci U S A 112:54735478.
Benjamini Y, Speed TP. 2012. Summarizing and correcting the GC content bias in
high-throughput sequencing. Nucleic Acids Research 40:e72-e72.
Benson MA, Tinsley CL, Blake DJ. 2004. Myospryn is a novel binding partner for
dysbindin in muscle. J Biol Chem 279:10450-10458.
Bentley DR, Balasubramanian S, Swerdlow HP, Smith GP, Milton J, Brown CG, Hall
KP, Evers DJ, Barnes CL, Bignell HR, Boutell JM, Bryant J, Carter RJ, Keira
Cheetham R, Cox AJ, Ellis DJ, Flatbush MR, Gormley NA, Humphray SJ, Irving LJ,
Karbelashvili MS, Kirk SM, Li H, Liu X, Maisinger KS, Murray LJ, Obradovic B, Ost
T, Parkinson ML, Pratt MR, Rasolonjatovo IM, Reed MT, Rigatti R, Rodighiero C,
Ross MT, Sabot A, Sankar SV, Scally A, Schroth GP, Smith ME, Smith VP, Spiridou
A, Torrance PE, Tzonev SS, Vermaas EH, Walter K, Wu X, Zhang L, Alam MD,
Anastasi C, Aniebo IC, Bailey DM, Bancarz IR, Banerjee S, Barbour SG, Baybayan
PA, Benoit VA, Benson KF, Bevis C, Black PJ, Boodhun A, Brennan JS, Bridgham
JA, Brown RC, Brown AA, Buermann DH, Bundu AA, Burrows JC, Carter NP,
Castillo N, Chiara E Catenazzi M, Chang S, Neil Cooley R, Crake NR, Dada OO,
Diakoumakos KD, Dominguez-Fernandez B, Earnshaw DJ, Egbujor UC, Elmore
DW, Etchin SS, Ewan MR, Fedurco M, Fraser LJ, Fuentes Fajardo KV, Scott Furey
W, George D, Gietzen KJ, Goddard CP, Golda GS, Granieri PA, Green DE, Gustafson
DL, Hansen NF, Harnish K, Haudenschild CD, Heyer NI, Hims MM, Ho JT, Horgan
AM, Hoschler K, Hurwitz S, Ivanov DV, Johnson MQ, James T, Huw Jones TA,
Kang GD, Kerelska TH, Kersey AD, Khrebtukova I, Kindwall AP, Kingsbury Z,
Kokko-Gonzales PI, Kumar A, Laurent MA, Lawley CT, Lee SE, Lee X, Liao AK,
Loch JA, Lok M, Luo S, Mammen RM, Martin JW, McCauley PG, McNitt P, Mehta
P, Moon KW, Mullens JW, Newington T, Ning Z, Ling Ng B, Novo SM, O'Neill MJ,
Osborne MA, Osnowski A, Ostadan O, Paraschos LL, Pickering L, Pike AC, Pike AC,
Chris Pinkard D, Pliskin DP, Podhasky J, Quijano VJ, Raczy C, Rae VH, Rawlings
SR, Chiva Rodriguez A, Roe PM, Rogers J, Rogert Bacigalupo MC, Romanov N,
Romieu A, Roth RK, Rourke NJ, Ruediger ST, Rusman E, Sanches-Kuiper RM,
Schenker MR, Seoane JM, Shaw RJ, Shiver MK, Short SW, Sizto NL, Sluis JP, Smith
MA, Ernest Sohna Sohna J, Spence EJ, Stevens K, Sutton N, Szajkowski L, Tregidgo
CL, Turcatti G, Vandevondele S, Verhovsky Y, Virk SM, Wakelin S, Walcott GC,
Wang J, Worsley GJ, Yan J, Yau L, Zuerlein M, Rogers J, Mullikin JC, Hurles ME,
McCooke NJ, West JS, Oaks FL, Lundberg PL, Klenerman D, Durbin R, Smith AJ.
2008. Accurate whole human genome sequencing using reversible terminator
chemistry. Nature 456:53-59.
Bertini E, D'Amico A, Gualandi F, Petrini S. 2011. Congenital muscular dystrophies:
A brief review. Semin Pediatr Neurol 18:277-288.
Bione S, Maestrini E, Rivella S, Mancini M, Regis S, Romeo G, Toniolo D. 1994.
Identification of a novel X-linked gene responsible for emery-dreifuss muscular
dystrophy. Nat Genet 8:323-327.

84

Blandin G, Marchand S, Charton K, Daniele N, Gicquel E, Boucheteil JB, Bentaib A,
Barrault L, Stockholm D, Bartoli M, Richard I. 2013. A human skeletal muscle
interactome centered on proteins involved in muscular dystrophies: LGMD
interactome. Skelet Muscle 3:3-5040-3-3.
Bodi K, Perera AG, Adams PS, Bintzler D, Dewar K, Grove DS, Kieleczawa J, Lyons
RH, Neubert TA, Noll AC, Singh S, Steen R, Zianni M. 2013. Comparison of
commercially available target enrichment methods for next-generation sequencing.
J Biomol Tech 24:73-86.
Bogomolovas J, Gasch A, Simkovic F, Rigden DJ, Labeit S, Mayans O. 2014. Titin
kinase is an inactive pseudokinase scaffold that supports MuRF1 recruitment to the
sarcomeric M-line. Open Biol 4:140041.
Bolduc V, Marlow G, Boycott KM, Saleki K, Inoue H, Kroon J, Itakura M, Robitaille
Y, Parent L, Baas F, Mizuta K, Kamata N, Richard I, Linssen WH, Mahjneh I, de
Visser M, Bashir R, Brais B. 2010. Recessive mutations in the putative calciumactivated chloride channel anoctamin 5 cause proximal LGMD2L and distal MMD3
muscular dystrophies. Am J Hum Genet 86:213-221.
Bonnal RJ, Severgnini M, Castaldi A, Bordoni R, Iacono M, Trimarco A, Torella A,
Piluso G, Aurino S, Condorelli G, De Bellis G, Nigro V. 2010. Reliable resequencing
of the human dystrophin locus by universal long polymerase chain reaction and
massive pyrosequencing. Anal Biochem 406:176-184.
Bonne G, Di Barletta MR, Varnous S, Becane HM, Hammouda EH, Merlini L,
Muntoni F, Greenberg CR, Gary F, Urtizberea JA, Duboc D, Fardeau M, Toniolo D,
Schwartz K. 1999. Mutations in the gene encoding lamin A/C cause autosomal
dominant emery-dreifuss muscular dystrophy. Nat Genet 21:285-288.
Bönnemann CG, Wang CH, Quijano-Roy S, Deconinck N, Bertini E, Ferreiro A,
Muntoni F, Sewry C, Beroud C, Mathews KD, Moore SA, Bellini J, Rutkowski A,
North KN, Members of International Standard of Care Committee for Congenital
Muscular Dystrophies. 2014. Diagnostic approach to the congenital muscular
dystrophies. Neuromuscul Disord 24:289-311.
Brais B, Bouchard JP, Xie YG, Rochefort DL, Chretien N, Tome FM, Lafreniere RG,
Rommens JM, Uyama E, Nohira O, Blumen S, Korczyn AD, Heutink P, Mathieu J,
Duranceau A, Codere F, Fardeau M, Rouleau GA. 1998. Short GCG expansions in
the PABP2 gene cause oculopharyngeal muscular dystrophy. Nat Genet 18:164-167.
Brook JD, McCurrach ME, Harley HG, Buckler AJ, Church D, Aburatani H, Hunter
K, Stanton VP, Thirion JP, Hudson T. 1992. Molecular basis of myotonic dystrophy:
Expansion of a trinucleotide (CTG) repeat at the 3' end of a transcript encoding a
protein kinase family member. Cell 69:385.
Bucelli RC, Arhzaouy K, Pestronk A, Pittman SK, Rojas L, Sue CM, Evilä A,
Hackman P, Udd B, Harms MB, Weihl CC. 2015. SQSTM1 splice site mutation in
distal myopathy with rimmed vacuoles. Neurology .
Budworth H, McMurray CT. 2013. A brief history of triplet repeat diseases. Methods
Mol Biol 1010:3-17.

85

Bullard B, Ferguson C, Minajeva A, Leake MC, Gautel M, Labeit D, Ding L, Labeit S,
Horwitz J, Leonard KR, Linke WA. 2004. Association of the chaperone alphaBcrystallin with titin in heart muscle. J Biol Chem 279:7917-7924.
Bushby K. 2009. Diagnosis and management of the limb girdle muscular
dystrophies. Pract Neurol 9:314-323.
Cain NE, Starr DA. 2015. SUN proteins and nuclear envelope spacing. Nucleus 6:27.
Carmignac V, Salih MA, Quijano-Roy S, Marchand S, Al Rayess MM, Mukhtar MM,
Urtizberea JA, Labeit S, Guicheney P, Leturcq F, Gautel M, Fardeau M, Campbell
KP, Richard I, Estournet B, Ferreiro A. 2007. C-terminal titin deletions cause a
novel early-onset myopathy with fatal cardiomyopathy. Ann Neurol 61:340-351.
Centner T, Yano J, Kimura E, McElhinny AS, Pelin K, Witt CC, Bang ML, Trombitas
K, Granzier H, Gregorio CC, Sorimachi H, Labeit S. 2001. Identification of muscle
specific ring finger proteins as potential regulators of the titin kinase domain. J Mol
Biol 306:717-726.
Ceyhan-Birsoy O, Agrawal PB, Hidalgo C, Schmitz-Abe K, DeChene ET, Swanson
LC, Soemedi R, Vasli N, Iannaccone ST, Shieh PB, Shur N, Dennison JM, Lawlor
MW, Laporte J, Markianos K, Fairbrother WG, Granzier H, Beggs AH. 2013.
Recessive truncating titin gene, TTN, mutations presenting as centronuclear
myopathy. Neurology 81:1205-1214.
Chae JH, Vasta V, Cho A, Lim BC, Zhang Q, Eun SH, Hahn SH. 2015. Utility of next
generation sequencing in genetic diagnosis of early onset neuromuscular disorders.
J Med Genet 52:208-216.
Chapon F, Viader F, Fardeau M, Tome F, Daluzeau N, Berthelin C, Thenint JP,
Lechevalier B. 1989. Familial myopathy with "cytoplasmic body" (or "spheroid")
type inclusions, disclosed by respiratory insufficiency. Rev Neurol (Paris) 145:460465.
Charton K, Sarparanta J, Vihola A, Milic A, Jonson PH, Suel L, Luque H, Boumela I,
Richard I, Udd B. 2015. CAPN3-mediated processing of C-terminal titin replaced by
pathological cleavage in titinopathy. Hum Mol Genet 24:3718-3731.
Chauveau C, Bönnemann CG, Julien C, Kho AL, Marks H, Talim B, Maury P, ArneBes MC, Uro-Coste E, Alexandrovich A, Vihola A, Schafer S, Kaufmann B, Medne L,
Hubner N, Foley AR, Santi M, Udd B, Topaloglu H, Moore SA, Gotthardt M,
Samuels ME, Gautel M, Ferreiro A. 2014a. Recessive TTN truncating mutations
define novel forms of core myopathy with heart disease. Hum Mol Genet 23:980991.
Chauveau C, Rowell J, Ferreiro A. 2014b. A rising titan: TTN review and mutation
update. Hum Mutat 35:1046-1059.
Chilamakuri CS, Lorenz S, Madoui MA, Vodak D, Sun J, Hovig E, Myklebost O,
Meza-Zepeda LA. 2014. Performance comparison of four exome capture systems for
deep sequencing. BMC Genomics 15:449-2164-15-449.

86

Childers MK, Joubert R, Poulard K, Moal C, Grange RW, Doering JA, Lawlor MW,
Rider BE, Jamet T, Daniele N, Martin S, Riviere C, Soker T, Hammer C, Van
Wittenberghe L, Lockard M, Guan X, Goddard M, Mitchell E, Barber J, Williams JK,
Mack DL, Furth ME, Vignaud A, Masurier C, Mavilio F, Moullier P, Beggs AH, BujBello A. 2014. Gene therapy prolongs survival and restores function in murine and
canine models of myotubular myopathy. Sci Transl Med 6:220ra10.
Colegrave M, Peckham M. 2014. Structural implications of beta-cardiac myosin
heavy chain mutations in human disease. Anat Rec (Hoboken) 297:1670-1680.
Cooper DN, Krawczak M, Polychronakos C, Tyler-Smith C, Kehrer-Sawatzki H.
2013. Where genotype is not predictive of phenotype: Towards an understanding of
the molecular basis of reduced penetrance in human inherited disease. Hum Genet
132:1077-1130.
Costanza L, Moggio M. 2010. Muscular dystrophies: Histology,
immunohistochemistry, molecular genetics and management. Curr Pharm Des
16:978-987.
Coulis G, Becila S, Herrera-Mendez CH, Sentandreu MA, Raynaud F, Richard I,
Benyamin Y, Ouali A. 2008. Calpain 1 binding capacities of the N1-line region of
titin are significantly enhanced by physiological concentrations of calcium.
Biochemistry 47:9174-9183.
Coupland P, Chandra T, Quail M, Reik W, Swerdlow H. 2012. Direct sequencing of
small genomes on the pacific biosciences RS without library preparation.
BioTechniques 53:365-372.
Crosbie RH, Heighway J, Venzke DP, Lee JC, Campbell KP. 1997. Sarcospan, the 25kDa transmembrane component of the dystrophin-glycoprotein complex. J Biol
Chem 272:31221-31224.
Dai Y, Wei X, Zhao Y, Ren H, Lan Z, Yang Y, Chen L, Cui L. 2015. A comprehensive
genetic diagnosis of chinese muscular dystrophy and congenital myopathy patients
by targeted next-generation sequencing. Neuromuscul Disord 25:617-624.
De Cid R, Ben Yaou R, Roudaut C, Charton K, Baulande S, Leturcq F, Romero NB,
Malfatti E, Beuvin M, Vihola A, Criqui A, Nelson I, Nectoux J, Ben Aim L,
Caloustian C, Olaso R, Udd B, Bonne G, Eymard B, Richard I. 2015. A new
titinopathy: Childhood-juvenile onset emery-dreifuss-like phenotype without
cardiomyopathy. Neurology .
Del Gatto-Konczak F, Bourgeois CF, Le Guiner C, Kister L, Gesnel M, Stevenin J,
Breathnach R. 2000. The RNA-binding protein TIA-1 is a novel mammalian splicing
regulator acting through intron sequences adjacent to a 5' splice site. Mol Cell Biol
20:6287-6299.
DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, Philippakis
AA, del Angel G, Rivas MA, Hanna M, McKenna A, Fennell TJ, Kernytsky AM,
Sivachenko AY, Cibulskis K, Gabriel SB, Altshuler D, Daly MJ. 2011. A framework
for variation discovery and genotyping using next-generation DNA sequencing data.
Nat Genet 43:491-498.

87

Dobyns WB, Filauro A, Tomson BN, Chan AS, Ho AW, Ting NT, Oosterwijk JC,
Ober C. 2004. Inheritance of most X-linked traits is not dominant or recessive, just
X-linked. Am J Med Genet A 129A:136-143.
Donlin LT, Andresen C, Just S, Rudensky E, Pappas CT, Kruger M, Jacobs EY,
Unger A, Zieseniss A, Dobenecker MW, Voelkel T, Chait BT, Gregorio CC, Rottbauer
W, Tarakhovsky A, Linke WA. 2012. Smyd2 controls cytoplasmic lysine methylation
of Hsp90 and myofilament organization. Genes Dev 26:114-119.
Duguez S, Bartoli M, Richard I. 2006. Calpain 3: A key regulator of the sarcomere?
FEBS J 273:3427-3436.
Durham JT, Brand OM, Arnold M, Reynolds JG, Muthukumar L, Weiler H,
Richardson JA, Naya FJ. 2006. Myospryn is a direct transcriptional target for
MEF2A that encodes a striated muscle, alpha-actinin-interacting, costamerelocalized protein. J Biol Chem 281:6841-6849.
Edström L, Thornell LE, Albo J, Landin S, Samuelsson M. 1990. Myopathy with
respiratory failure and typical myofibrillar lesions. J Neurol Sci 96:211-228.
Ervasti JM, Campbell KP. 1991. Membrane organization of the dystrophinglycoprotein complex. Cell 66:1121-1131.
Ervasti JM, Campbell KP. 1993. A role for the dystrophin-glycoprotein complex as a
transmembrane linker between laminin and actin. J Cell Biol 122:809-823.
Farah CS, Reinach FC. 1995. The troponin complex and regulation of muscle
contraction. FASEB J 9:755-767.
Fardeau M, Desguerre I. 2013. Diagnostic workup for neuromuscular diseases.
Handb Clin Neurol 113:1291-1297.
Fecto F, Yan J, Vemula SP, Liu E, Yang Y, Chen W, Zheng JG, Shi Y, Siddique N,
Arrat H, Donkervoort S, Ajroud-Driss S, Sufit RL, Heller SL, Deng HX, Siddique T.
2011. SQSTM1 mutations in familial and sporadic amyotrophic lateral sclerosis.
Arch Neurol 68:1440-1446.
Feuk L, Carson AR, Scherer SW. 2006. Structural variation in the human genome.
Nat Rev Genet 7:85-97.
Flanigan KM, Dunn DM, von Niederhausern A, Soltanzadeh P, Gappmaier E,
Howard MT, Sampson JB, Mendell JR, Wall C, King WM, Pestronk A, Florence JM,
Connolly AM, Mathews KD, Stephan CM, Laubenthal KS, Wong BL, Morehart PJ,
Meyer A, Finkel RS, Bönnemann CG, Medne L, Day JW, Dalton JC, Margolis MK,
Hinton VJ, United Dystrophinopathy Project Consortium, Weiss RB. 2009.
Mutational spectrum of DMD mutations in dystrophinopathy patients: Application
of modern diagnostic techniques to a large cohort. Hum Mutat 30:1657-1666.
Freiburg A, Gautel M. 1996. A molecular map of the interactions between titin and
myosin-binding protein C. implications for sarcomeric assembly in familial
hypertrophic cardiomyopathy. Eur J Biochem 235:317-323.

88

Frey N, Olson EN. 2002. Calsarcin-3, a novel skeletal muscle-specific member of the
calsarcin family, interacts with multiple Z-disc proteins. J Biol Chem 277:1399814004.
Frontera WR, Ochala J. 2015. Skeletal muscle: A brief review of structure and
function. Calcif Tissue Int 96:183-195.
Fukuzawa A, Lange S, Holt M, Vihola A, Carmignac V, Ferreiro A, Udd B, Gautel M.
2008. Interactions with titin and myomesin target obscurin and obscurin-like 1 to
the M-band: Implications for hereditary myopathies. J Cell Sci 121:1841-1851.
Fürst DO, Osborn M, Nave R, Weber K. 1988. The organization of titin filaments in
the half-sarcomere revealed by monoclonal antibodies in immunoelectron
microscopy: A map of ten nonrepetitive epitopes starting at the Z line extends close
to the M line. J Cell Biol 106:1563-1572.
Fürst DO, Osborn M, Weber K. 1989. Myogenesis in the mouse embryo: Differential
onset of expression of myogenic proteins and the involvement of titin in myofibril
assembly. J Cell Biol 109:517-527.
Fürst DO, Vinkemeier U, Weber K. 1992. Mammalian skeletal muscle C-protein:
Purification from bovine muscle, binding to titin and the characterization of a fulllength human cDNA. J Cell Sci 102 ( Pt 4):769-778.
Gautel M, Goulding D, Bullard B, Weber K, Fürst DO. 1996. The central Z-disk
region of titin is assembled from a novel repeat in variable copy numbers. J Cell Sci
109 ( Pt 11):2747-2754.
Gemayel R, Vinces MD, Legendre M, Verstrepen KJ. 2010. Variable tandem repeats
accelerate evolution of coding and regulatory sequences. Annu Rev Genet 44:445477.
Gerull B, Gramlich M, Atherton J, McNabb M, Trombitas K, Sasse-Klaassen S,
Seidman JG, Seidman C, Granzier H, Labeit S, Frenneaux M, Thierfelder L. 2002.
Mutations of TTN, encoding the giant muscle filament titin, cause familial dilated
cardiomyopathy. Nat Genet 30:201-204.
Gilissen C, Hoischen A, Brunner HG, Veltman JA. 2011. Unlocking mendelian
disease using exome sequencing. Genome Biol 12:228-2011-12-9-228.
Gilks N, Kedersha N, Ayodele M, Shen L, Stoecklin G, Dember LM, Anderson P.
2004. Stress granule assembly is mediated by prion-like aggregation of TIA-1. Mol
Biol Cell 15:5383-5398.
Gnirke A, Melnikov A, Maguire J, Rogov P, LeProust EM, Brockman W, Fennell T,
Giannoukos G, Fisher S, Russ C, Gabriel S, Jaffe DB, Lander ES, Nusbaum C. 2009.
Solution hybrid selection with ultra-long oligonucleotides for massively parallel
targeted sequencing. Nat Biotechnol 27:182-189.
Gontier Y, Taivainen A, Fontao L, Sonnenberg A, van der Flier A, Carpen O,
Faulkner G, Borradori L. 2005. The Z-disc proteins myotilin and FATZ-1 interact
with each other and are connected to the sarcolemma via muscle-specific filamins. J
Cell Sci 118:3739-3749.

89

Gregorio CC, Trombitas K, Centner T, Kolmerer B, Stier G, Kunke K, Suzuki K,
Obermayr F, Herrmann B, Granzier H, Sorimachi H, Labeit S. 1998. The NH2
terminus of titin spans the Z-disc: Its interaction with a novel 19-kD ligand (T-cap)
is required for sarcomeric integrity. J Cell Biol 143:1013-1027.
Gueneau L, Bertrand AT, Jais JP, Salih MA, Stojkovic T, Wehnert M, Hoeltzenbein
M, Spuler S, Saitoh S, Verschueren A, Tranchant C, Beuvin M, Lacene E, Romero
NB, Heath S, Zelenika D, Voit T, Eymard B, Ben Yaou R, Bonne G. 2009. Mutations
of the FHL1 gene cause emery-dreifuss muscular dystrophy. Am J Hum Genet
85:338-353.
Hackman P, Marchand S, Sarparanta J, Vihola A, Penisson-Besnier I, Eymard B,
Pardal-Fernandez JM, Hammouda e, Richard I, Illa I, Udd B. 2008. Truncating
mutations in C-terminal titin may cause more severe tibial muscular dystrophy
(TMD). Neuromuscul Disord 18:922-928.
Hackman P, Sarparanta J, Lehtinen S, Vihola A, Evilä A, Jonson PH, Luque H, Kere
J, Screen M, Chinnery PF, Ahlberg G, Edström L, Udd B. 2013. Welander distal
myopathy is caused by a mutation in the RNA-binding protein TIA1. Ann Neurol
73:500-509.
Hackman P, Vihola A, Haravuori H, Marchand S, Sarparanta J, De Seze J, Labeit S,
Witt C, Peltonen L, Richard I, Udd B. 2002. Tibial muscular dystrophy is a
titinopathy caused by mutations in TTN, the gene encoding the giant skeletalmuscle protein titin. Am J Hum Genet 71:492-500.
Hedberg C, Melberg A, Dahlbom K, Oldfors A. 2014a. Hereditary myopathy with
early respiratory failure is caused by mutations in the titin FN3 119 domain. Brain
137:e270.
Hedberg C, Toledo AG, Gustafsson CM, Larson G, Oldfors A, Macao B. 2014b.
Hereditary myopathy with early respiratory failure is associated with misfolding of
the titin fibronectin III 119 subdomain. Neuromuscul Disord 24:373-379.
Herman DS, Lam L, Taylor MR, Wang L, Teekakirikul P, Christodoulou D, Conner
L, DePalma SR, McDonough B, Sparks E, Teodorescu DL, Cirino AL, Banner NR,
Pennell DJ, Graw S, Merlo M, Di Lenarda A, Sinagra G, Bos JM, Ackerman MJ,
Mitchell RN, Murry CE, Lakdawala NK, Ho CY, Barton PJ, Cook SA, Mestroni L,
Seidman JG, Seidman CE. 2012. Truncations of titin causing dilated
cardiomyopathy. N Engl J Med 366:619-628.
Herrmann H, Aebi U. 2000. Intermediate filaments and their associates: Multitalented structural elements specifying cytoarchitecture and cytodynamics. Curr
Opin Cell Biol 12:79-90.
Hinson JT, Chopra A, Nafissi N, Polacheck WJ, Benson CC, Swist S, Gorham J, Yang
L, Schafer S, Sheng CC, Haghighi A, Homsy J, Hubner N, Church G, Cook SA, Linke
WA, Chen CS, Seidman JG, Seidman CE. 2015. HEART DISEASE. titin mutations in
iPS cells define sarcomere insufficiency as a cause of dilated cardiomyopathy.
Science 349:982-986.

90

Ho TH, Savkur RS, Poulos MG, Mancini MA, Swanson MS, Cooper TA. 2005.
Colocalization of muscleblind with RNA foci is separable from mis-regulation of
alternative splicing in myotonic dystrophy. J Cell Sci 118:2923-2933.
Hocking LJ, Lucas GJ, Daroszewska A, Mangion J, Olavesen M, Cundy T, Nicholson
GC, Ward L, Bennett ST, Wuyts W, Van Hul W, Ralston SH. 2002. Domain-specific
mutations in sequestosome 1 (SQSTM1) cause familial and sporadic paget's disease.
Hum Mol Genet 11:2735-2739.
Hodges E, Xuan Z, Balija V, Kramer M, Molla MN, Smith SW, Middle CM, Rodesch
MJ, Albert TJ, Hannon GJ, McCombie WR. 2007. Genome-wide in situ exon
capture for selective resequencing. Nat Genet 39:1522-1527.
International Human Genome Sequencing Consortium. 2004. Finishing the
euchromatic sequence of the human genome. Nature 431:931-945.
Itoh-Satoh M, Hayashi T, Nishi H, Koga Y, Arimura T, Koyanagi T, Takahashi M,
Hohda S, Ueda K, Nouchi T, Hiroe M, Marumo F, Imaizumi T, Yasunami M, Kimura
A. 2002. Titin mutations as the molecular basis for dilated cardiomyopathy.
Biochem Biophys Res Commun 291:385-393.
Izumi R, Niihori T, Aoki Y, Suzuki N, Kato M, Warita H, Takahashi T, Tateyama M,
Nagashima T, Funayama R, Abe K, Nakayama K, Aoki M, Matsubara Y. 2013.
Exome sequencing identifies a novel TTN mutation in a family with hereditary
myopathy with early respiratory failure. J Hum Genet .
Jiang Y, Turinsky AL, Brudno M. 2015. The missing indels: An estimate of indel
variation in a human genome and analysis of factors that impede detection. Nucleic
Acids Res 43:7217-7228.
Jirka S, Aartsma-Rus A. 2015. An update on RNA-targeting therapies for
neuromuscular disorders. Curr Opin Neurol 28:515-521.
Jones K, Jin B, Iakova P, Huichalaf C, Sarkar P, Schneider-Gold C, Schoser B, Meola
G, Shyu AB, Timchenko N, Timchenko L. 2011. RNA foci, CUGBP1, and ZNF9 are
the primary targets of the mutant CUG and CCUG repeats expanded in myotonic
dystrophies type 1 and type 2. Am J Pathol 179:2475-2489.
Kaplan JC, Hamroun D. 2012. The 2013 version of the gene table of monogenic
neuromuscular disorders (nuclear genome). Neuromuscul Disord 22:1108-1135.
Kaplan JC, Hamroun D. 2014. The 2015 version of the gene table of monogenic
neuromuscular disorders (nuclear genome). Neuromuscul Disord 24:1123-1153.
Karpati G. 2010. Disorders of voluntary muscle. Cambridge University Press.
Katsanis SH, Katsanis N. 2013. Molecular genetic testing and the future of clinical
genomics. Nat Rev Genet 14:415-426.
Kedersha NL, Gupta M, Li W, Miller I, Anderson P. 1999. RNA-binding proteins tia1 and tiar link the phosphorylation of eif-2α to the assembly of mammalian stress
granules. J Cell Biol 147:1431-1442.

91

Kedersha N, Cho MR, Li W, Yacono PW, Chen S, Gilks N, Golan DE, Anderson P.
2000. Dynamic shuttling of tia-1 accompanies the recruitment of mRNA to
mammalian stress granules. J Cell Biol 151:1257-1268.
Klar J, Sobol M, Melberg A, Mabert K, Ameur A, Johansson AC, Feuk L, Entesarian
M, Orlen H, Casar-Borota O, Dahl N. 2013. Welander distal myopathy caused by an
ancient founder mutation in TIA1 associated with perturbed splicing. Hum Mutat
34:572-577.
Klee CB, Crouch TH, Krinks MH. 1979. Calcineurin: A calcium- and calmodulinbinding protein of the nervous system. Proc Natl Acad Sci U S A 76:6270-6273.
Knöll R, Hoshijima M, Hoffman HM, Person V, Lorenzen-Schmidt I, Bang ML,
Hayashi T, Shiga N, Yasukawa H, Schaper W, McKenna W, Yokoyama M, Schork
NJ, Omens JH, McCulloch AD, Kimura A, Gregorio CC, Poller W, Schaper J,
Schultheiss HP, Chien KR. 2002. The cardiac mechanical stretch sensor machinery
involves a Z disc complex that is defective in a subset of human dilated
cardiomyopathy. Cell 111:943-955.
Kobayashi K, Nakahori Y, Miyake M, Matsumura K, Kondo-Iida E, Nomura Y,
Segawa M, Yoshioka M, Saito K, Osawa M, Hamano K, Sakakihara Y, Nonaka I,
Nakagome Y, Kanazawa I, Nakamura Y, Tokunaga K, Toda T. 1998. An ancient
retrotransposal insertion causes fukuyama-type congenital muscular dystrophy.
Nature 394:388-392.
Koboldt DC, Steinberg KM, Larson DE, Wilson RK, Mardis ER. 2013. The nextgeneration sequencing revolution and its impact on genomics. Cell 155:27-38.
Kolmerer B, Olivieri N, Witt CC, Herrmann BG, Labeit S. 1996. Genomic
organization of M line titin and its tissue-specific expression in two distinct
isoforms. J Mol Biol 256:556-563.
Kontrogianni-Konstantopoulos A, Ackermann MA, Bowman AL, Yap SV, Bloch RJ.
2009. Muscle giants: Molecular scaffolds in sarcomerogenesis. Physiol Rev 89:12171267.
Kötter S, Unger A, Hamdani N, Lang P, Vorgerd M, Nagel-Steger L, Linke WA. 2014.
Human myocytes are protected from titin aggregation-induced stiffening by small
heat shock proteins. J Cell Biol 204:187-202.
Kremneva E, Makkonen MH, Skwarek-Maruszewska A, Gateva G, Michelot A,
Dominguez R, Lappalainen P. 2014. Cofilin-2 controls actin filament length in
muscle sarcomeres. Dev Cell 31:215-226.
Kruglyak L. 1997. The use of a genetic map of biallelic markers in linkage studies.
Nat Genet 17:21-24.
Labeit D, Watanabe K, Witt C, Fujita H, Wu Y, Lahmers S, Funck T, Labeit S,
Granzier H. 2003. Calcium-dependent molecular spring elements in the giant
protein titin. Proc Natl Acad Sci U S A 100:13716-13721.
Labeit S, Gautel M, Lakey A, Trinick J. 1992. Towards a molecular understanding of
titin. EMBO J 11:1711-1716.

92

Labeit S, Kolmerer B. 1995. Titins: Giant proteins in charge of muscle ultrastructure
and elasticity. Science 270:293-296.
Lammerding J, Fong LG, Ji JY, Reue K, Stewart CL, Young SG, Lee RT. 2006.
Lamins A and C but not lamin B1 regulate nuclear mechanics. J Biol Chem
281:25768-25780.
Lange S, Auerbach D, McLoughlin P, Perriard E, Schafer BW, Perriard JC, Ehler E.
2002. Subcellular targeting of metabolic enzymes to titin in heart muscle may be
mediated by DRAL/FHL-2. J Cell Sci 115:4925-4936.
Lange S, Edström L, Udd B, Gautel M. 2014. Reply: Hereditary myopathy with early
respiratory failure is caused by mutations in the titin FN3 119 domain. Brain
137:e279.
Lange S, Xiang F, Yakovenko A, Vihola A, Hackman P, Rostkova E, Kristensen J,
Brandmeier B, Franzen G, Hedberg B, Gunnarsson LG, Hughes SM, Marchand S,
Sejersen T, Richard I, Edström L, Ehler E, Udd B, Gautel M. 2005. The kinase
domain of titin controls muscle gene expression and protein turnover. Science
308:1599-1603.
Laurin N, Brown JP, Morissette J, Raymond V. 2002. Recurrent mutation of the
gene encoding sequestosome 1 (SQSTM1/p62) in paget disease of bone. Am J Hum
Genet 70:1582-1588.
Le Rumeur E. 2015. Dystrophin and the two related genetic diseases, duchenne and
becker muscular dystrophies. Bosn J Basic Med Sci 15:14-20.
Lelieveld SH, Spielmann M, Mundlos S, Veltman JA, Gilissen C. 2015. Comparison
of exome and genome sequencing technologies for the complete capture of proteincoding regions. Hum Mutat 36:815-822.
Lemke JR, Riesch E, Scheurenbrand T, Schubach M, Wilhelm C, Steiner I, Hansen
J, Courage C, Gallati S, Burki S, Strozzi S, Simonetti BG, Grunt S, Steinlin M, Alber
M, Wolff M, Klopstock T, Prott EC, Lorenz R, Spaich C, Rona S,
Lakshminarasimhan M, Kroll J, Dorn T, Kramer G, Synofzik M, Becker F, Weber
YG, Lerche H, Bohm D, Biskup S. 2012. Targeted next generation sequencing as a
diagnostic tool in epileptic disorders. Epilepsia 53:1387-1398.
Leung DG, Wagner KR. 2013. Therapeutic advances in muscular dystrophy. Ann
Neurol 74:404-411.
Li H. 2011. A statistical framework for SNP calling, mutation discovery, association
mapping and population genetical parameter estimation from sequencing data.
Bioinformatics 27:2987-2993.
Li H, Durbin R. 2009. Fast and accurate short read alignment with burrows-wheeler
transform. Bioinformatics 25:1754-1760.
Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G,
Durbin R, 1000 Genome Project Data Processing Subgroup. 2009. The sequence
Alignment/Map format and SAMtools. Bioinformatics 25:2078-2079.

93

Li H, Ruan J, Durbin R. 2008. Mapping short DNA sequencing reads and calling
variants using mapping quality scores. Genome Res 18:1851-1858.
Li W, Freudenberg J. 2014. Mappability and read length. Front Genet 5:381.
Lim BC, Lee S, Shin J, Kim J, Hwang H, Kim KJ, Hwang YS, Seo J, Chae JH. 2011.
Genetic diagnosis of duchenne and becker muscular dystrophy using nextgeneration sequencing technology: Comprehensive mutational search in a single
platform. Journal of Medical Genetics 48:731-736.
Linke WA. 2000. Titin elasticity in the context of the sarcomere: Force and
extensibility measurements on single myofibrils. Adv Exp Med Biol 481:179-202;
discussion 203-6.
Liquori CL, Ricker K, Moseley ML, Jacobsen JF, Kress W, Naylor SL, Day JW,
Ranum LP. 2001. Myotonic dystrophy type 2 caused by a CCTG expansion in intron
1 of ZNF9. Science 293:864-867.
Liu L, Li Y, Li S, Hu N, He Y, Pong R, Lin D, Lu L, Law M. 2012. Comparison of
next-generation sequencing systems. J Biomed Biotechnol 2012:251364.
Lopes LR, Zekavati A, Syrris P, Hubank M, Giambartolomei C, Dalageorgou C,
Jenkins S, McKenna W, Uk10k Consortium, Plagnol V, Elliott PM. 2013. Genetic
complexity in hypertrophic cardiomyopathy revealed by high-throughput
sequencing. J Med Genet 50:228-239.
Luckey JA, Drossman H, Kostichka AJ, Mead DA, D'Cunha J, Norris TB, Smith LM.
1990. High speed DNA sequencing by capillary electrophoresis. Nucleic Acids Res
18:4417-4421.
Luther PK. 1991. Three-dimensional reconstruction of a simple Z-band in fish
muscle. J Cell Biol 113:1043-1055.
Luther PK, Padron R, Ritter S, Craig R, Squire JM. 2003. Heterogeneity of Z-band
structure within a single muscle sarcomere: Implications for sarcomere assembly. J
Mol Biol 332:161-169.
Lynch M. 2010. Rate, molecular spectrum, and consequences of human mutation.
Proc Natl Acad Sci U S A 107:961-968.
Ma K, Wang K. 2002. Interaction of nebulin SH3 domain with titin PEVK and
myopalladin: Implications for the signaling and assembly role of titin and nebulin.
FEBS Lett 532:273-278.
MacArthur DG, Balasubramanian S, Frankish A, Huang N, Morris J, Walter K,
Jostins L, Habegger L, Pickrell JK, Montgomery SB, Albers CA, Zhang ZD, Conrad
DF, Lunter G, Zheng H, Ayub Q, DePristo MA, Banks E, Hu M, Handsaker RE,
Rosenfeld JA, Fromer M, Jin M, Mu XJ, Khurana E, Ye K, Kay M, Saunders GI,
Suner MM, Hunt T, Barnes IH, Amid C, Carvalho-Silva DR, Bignell AH, Snow C,
Yngvadottir B, Bumpstead S, Cooper DN, Xue Y, Romero IG, 1000 Genomes Project
Consortium, Wang J, Li Y, Gibbs RA, McCarroll SA, Dermitzakis ET, Pritchard JK,
Barrett JC, Harrow J, Hurles ME, Gerstein MB, Tyler-Smith C. 2012. A systematic

94

survey of loss-of-function variants in human protein-coding genes. Science 335:823828.
MacDonald JR, Ziman R, Yuen RK, Feuk L, Scherer SW. 2014. The database of
genomic variants: A curated collection of structural variation in the human genome.
Nucleic Acids Res 42:D986-92.
Mah CS, Soustek MS, Todd AG, McCall A, Smith BK, Corti M, Falk DJ, Byrne BJ.
2013. Adeno-associated virus-mediated gene therapy for metabolic myopathy. Hum
Gene Ther 24:928-936.
Majewski J, Schwartzentruber J, Lalonde E, Montpetit A, Jabado N. 2011. What can
exome sequencing do for you? J Med Genet 48:580-589.
Margulies M, Egholm M, Altman WE, Attiya S, Bader JS, Bemben LA, Berka J,
Braverman MS, Chen YJ, Chen Z, Dewell SB, Du L, Fierro JM, Gomes XV, Godwin
BC, He W, Helgesen S, Ho CH, Irzyk GP, Jando SC, Alenquer ML, Jarvie TP, Jirage
KB, Kim JB, Knight JR, Lanza JR, Leamon JH, Lefkowitz SM, Lei M, Li J, Lohman
KL, Lu H, Makhijani VB, McDade KE, McKenna MP, Myers EW, Nickerson E,
Nobile JR, Plant R, Puc BP, Ronan MT, Roth GT, Sarkis GJ, Simons JF, Simpson
JW, Srinivasan M, Tartaro KR, Tomasz A, Vogt KA, Volkmer GA, Wang SH, Wang Y,
Weiner MP, Yu P, Begley RF, Rothberg JM. 2005. Genome sequencing in
microfabricated high-density picolitre reactors. Nature 437:376-380.
Marieb E, Hoehn K. 2013. Human anatomy & physiology. Pearson Education.
McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, Garimella
K, Altshuler D, Gabriel S, Daly M, DePristo MA. 2010. The genome analysis toolkit:
A MapReduce framework for analyzing next-generation DNA sequencing data.
Genome Res 20:1297-1303.
McKernan KJ, Peckham HE, Costa GL, McLaughlin SF, Fu Y, Tsung EF, Clouser CR,
Duncan C, Ichikawa JK, Lee CC, Zhang Z, Ranade SS, Dimalanta ET, Hyland FC,
Sokolsky TD, Zhang L, Sheridan A, Fu H, Hendrickson CL, Li B, Kotler L, Stuart JR,
Malek JA, Manning JM, Antipova AA, Perez DS, Moore MP, Hayashibara KC, Lyons
MR, Beaudoin RE, Coleman BE, Laptewicz MW, Sannicandro AE, Rhodes MD,
Gottimukkala RK, Yang S, Bafna V, Bashir A, MacBride A, Alkan C, Kidd JM,
Eichler EE, Reese MG, De La Vega FM, Blanchard AP. 2009. Sequence and
structural variation in a human genome uncovered by short-read, massively parallel
ligation sequencing using two-base encoding. Genome Res 19:1527-1541.
Meienberg J, Zerjavic K, Keller I, Okoniewski M, Patrignani A, Ludin K, Xu Z,
Steinmann B, Carrel T, Rothlisberger B, Schlapbach R, Bruggmann R, Matyas G.
2015. New insights into the performance of human whole-exome capture platforms.
Nucleic Acids Res 43:e76.
Mercuri E, Muntoni F. 2013. Muscular dystrophies. Lancet 381:845-860.
Mercuri E, Poppe M, Quinlivan R, Messina S, Kinali M, Demay L, Bourke J, Richard
P, Sewry C, Pike M, Bonne G, Muntoni F, Bushby K. 2004. Extreme variability of
phenotype in patients with an identical missense mutation in the lamin A/C gene:
From congenital onset with severe phenotype to milder classic emery-dreifuss
variant. Arch Neurol 61:690-694.

95

Meredith C, Herrmann R, Parry C, Liyanage K, Dye DE, Durling HJ, Duff RM,
Beckman K, de Visser M, van der Graaff MM, Hedera P, Fink JK, Petty EM, Lamont
P, Fabian V, Bridges L, Voit T, Mastaglia FL, Laing NG. 2004. Mutations in the slow
skeletal muscle fiber myosin heavy chain gene (MYH7) cause laing early-onset distal
myopathy (MPD1). Am J Hum Genet 75:703-708.
Metzker ML. 2010. Sequencing technologies - the next generation. Nat Rev Genet
11:31-46.
Michele DE, Campbell KP. 2003. Dystrophin-glycoprotein complex: Posttranslational processing and dystroglycan function. J Biol Chem 278:15457-15460.
Mikheyev AS, Tin MM. 2014. A first look at the oxford nanopore MinION sequencer.
Mol Ecol Resour 14:1097-1102.
Miller MK, Bang ML, Witt CC, Labeit D, Trombitas C, Watanabe K, Granzier H,
McElhinny AS, Gregorio CC, Labeit S. 2003. The muscle ankyrin repeat proteins:
CARP, ankrd2/Arpp and DARP as a family of titin filament-based stress response
molecules. J Mol Biol 333:951-964.
Mizuta K, Tsutsumi S, Inoue H, Sakamoto Y, Miyatake K, Miyawaki K, Noji S,
Kamata N, Itakura M. 2007. Molecular characterization of GDD1/TMEM16E, the
gene product responsible for autosomal dominant gnathodiaphyseal dysplasia.
Biochem Biophys Res Commun 357:126-132.
Monaco AP, Bertelson CJ, Liechti-Gallati S, Moser H, Kunkel LM. 1988. An
explanation for the phenotypic differences between patients bearing partial
deletions of the DMD locus. Genomics 2:90-95.
Morozova O, Marra MA. 2008. Applications of next-generation sequencing
technologies in functional genomics. Genomics 92:255-264.
Morton NE. 1955. Sequential tests for the detection of linkage. Am J Hum Genet
7:277-318.
Murayama T, Nakauchi Y, Kimura S, Maruyama K. 1989. Binding of connectin to
myosin filaments. J Biochem 105:323-326.
Nagy E, Maquat LE. 1998. A rule for termination-codon position within introncontaining genes: When nonsense affects RNA abundance. Trends Biochem Sci
23:198-199.
Negroni E, Gidaro T, Bigot A, Butler-Browne GS, Mouly V, Trollet C. 2015. Invited
review: Stem cells and muscle diseases: Advances in cell therapy strategies.
Neuropathol Appl Neurobiol 41:270-287.
Nguyen L, Burnett L. 2014. Automation of molecular-based analyses: A primer on
massively parallel sequencing. Clin Biochem Rev 35:169-176.
Nielsen R, Paul JS, Albrechtsen A, Song YS. 2011. Genotype and SNP calling from
next-generation sequencing data. Nat Rev Genet 12:443-451.

96

Nigro V, Savarese M. 2014. Genetic basis of limb-girdle muscular dystrophies: The
2014 update. Acta Myol 33:1-12.
Nikiforova MN, Wald AI, Roy S, Durso MB, Nikiforov YE. 2013. Targeted nextgeneration sequencing panel (ThyroSeq) for detection of mutations in thyroid
cancer. J Clin Endocrinol Metab 98:E1852-60.
Obermann WM, Gautel M, Steiner F, van der Ven PF, Weber K, Fürst DO. 1996. The
structure of the sarcomeric M band: Localization of defined domains of myomesin,
M-protein, and the 250-kD carboxy-terminal region of titin by immunoelectron
microscopy. J Cell Biol 134:1441-1453.
Obermann WM, Gautel M, Weber K, Fürst DO. 1997. Molecular structure of the
sarcomeric M band: Mapping of titin and myosin binding domains in myomesin and
the identification of a potential regulatory phosphorylation site in myomesin. EMBO
J 16:211-220.
Offer G, Moos C, Starr R. 1973. A new protein of the thick filaments of vertebrate
skeletal myofibrils. extractions, purification and characterization. J Mol Biol 74:653676.
Ohlsson M, Hedberg C, Bradvik B, Lindberg C, Tajsharghi H, Danielsson O, Melberg
A, Udd B, Martinsson T, Oldfors A. 2012. Hereditary myopathy with early
respiratory failure associated with a mutation in A-band titin. Brain 135:1682-1694.
Ohtsuka H, Yajima H, Maruyama K, Kimura S. 1997a. Binding of the N-terminal 63
kDa portion of connectin/titin to alpha-actinin as revealed by the yeast two-hybrid
system. FEBS Lett 401:65-67.
Ohtsuka H, Yajima H, Maruyama K, Kimura S. 1997b. The N-terminal Z repeat 5 of
connectin/titin binds to the C-terminal region of alpha-actinin. Biochem Biophys
Res Commun 235:1-3.
Ojima K, Ono Y, Hata S, Koyama S, Doi N, Sorimachi H. 2005. Possible functions of
p94 in connectin-mediated signaling pathways in skeletal muscle cells. J Muscle Res
Cell Motil 26:409-417.
Oliver GR, Hart SN, Klee EW. 2015. Bioinformatics for clinical next generation
sequencing. Clin Chem 61:124-135.
Ott J, Wang J, Leal SM. 2015. Genetic linkage analysis in the age of whole-genome
sequencing. Nat Rev Genet 16:275-284.
Paganoni S, Amato A. 2013. Electrodiagnostic evaluation of myopathies. Phys Med
Rehabil Clin N Am 24:193-207.
Palmio J, Jonson PH, Evilä A, Auranen M, Straub V, Bushby K, Sarkozy A, KiuruEnari S, Sandell S, Pihko H, Hackman P, Udd B. 2015. Novel mutations in DNAJB6
gene cause a very severe early-onset limb-girdle muscular dystrophy 1D disease.
Neuromuscul Disord 25:835-842.

97

Papa I, Astier C, Kwiatek O, Raynaud F, Bonnal C, Lebart MC, Roustan C, Benyamin
Y. 1999. Alpha actinin-CapZ, an anchoring complex for thin filaments in Z-line. J
Muscle Res Cell Motil 20:187-197.
Pappas CT, Bhattacharya N, Cooper JA, Gregorio CC. 2008. Nebulin interacts with
CapZ and regulates thin filament architecture within the Z-disc. Mol Biol Cell
19:1837-1847.
Peled Y, Gramlich M, Yoskovitz G, Feinberg MS, Afek A, Polak-Charcon S, Pras E,
Sela BA, Konen E, Weissbrod O, Geiger D, Gordon PM, Thierfelder L, Freimark D,
Gerull B, Arad M. 2014. Titin mutation in familial restrictive cardiomyopathy. Int J
Cardiol 171:24-30.
Penisson-Besnier I, Hackman P, Suominen T, Sarparanta J, Huovinen S, RichardCremieux I, Udd B. 2010. Myopathies caused by homozygous titin mutations: Limbgirdle muscular dystrophy 2J and variations of phenotype. J Neurol Neurosurg
Psychiatry 81:1200-1202.
Perera S, Mankoo B, Gautel M. 2012. Developmental regulation of MURF E3
ubiquitin ligases in skeletal muscle. J Muscle Res Cell Motil 33:107-122.
Pfeffer G, Barresi R, Wilson IJ, Hardy SA, Griffin H, Hudson J, Elliott HR, Ramesh
AV, Radunovic A, Winer JB, Vaidya S, Raman A, Busby M, Farrugia ME, Ming A,
Everett C, Emsley HC, Horvath R, Straub V, Bushby K, Lochmuller H, Chinnery PF,
Sarkozy A. 2014. Titin founder mutation is a common cause of myofibrillar
myopathy with early respiratory failure. J Neurol Neurosurg Psychiatry 85:331-338.
Pfeffer G, Elliott HR, Griffin H, Barresi R, Miller J, Marsh J, Evilä A, Vihola A,
Hackman P, Straub V, Dick DJ, Horvath R, Santibanez-Koref M, Udd B, Chinnery
PF. 2012. Titin mutation segregates with hereditary myopathy with early respiratory
failure. Brain 135:1695-1713.
Pfeffer G, Joseph JT, Innes AM, Frizzell JB, Wilson IJ, Brownell AK, Chinnery PF.
2014a. Titinopathy in a canadian family sharing the british founder haplotype. Can J
Neurol Sci 41:90-94.
Pfeffer G, Sambuughin N, Olive M, Tyndel F, Toro C, Goldfarb LG, Chinnery PF.
2014b. A new disease allele for the p.C30071R mutation in titin causing hereditary
myopathy with early respiratory failure. Neuromuscul Disord 24:241-244.
Piecyk M, Wax S, Beck ARP, Kedersha N, Gupta M, Maritim B, Chen S, Gueydan C,
Kruys V, Streuli M, Anderson P. 2000. TIA-1 is a translational silencer that
selectively regulates the expression of TNF-α. EMBO J 19:4154-4163.
Pizon V, Iakovenko A, Van Der Ven PF, Kelly R, Fatu C, Fürst DO, Karsenti E,
Gautel M. 2002. Transient association of titin and myosin with microtubules in
nascent myofibrils directed by the MURF2 RING-finger protein. J Cell Sci 115:44694482.
Pollazzon M, Suominen T, Penttilä S, Malandrini A, Carluccio MA, Mondelli M,
Marozza A, Federico A, Renieri A, Hackman P, Dotti MT, Udd B. 2010. The first
italian family with tibial muscular dystrophy caused by a novel titin mutation. J
Neurol 257:575-579.

98

Puckelwartz M, McNally EM. 2011. Emery-dreifuss muscular dystrophy. Handb Clin
Neurol 101:155-166.
Puckelwartz MJ, Kessler EJ, Kim G, Dewitt MM, Zhang Y, Earley JU, Depreux FF,
Holaska J, Mewborn SK, Pytel P, McNally EM. 2010. Nesprin-1 mutations in human
and murine cardiomyopathy. J Mol Cell Cardiol 48:600-608.
Ramos J, Chamberlain JS. 2015. Gene therapy for duchenne muscular dystrophy.
Expert Opin Orphan Drugs 3:1255-1266.
Rehm HL. 2013. Disease-targeted sequencing: A cornerstone in the clinic. Nat Rev
Genet 14:295-300.
Reynolds JG, McCalmon SA, Tomczyk T, Naya FJ. 2007. Identification and
mapping of protein kinase A binding sites in the costameric protein myospryn.
Biochim Biophys Acta 1773:891-902.
Richard P, Charron P, Carrier L, Ledeuil C, Cheav T, Pichereau C, Benaiche A,
Isnard R, Dubourg O, Burban M, Gueffet JP, Millaire A, Desnos M, Schwartz K,
Hainque B, Komajda M, EUROGENE Heart Failure Project. 2003. Hypertrophic
cardiomyopathy: Distribution of disease genes, spectrum of mutations, and
implications for a molecular diagnosis strategy. Circulation 107:2227-2232.
Roberts AM, Ware JS, Herman DS, Schafer S, Baksi J, Bick AG, Buchan RJ, Walsh
R, John S, Wilkinson S, Mazzarotto F, Felkin LE, Gong S, MacArthur JA,
Cunningham F, Flannick J, Gabriel SB, Altshuler DM, Macdonald PS, Heinig M,
Keogh AM, Hayward CS, Banner NR, Pennell DJ, O'Regan DP, San TR, de Marvao
A, Dawes TJ, Gulati A, Birks EJ, Yacoub MH, Radke M, Gotthardt M, Wilson JG,
O'Donnell CJ, Prasad SK, Barton PJ, Fatkin D, Hubner N, Seidman JG, Seidman
CE, Cook SA. 2015. Integrated allelic, transcriptional, and phenomic dissection of
the cardiac effects of titin truncations in health and disease. Sci Transl Med
7:270ra6.
Rothberg JM, Hinz W, Rearick TM, Schultz J, Mileski W, Davey M, Leamon JH,
Johnson K, Milgrew MJ, Edwards M, Hoon J, Simons JF, Marran D, Myers JW,
Davidson JF, Branting A, Nobile JR, Puc BP, Light D, Clark TA, Huber M,
Branciforte JT, Stoner IB, Cawley SE, Lyons M, Fu Y, Homer N, Sedova M, Miao X,
Reed B, Sabina J, Feierstein E, Schorn M, Alanjary M, Dimalanta E, Dressman D,
Kasinskas R, Sokolsky T, Fidanza JA, Namsaraev E, McKernan KJ, Williams A, Roth
GT, Bustillo J. 2011. An integrated semiconductor device enabling non-optical
genome sequencing. Nature 475:348-352.
Rowe RW. 1973. The ultrastructure of Z disks from white, intermediate, and red
fibers of mammalian striated muscles. J Cell Biol 57:261-277.
Ruegg S, Lehky Hagen M, Hohl U, Kappos L, Fuhr P, Plasilov M, Muller H,
Heinimann K. 2005. Oculopharyngeal muscular dystrophy - an under-diagnosed
disorder? Swiss Med Wkly 135:574-586.
Ruppel KM, Spudich JA. 1996. Structure-function analysis of the motor domain of
myosin. Annu Rev Cell Dev Biol 12:543-573.

99

Sabatelli P, Bonaldo P, Lattanzi G, Braghetta P, Bergamin N, Capanni C, Mattioli E,
Columbaro M, Ognibene A, Pepe G, Bertini E, Merlini L, Maraldi NM, Squarzoni S.
2001. Collagen VI deficiency affects the organization of fibronectin in the
extracellular matrix of cultured fibroblasts. Matrix Biol 20:475-486.
Sacconi S, Salviati L, Desnuelle C. 2015. Facioscapulohumeral muscular dystrophy.
Biochim Biophys Acta 1852:607-614.
Sakaki M, Koike H, Takahashi N, Sasagawa N, Tomioka S, Arahata K, Ishiura S.
2001. Interaction between emerin and nuclear lamins. J Biochem 129:321-327.
Salmikangas P, van der Ven PF, Lalowski M, Taivainen A, Zhao F, Suila H, Schroder
R, Lappalainen P, Fürst DO, Carpen O. 2003. Myotilin, the limb-girdle muscular
dystrophy 1A (LGMD1A) protein, cross-links actin filaments and controls sarcomere
assembly. Hum Mol Genet 12:189-203.
Samorodnitsky E, Datta J, Jewell BM, Hagopian R, Miya J, Wing MR, Damodaran
S, Lippus JM, Reeser JW, Bhatt D, Timmers CD, Roychowdhury S. 2015.
Comparison of custom capture for targeted next-generation DNA sequencing. J Mol
Diagn 17:64-75.
Samuels ME, Friedman JM. 2015. Genetic mosaics and the germ line lineage. Genes
(Basel) 6:216-237.
Sanger F, Nicklen S, Coulson AR. 1977. DNA sequencing with chain-terminating
inhibitors. Proc Natl Acad Sci U S A 74:5463-5467.
Sarparanta J, Blandin G, Charton K, Vihola A, Marchand S, Milic A, Hackman P,
Ehler E, Richard I, Udd B. 2010. Interactions with M-band titin and calpain 3 link
myospryn (CMYA5) to tibial and limb-girdle muscular dystrophies. J Biol Chem
285:30304-30315.
Satoh M, Takahashi M, Sakamoto T, Hiroe M, Marumo F, Kimura A. 1999.
Structural analysis of the titin gene in hypertrophic cardiomyopathy: Identification
of a novel disease gene. Biochem Biophys Res Commun 262:411-417.
Savarese M, Di Fruscio G, Mutarelli M, Torella A, Magri F, Santorelli FM, Comi GP,
Bruno C, Nigro V. 2014. MotorPlex provides accurate variant detection across large
muscle genes both in single myopathic patients and in pools of DNA samples. Acta
Neuropathol Commun 2:100-014-0100-3.
Sevy A, Cerino M, Gorokhova S, Dionnet E, Mathieu Y, Verschueren A, Franques J,
Maues de Paula A, Figarella-Branger D, Lagarde A, Desvignes JP, Beroud C,
Attarian S, Levy N, Bartoli M, Krahn M, Campana-Salort E, Pouget J. 2015.
Improving molecular diagnosis of distal myopathies by targeted next-generation
sequencing. J Neurol Neurosurg Psychiatry .
Shatunov A, Olive M, Odgerel Z, Stadelmann-Nessler C, Irlbacher K, van
Landeghem F, Bayarsaikhan M, Lee HS, Goudeau B, Chinnery PF, Straub V, HiltonJones D, Damian MS, Kaminska A, Vicart P, Bushby K, Dalakas MC, Sambuughin N,
Ferrer I, Goebel HH, Goldfarb LG. 2009. In-frame deletion in the seventh
immunoglobulin-like repeat of filamin C in a family with myofibrillar myopathy. Eur
J Hum Genet 17:656-663.

100

Sheikh F, Raskin A, Chu PH, Lange S, Domenighetti AA, Zheng M, Liang X, Zhang
T, Yajima T, Gu Y, Dalton ND, Mahata SK, Dorn GW,2nd, Brown JH, Peterson KL,
Omens JH, McCulloch AD, Chen J. 2008. An FHL1-containing complex within the
cardiomyocyte sarcomere mediates hypertrophic biomechanical stress responses in
mice. J Clin Invest 118:3870-3880.
Shibuya S, Wakayama Y, Inoue M, Kojima H, Oniki H. 2003. Merosin (laminin-2)
localization in basal lamina of normal skeletal muscle fibers and changes in plasma
membrane of merosin-deficient skeletal muscle fibers. Med Electron Microsc
36:213-220.
Shimojima K, Okamoto N, Yamamoto T. 2016. A novel TUBB3 mutation in a
sporadic patient with asymmetric cortical dysplasia. Am J Med Genet A .
Smith LM, Sanders JZ, Kaiser RJ, Hughes P, Dodd C, Connell CR, Heiner C, Kent
SB, Hood LE. 1986. Fluorescence detection in automated DNA sequence analysis.
Nature 321:674-679.
Sorimachi H, Kinbara K, Kimura S, Takahashi M, Ishiura S, Sasagawa N, Sorimachi
N, Shimada H, Tagawa K, Maruyama K. 1995. Muscle-specific calpain, p94,
responsible for limb girdle muscular dystrophy type 2A, associates with connectin
through IS2, a p94-specific sequence. J Biol Chem 270:31158-31162.
Spencer JA, Eliazer S, Ilaria RL,Jr, Richardson JA, Olson EN. 2000. Regulation of
microtubule dynamics and myogenic differentiation by MURF, a striated muscle
RING-finger protein. J Cell Biol 150:771-784.
Sulonen AM, Ellonen P, Almusa H, Lepisto M, Eldfors S, Hannula S, Miettinen T,
Tyynismaa H, Salo P, Heckman C, Joensuu H, Raivio T, Suomalainen A, Saarela J.
2011. Comparison of solution-based exome capture methods for next generation
sequencing. Genome Biol 12:R94-2011-12-9-r94.
Suominen T, Udd B, Hackman P. 2012. Udd distal myopathy. In Pagon RA et al.
(eds.) GeneReviews. University of Washington, Seattle, Seattle, WA, USA. Updated
08/23/2012, accessed 06/11/2103. Available at:
http://www.ncbi.nlm.nih.gov/books/NBK1323/;.
Tang Z, Scherer PE, Okamoto T, Song K, Chu C, Kohtz DS, Nishimoto I, Lodish HF,
Lisanti MP. 1996. Molecular cloning of caveolin-3, a novel member of the caveolin
gene family expressed predominantly in muscle. J Biol Chem 271:2255-2261.
Tasca G, Mirabella M, Broccolini A, Monforte M, Sabatelli M, Biscione GL, Piluso G,
Gualandi F, Tonali PA, Udd B, Ricci E. 2010. An italian case of hereditary myopathy
with early respiratory failure (HMERF) not associated with the titin kinase domain
R279W mutation. Neuromuscul Disord 20:730-734.
Tattini L, D'Aurizio R, Magi A. 2015. Detection of genomic structural variants from
next-generation sequencing data. Front Bioeng Biotechnol 3:92.
Taylor M, Graw S, Sinagra G, Barnes C, Slavov D, Brun F, Pinamonti B, Salcedo EE,
Sauer W, Pyxaras S, Anderson B, Simon B, Bogomolovas J, Labeit S, Granzier H,
Mestroni L. 2011. Genetic variation in titin in arrhythmogenic right ventricular
cardiomyopathy-overlap syndromes. Circulation 124:876-885.

101

Taylor RW, Turnbull DM. 2005. Mitochondrial DNA mutations in human disease.
Nat Rev Genet 6:389-402.
Teare MD, Barrett JH. 2005. Genetic linkage studies. Lancet 366:1036-1044.
Teyssou E, Takeda T, Lebon V, Boillee S, Doukoure B, Bataillon G, Sazdovitch V,
Cazeneuve C, Meininger V, LeGuern E, Salachas F, Seilhean D, Millecamps S. 2013.
Mutations in SQSTM1 encoding p62 in amyotrophic lateral sclerosis: Genetics and
neuropathology. Acta Neuropathol 125:511-522.
Theadom A, Rodrigues M, Roxburgh R, Balalla S, Higgins C, Bhattacharjee R, Jones
K, Krishnamurthi R, Feigin V. 2014. Prevalence of muscular dystrophies: A
systematic literature review. Neuroepidemiology 43:259-268.
Toro C, Olive M, Dalakas MC, Sivakumar K, Bilbao JM, Tyndel F, Vidal N, Farrero
E, Sambuughin N, Goldfarb LG. 2013. Exome sequencing identifies titin mutations
causing hereditary myopathy with early respiratory failure (HMERF) in families of
diverse ethnic origins. BMC Neurol 13:29-2377-13-29.
Tran TH, Zhang Z, Yagi M, Lee T, Awano H, Nishida A, Okinaga T, Takeshima Y,
Matsuo M. 2013. Molecular characterization of an X(p21.2;q28) chromosomal
inversion in a duchenne muscular dystrophy patient with mental retardation reveals
a novel long non-coding gene on Xq28. J Hum Genet 58:33-39.
Tsutsumi S, Kamata N, Vokes TJ, Maruoka Y, Nakakuki K, Enomoto S, Omura K,
Amagasa T, Nagayama M, Saito-Ohara F, Inazawa J, Moritani M, Yamaoka T, Inoue
H, Itakura M. 2004. The novel gene encoding a putative transmembrane protein is
mutated in gnathodiaphyseal dysplasia (GDD). Am J Hum Genet 74:1255-1261.
Tuffery-Giraud S, Beroud C, Leturcq F, Yaou RB, Hamroun D, Michel-Calemard L,
Moizard MP, Bernard R, Cossee M, Boisseau P, Blayau M, Creveaux I, GuiochonMantel A, de Martinville B, Philippe C, Monnier N, Bieth E, Khau Van Kien P,
Desmet FO, Humbertclaude V, Kaplan JC, Chelly J, Claustres M. 2009. Genotypephenotype analysis in 2,405 patients with a dystrophinopathy using the UMD-DMD
database: A model of nationwide knowledgebase. Hum Mutat 30:934-945.
Udd B. 2007. Lihastautien diagnostiikka tarkentuu – potilaita suomessa yli 10 000.
Suomen Lääkärilehti 62:519-522.
Udd B. 1992. Limb-girdle type muscular dystrophy in a large family with distal
myopathy: Homozygous manifestation of a dominant gene? J Med Genet 29:383389.
Udd B. 2014. Distal myopathies. Curr Neurol Neurosci Rep 14:434-013-0434-4.
Udd B, Kääriäinen H, Somer H. 1991. Muscular dystrophy with separate clinical
phenotypes in a large family. Muscle Nerve 14:1050-1058.
Udd B, Krahe R. 2012. The myotonic dystrophies: Molecular, clinical, and
therapeutic challenges. Lancet Neurol 11:891-905.

102

Udd B, Partanen J, Halonen P, Falck B, Hakamies L, Heikkilä H, Ingo S, Kalimo H,
Kääriäinen H, Laulumaa V. 1993. Tibial muscular dystrophy. late adult-onset distal
myopathy in 66 finnish patients. Arch Neurol 50:604-608.
Udd B, Rapola J, Nokelainen P, Arikawa E, Somer H. 1992. Nonvacuolar myopathy
in a large family with both late adult onset distal myopathy and severe proximal
muscular dystrophy. J Neurol Sci 113:214-221.
Udd B, Vihola A, Sarparanta J, Richard I, Hackman P. 2005. Titinopathies and
extension of the M-line mutation phenotype beyond distal myopathy and LGMD2J.
Neurology 64:636-642.
Valencia CA, Rhodenizer D, Bhide S, Chin E, Littlejohn MR, Keong LM, Rutkowski
A, Bönnemann C, Hegde M. 2012. Assessment of target enrichment platforms using
massively parallel sequencing for the mutation detection for congenital muscular
dystrophy. J Mol Diagn 14:233-246.
Van den Bergh PY, Bouquiaux O, Verellen C, Marchand S, Richard I, Hackman P,
Udd B. 2003. Tibial muscular dystrophy in a belgian family. Ann Neurol 54:248251.
Vasli N, Bohm J, Le Gras S, Muller J, Pizot C, Jost B, Echaniz-Laguna A, Laugel V,
Tranchant C, Bernard R, Plewniak F, Vicaire S, Levy N, Chelly J, Mandel JL,
Biancalana V, Laporte J. 2012. Next generation sequencing for molecular diagnosis
of neuromuscular diseases. Acta Neuropathol 124:273-283.
Vorgerd M, van der Ven PF, Bruchertseifer V, Lowe T, Kley RA, Schroder R,
Lochmuller H, Himmel M, Koehler K, Fürst DO, Huebner A. 2005. A mutation in
the dimerization domain of filamin c causes a novel type of autosomal dominant
myofibrillar myopathy. Am J Hum Genet 77:297-304.
Watson M. 2014. Illuminating the future of DNA sequencing. Genome Biol 15:108.
Weckselblatt B, Rudd MK. 2015. Human structural variation: Mechanisms of
chromosome rearrangements. Trends Genet 31:587-599.
White SJ, den Dunnen JT. 2006. Copy number variation in the genome; the human
DMD gene as an example. Cytogenet Genome Res 115:240-246.
Wilkie AO. 1994. The molecular basis of genetic dominance. J Med Genet 31:89-98.
Wilschut KJ, Ling VB, Bernstein HS. 2012. Concise review: Stem cell therapy for
muscular dystrophies. Stem Cells Transl Med 1:833-842.
Witt CC, Burkart C, Labeit D, McNabb M, Wu Y, Granzier H, Labeit S. 2006.
Nebulin regulates thin filament length, contractility, and Z-disk structure in vivo.
EMBO J 25:3843-3855.
Worton RG, Duff C, Sylvester JE, Schmickel RD, Willard HF. 1984. Duchenne
muscular dystrophy involving translocation of the dmd gene next to ribosomal RNA
genes. Science 224:1447-1449.

103

Xiang F, Nicolao P, Chapon F, Edström L, Anvret M, Zhang Z. 1999. A second locus
for autosomal dominant myopathy with proximal muscle weakness and early
respiratory muscle involvement: A likely chromosomal locus on 2q21. Neuromuscul
Disord 9:308-312.
Xie S, Lan Z, Qu N, Wei X, Yu P, Zhu Q, Yang G, Wang J, Shi Q, Wang W, Yang L, Yi
X. 2012. Detection of truncated dystrophin lacking the C-terminal domain in a
chinese pedigree by next-generation sequencing. Gene 499:139-142.
Young P, Ehler E, Gautel M. 2001. Obscurin, a giant sarcomeric rho guanine
nucleotide exchange factor protein involved in sarcomere assembly. J Cell Biol
154:123-136.
Young P, Ferguson C, Banuelos S, Gautel M. 1998. Molecular structure of the
sarcomeric Z-disk: Two types of titin interactions lead to an asymmetrical sorting of
alpha-actinin. EMBO J 17:1614-1624.
Yue D, Gao M, Zhu W, Luo S, Xi J, Wang B, Li Y, Cai S, Li J, Wang Y, Lu J, Zhao C.
2015. New disease allele and de novo mutation indicate mutational vulnerability of
titin exon 343 in hereditary myopathy with early respiratory failure. Neuromuscul
Disord 25:172-176.
Zhang Q, Bethmann C, Worth NF, Davies JD, Wasner C, Feuer A, Ragnauth CD, Yi
Q, Mellad JA, Warren DT, Wheeler MA, Ellis JA, Skepper JN, Vorgerd M, SchlotterWeigel B, Weissberg PL, Roberts RG, Wehnert M, Shanahan CM. 2007. Nesprin-1
and -2 are involved in the pathogenesis of emery dreifuss muscular dystrophy and
are critical for nuclear envelope integrity. Hum Mol Genet 16:2816-2833.
Zheng W, Chen H, Deng X, Yuan L, Yang Y, Song Z, Yang Z, Wu Y, Deng H. 2015.
Identification of a novel mutation in the titin gene in a chinese family with limbgirdle muscular dystrophy 2J. Mol Neurobiol .
Zhou Q, Ruiz-Lozano P, Martone ME, Chen J. 1999. Cypher, a striated musclerestricted PDZ and LIM domain-containing protein, binds to alpha-actinin-2 and
protein kinase C. J Biol Chem 274:19807-19813.

104

