N
N

N

HAL

open science

219th ENMC International Workshop Titinopathies
International database of titin mutations and
phenotypes, Heemskerk, The Netherlands, 29 April-1
May 2016

Peter Hackman, Bjarne Udd, Carsten Bonnemann, Ana Ferreiro

» To cite this version:

Peter Hackman, Bjarne Udd, Carsten Bonnemann, Ana Ferreiro.
Workshop Titinopathies International database of titin mutations and phenotypes, Heemskerk,
Neuromuscular Disorders, 2017, 27 (4), pp.396-407.

The Netherlands, 29 April-1 May 2016.
10.1016/j.nmd.2017.01.009 . hal-02333059

HAL Id: hal-02333059
https://hal.science/hal-02333059

Submitted on 15 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

219th ENMC International


https://hal.science/hal-02333059
https://hal.archives-ouvertes.fr

Accepted Manuscript )

Neuromuscular

Disorders

Title: 219th ENMC International Workshop: Titinopathies — international
database of titin mutations and phenotypes

Author: Peter Hackman, Bjarne Udd, Carsten G. Bénnemann, Ana Ferreiro, = { ,\
Titinopathy Database Consortium

PII: S0960-8966(16)31166-X
DOl: http://dx.doi.org/doi: 10.1016/j.nmd.2017.01.009
Reference: NMD 3324

To appear in: Neuromuscular Disorders

Received date:  9-12-2016

Please cite this article as: Peter Hackman, Bjarne Udd, Carsten G. Bénnemann, Ana Ferreiro,
Titinopathy Database Consortium, 219th ENMC International Workshop: Titinopathies —
international database of titin mutations and phenotypes, Neuromuscular Disorders (2017),
http://dx.doi.org/doi: 10.1016/j.nmd.2017.01.009.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service
to our customers we are providing this early version of the manuscript. The manuscript will
undergo copyediting, typesetting, and review of the resulting proof before it is published in its
final form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



219th ENMC International Workshop: Titinopathies — international database
of titin mutations and phenotypes

29 April — 1 May, 2016 Heemskerk, The Netherlands

Peter Hackman, Folkhélsan Institute of Genetics, University of Helsinki (Finland)

Bjarne Udd, Neuromuscular Research Center, Tampere University (Finland)

Carsten G. Bonnemann, NINDS/NIH (USA)

Ana Ferreiro, Unité de Biologie Fonctionnelle et Adaptative, Université Paris Diderot/CNRS
(France) & Reference Center for Neuromuscular Disorders, Pitié-Salpétriere Hospital, AP-HP

(France) on behalf of the Titinopathy database consortium*

* listed at the end of this report

Corresponding author:

Peter Hackman

Folkhélsan Institute of Genetics
Biomedicum Helsinki, Room C301b
Haartmaninkatu 8 (Pb 63)

00014 Helsinki

Finland

phone: +358-9-19125069
fax: +358-9-19125073
peter.hackman@helsinki.fi

Keywords: TTN, Titinopathies, Inernational database

Page 1 of 36


mailto:peter.hackman@helsinki.fi

Highlights
e The workshop focused on reported and new emerging titinopathies.
e NGS have resulted in an exponential increase in identification of TTN variations.
e The aim was to establish an international database of TTN (titin gene) variations

1. Introduction

The 219th ENMC (European Neuromuscular Centre) workshop took place in Heemskerk, the
Netherlands on the weekend 29 April — 1 May, 2016 and focused on titinopathies and the
establishment of an international database of TTN variants and mutations with associated
phenotypes. This ENMC workshop involved 16 clinicians and scientists from 6 countries as well
as 2 patient and family representatives (http://www.enmc.org/workshops/introduction/). In this
report, the state of the art and future directions related to the topics discussed during the meeting

are summarized.

TTN mutations have to date been reported as the cause of various diseases collectively termed
titinopathies, including a range of skeletal muscle and cardiac diseases, or a combination of both
[1]. The following muscle diseases and phenotypes have been reported, with additional

phenotypes emerging that are awaiting proper classification:

- Late-onset autosomal dominant tibial muscular dystrophy (TMD) (MIM #600334),

- Limb-girdle muscular dystrophy type 2J (LGMD2J; MIM #608807)

- Hereditary myopathy with early respiratory failure (HMERF; MIM #603689)

- Early-onset myopathy with fatal cardiomyopathy, EOMFC (MIM #611705)

- Congenital centronuclear myopathy (CNM) [2]

- Multi-minicore Disease with Heart Disease (MmD-HD) including clinical variations [3]
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- Young adult onset recessive distal titinopathy [4]
- Early onset recessive Emery-Dreifus like without cardiomyopathy [5]

- Adult onset recessive proximal lower limb muscular dystrophy [6]

Due to its huge size, it has not been possible to routinely sequence TTN in research and diagnostic
laboratories before the introduction of Next Generation Sequencing (NGS) methods, and thus,
only a limited number of TTN mutations were identified. NGS approaches have enabled the rapid
and thorough interrogation of genetic material and have resulted in an exponential increase in
identification of both unequivocal mutations as well as, more frequently, variants of uncertain
significance in the TTN gene. The last comprehensive review of TTN mutations associated with
skeletal and cardiac muscle phenotypes included 127 TTN coding sequence variants [1, 7].
Numerous other TTN changes, particularly in patients with cardiomyopathies, have been published
since then [8]. Published TTN mutations are recorded in the OMIM
(http://omim.org/entry/188840), HGMD (http://www.hgmd.cf.ac.uk/ac/index.php), and/or LOVD
(http://www.dmd.nl/nmdb/home.php?select_db=TTN) databases.

With its 364 coding exons (the first of TTN 365 exons being non-coding) and a full-length
transcript of more than 100 kb, TTN encodes by far the longest known peptide in nature. The
longest canonical isoform of TTN would produce a 3,960 kDa, 35,991 amino acids protein,
although this isoform has not been confirmed experimentally. Titin protein functions as a
molecular spring responsible for the structural integrity and passive elasticity of the muscle. Since
TTN is a very central protein in the muscle sarcomere, it is expected that a much higher number of
TTN mutations than is currently known will be involved in known and in so-far unreported
human-striated muscle diseases, while the full extent of normal genetic variation in the gene will

only become clear over time.
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As titin emerges as a major cause of human disease, important questions are arising that need to be
addressed. Virtually every individual in the general population carries rare TTN variants that are
not necessarily associated with disease [1]. Not all rare TTN variants are pathogenic and a more
profound understanding of phenotype-genotype correlations based on a comprehensive
international titin specific database is needed. Along these lines, devising an experimental
validation system for TTN variants is very important. Furthermore, understanding the molecular
and pathophysiological basis of titinopathies is a mandatory first step to devise therapeutic

approaches.

2. Aims of the meeting

The primary aim of this ENMC workshop was to establish an international database of TTN
(titin gene) mutations, variations and associated clinical presentations, to be able to determine with

more certainty if particular TTN variants are disease-causing.

The research community has responded to the challenges arising from the use of NGS through the
formation of clinical and research consortia. These collaborations take advantage of the power of
shared resources and expertise, and particularly the benefit of combining cohorts of patients into
larger groups. This greatly increases the likelihood of success and also enhances the impact of
these projects in terms of the clinically relevant data that is associated with them. There is,
however, an urgent need to collect all reported, novel and rare TTN mutants and variants from
patients all over the world and combine them into a single accessible database, for better

comparison and more reliable genotype-phenotype correlations.
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3. Session 1: Reported titinopathy phenotypes and genotypes

After welcoming remarks by Bjarne Udd and the ENMC Managing Director, the patient
representative Sarah Foye opened the meeting by sharing several patient stories to convey patient
perspectives.

Bjarne Udd then continued to describe already reported titinopathies. Tibial muscular dystrophy
(TMD) was the first described human titinopathy. It is a mild adult-onset slowly progressive
myopathy causing weakness and atrophy especially in the anterior compartment muscles of the
lower leg, tibialis anterior, extensor hallucis longus, and extensor digitorum longus [9]. The
disease is slowly progressive and clinical symptoms typically begin at age 35 to 55 years. TMD
was first described in Finnish patients and the dominant founder mutation (FINmaj) was an 11bp
insertion-deletion mutation exchanging 4 amino acids in the 364th and last exon MEXG6 of titin (
TTN), ¢.107780-107790 del AAGTAACATGG insTGAAAGAAAAA p.35927-35930
delinsValLysGluLys [10]. In addition to FINmaj several other mutations causing TMD in
different European populations were reported in the last TTN exon, Mex6 of TTN [11-13].
Homozygosity of the FINmaj mutation causes a completely different limb-girdle muscular
dystrophy phenotype, LGMD?2J. It is a childhood onset disease causing proximal muscle weakness
in the first or second decade and progresses over the next 20 years to wheelchair confinement [11,
14]. The prevalence of TMD in Finland is estimated to 1/2500 which means around 1000 patients
due to the late onset, of which 500-600 have been diagnosed.

Some European patients proved to be compound heterozygotes with novel titin frameshift
mutations, or novel missense mutation combined with previously reported mutations. Some
showed an LGMD phenotype, some had earlier onset more severe distal myopathy, or a
completely different adult proximal lower limb phenotype [6]. This expanded the complexity of
muscular dystrophies caused by TTN mutations and suggested that the coexistence of second
mutations explained the phenotype variability. [6, 11, 15, 16].
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With targeted next-generation sequencing of myopathy related genes on seven families from
Albania, Bosnia, Iran, Tunisia, Belgium and Spain with juvenile or early adult onset recessive
distal myopathy, novel mutations in TTN Mex5, Mex6 and A-band exon 340 were identified. They
were homozygous or in compound heterozygosity with frameshift or nonsense mutations in the
TTN I- or A band region on the other allele. One nonsense p.Q35879ter in the second last exon
Mex5 was common for Albanian, Bosnian and Iranian patients suggesting a Balkan-Middle East
founder. Family members having only one of these TTN mutations were healthy. RT-PCR results
suggested that the frameshift and nonsense mutations located upstream of the last exons of TTN
caused degradation of mMRNA through nonsense-mediated decay, and that the other mutated TTN
allele was predominantly expressed. These results add yet another entity to the list of distal

myopathies: juvenile or early adult onset recessive distal titinopathy [4].

Hereditary myopathy with early respiratory failure (HMERF) is a slowly progressive, proximal
and distal, usually autosomal dominant myopathy that typically begins in the third to fifth decades
of life. The histopathology is characterized by ‘necklace’ cytoplasmic bodies and myofibrillar
changes. HMERF is associated with pathogenic mutations in exon344 encoding the 119th
fibronectin-3 domain of titin [17-19], which establishes this exon as the primary target for
molecular diagnosis of HMERF. The relatively large number of new families and mutations
directly implies that HMERF is not extremely rare, not restricted to Northern Europe and should
be considered in undetermined myogenic respiratory failure of undetermined origin, particularly in

ambulant patients [20, 21].

Ana Ferreiro continued the theme, reporting on already described titinopathies. Nine
homozygous or compound heterozygous TTN mutations have been identified in six families
presenting with an autosomal recessive, congenital form of skeletal myopathy associated with
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various forms of primary heart disease. The condition was first reported clinically in a
consanguineous Sudanese family [22, 23] as a form of congenital muscular dystrophy with
childhood-onset, dilated cardiomyopathy (DCM) termed Salih myopathy (MIM #611705) or
early-onset myopathy with fatal cardiomyopathy, EOMFC [24]. After recent characterization of
additional families, the range of phenotypical signs of the disease has been expanded to include
antenatal defects and other forms of heart disease. The inclusive term of Multi-minicore Disease
with heart disease (MmD-HD) has been proposed to span all these phenotypes including
arthrogryposis multiplexcongenital (AMC), an Emery—Dreifuss muscular dystrophy (EDMD)-like
phenotype [3]. Most patients are ambulant, present with axial and proximal muscle weakness and
develop spinal rigidity, joint contractures, scoliosis and respiratory insufficiency of variable
severity, mild DCM, left-ventricular non-compaction (LVNC), or atrial and ventricular septal
defects. Histologically, patient biopsies show minicores together with other changes in the fiber
structure (star-shaped basophilic areas, internalized nuclei, mild endomysial fibrosis in some
cases). Calpain 3 deficiency was identified in patients homozygous for truncating mutations in
TTN exons encoding the M-line C-terminus. The study identified seven novel homozygous or
compound heterozygous TTN mutations in five additional patients [3]. All the parents of this
cohort (aged 38-55 years) were heterozygous and had no neuromuscular or cardiac abnormalities.
Five of the mutations were truncating variants that are either homozygous or compound
heterozygous with a second truncating or missense mutation in the affected patients. Interestingly,
a new-born presented with multiple joint contractures (arthrogryposis multiplex congenital),
LVNC, and heart failure requiring heart transplantation at the age of 5 years, which represents the

most severe and the first antenatal titinopathy reported so far. She was found to be compound
heterozygous for an I-band truncating mutation [¢c.9163+1G>C, p.Glu2989Glufs*4] and a

missense mutation within the enzymatic site of the TTN kinase domain (TK); ¢.102214T>C,

p.Trp34072Arg]. Additional ex vivo and in vitro studies showed that this represents the first
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reported absence of a functional TK mutations in humans and suggested a role of TK in

myocardial development and function [3].

Alan Beggs then reported on congenital centronuclear myopathy (CNM) titinopathies identified
through a Boston, USA cohort. Centronuclear myopathies are a genetically heterogeneous group
of congenital myopathies sharing prominent central myonuclei as a primary histopathological
feature. Mutations in MTM1, DNM2, BIN1 or RYR1 are the most well recognized and studied
forms of CNM [15, 25-28]. TTN-associated CNM is a congenital myopathy that typically presents
in infancy or childhood with generalized muscle weakness and wasting. Severe cases can have
respiratory failure, while heart function is typically normal. While CNMs are characterized and
were subsequently named after the presence of numerous muscle fibres with centrally localized
nuclei, as opposed to their normal peripheral/subsarcolemmal position [29, 30], the TTN-
associated forms are often distinct in having multiple internal nuclei throughout the myofibers, as

opposed to a single line of centrally placed nuclei down the centre of the cells.

A recent study identified 12 autosomal-recessive TTN mutations of the TTN gene in five
individuals presenting with infantile muscle weakness [2]. They had no overt cardiac involvement,
although considering their young age (5-19 years), a risk of later-onset heart disease cannot be
excluded. Their muscle biopsies showed several abnormalities in the internal muscle fibre
architecture including multiminicores, target-like areas, and internal nuclei; because the latter were
highly abundant and conspicuous, the patients were diagnosed as having CNM by clinical
neuropathology services, although their histological pattern was virtually identical to that observed
in patients with multiminicore disease with heart disease (MmD-HD), previously associated with
TTN mutations as described above [2, 24]. The “CNM” TTN variants identified include 10
truncating and two in-frame insertions/deletions, all present in the compound heterozygous state in

the affected patients; two patients carried three of these changes each. Biochemical analyses
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suggested a reduction in the levels of calpain3/p94 and nebulin. One patient’s mother,
heterozygous for the (c.44816-1G>A, p.) mutation, was found to have a mild subclinical cardiac
and skeletal myopathy at the age of 44 [2]. All the other heterozygous parents were currently
healthy, including one who carried two in-frame indels in the same allele, confirming that not all

TTN truncating mutations cause disease in the heterozygous state.

Beggs also described the results from a recent screen of 87 cases of genetically undiagnosed
congenital myopathy using an NGS-based panel assay that queried 43 known neuromuscular
disease genes including TTN. Six probands were identified to carry one or two heterozygous
truncating variants in TTN. Most carried only one truncating variant together with multiple
missense variants of uncertain significance. Although some of these missense changes may be
disease causing, given the complexity of the gene and unknown sensitivity of the sequencing
assay, it remains possible that many or all of these individuals carry second pathogenic truncating
variants that have yet to be identified. Use of VisCap, a software program for inference and
visualization of germ-line copy-number variants through analysis of relative NGS read depths
[31], identified one additional proband with a large intragenic deletion encompassing at least
exons 34-152. All seven probands were ambulant but presented with skeletal myopathy and were
alive at ages ranging from 4 to 49 years. Three had histopathological features consistent with
MmD, three were considered undefined myopathies, and one had a congential fiber-type

disproportion.

Isabelle Richard reported the identification of a recessive titinopathy phenotype presenting as a

childhood-juvenile onset Emery-Dreifuss-like phenotype without cardiomyopathy caused by novel
truncating mutations in the C-ter part of titin in 3 unrelated families [5]. Patient 1 was a man born
from a consanguineous Algerian family with asymptomatic sibs and parents. Patient 2 is a woman

from a non-consanguineous French Caucasian family with no other affected sibs. Patient 3 is the
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only affected member of a non-consanguineous French Caucasian family. The patients shared
common phenotypic features that include 1.) coexistence of both limb-girdle weakness and early-
onset contractures, preceding or accompanying initial weakness; 2.) normal neonatal period,
proximal weakness in infancy-childhood, and progressive course in adolescence and adulthood,
with permanent loss of ambulation from age 13 to 36 years; 3.) unaffected facial, bulbar, and
oculomotor muscles; 4.) high CK levels, decreasing in the late stages of the disease; and 5.) no
identified cardiomyopathy to date. Finally, muscle biopsies showed rimmed vacuoles, increase of
internal nuclei, cytoplasmic bodies, and dystrophic pattern. A key feature was the clear secondary
reduction of calpain 3 on WB that was qualified as being likely secondary since no mutations in
the calpain 3 gene exons were identified.

Targeted DNA capture focused on an 820 gene panel related to muscular function and high-
throughput sequencing of DNA sample of patient 1 were performed and a novel homozygous
nonsense mutation in the exon Mex3 of the TTN gene was identified. Interestingly, truncating
mutations were identified in both alleles in the same region of the TTN gene in patients from 2
additional families. Sanger sequencing of the M-line titin identified 2 truncating mutations in
patient 2: one single base deletion at the end of Mex1 (Chr2: 179395292; ¢.106275delT;
p.E35351Nfs*54) and one nonsense mutation in Mex3 (Chr2: 179393500; ¢.107203C>T,;
p.Q35660*) and 2 truncating mutations in patient 3: a 5-base deletion at the end of Mex1 (Chr2:
179395428-432; ¢.106135 106139delACCTG; p.T35304Cfs*3). Segregation of the mutations
with the disease were confirmed in all families. Molecular protein analyses confirmed loss of the

C-ter part of titin.

Heinz Jungbluth, London, UK, presented on TTN-related myopathies in the context of the
congenital myopathies. The congenital myopathies — Central Core Disease (CCD), Multi-Minicore
Disease (MmD), Centronuclear Myopathy (CNM), Nemaline Myopathy (NM) and Congenital
Fibre Type Disproportion (CFTD) - are a genetically heterogeneous group of conditions
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characterized by defined histopathological features on muscle biopsy [32, 33]. Almost 20 different
genes have been identified to date, encoding proteins with important roles in calcium homeostasis,
excitation-contraction coupling, thin filament interaction and assembly, intracellular membrane
trafficking, antioxidant defence and autophagy. Whilst some of these genes (for example the
MTM1 gene encoding myotubularin) have been implicated in distinct clinico-pathological
phenotypes, others such as the RYR1 gene have been associated with an extremely wide range of
clinical and pathological features. TTN belongs firmly within the second group of genes.
Surprisingly considering the crucial role of titin for normal sarcomeric assembly and function,
nemaline rods have so far not been reported as a prominent feature in TTN-related myopathies.
Whilst there appear to be emerging genotype-phenotype correlations with regards to the degree of
cardiac involvement, considerable overlap of clinical features and common occurrence of certain
histopathological findings (for example, internal nuclei and cores) suggests that TTN-related
congenital myopathies represent part of a continuous phenotypical spectrum rather than distinct
entities. In contrast to other genetic backgrounds, extraocular muscle involvement has not been
reported in TTN-related centronuclear and core myopathies. Vice versa primary cardiac
involvement, common in the TTN-related forms, is not a feature in RYR1- and SEPN1-related
CCD and MmD but may be prominent in association with MYH7 mutations. Although scans from
larger patient series will have to be analysed, as in RYR1-related congenital myopathies, muscle
MRI findings appear to show greater consistency in titinopathies than clinical and
histopathological features, characterized by early involvement of the posterior thigh (in particular
semitendinosus) and predominant involvement of soleus and peroneal group in the lower leg,
followed by (often patchy or “rimmed”) involvement of the rectus femoris and vasti in the anterior

thigh in more advanced cases.

4.1 Session 2: Unreported titinopathies

11
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Ana Ferreiro presented 7 unreported families with autosomal recessive MmD and probably
pathogenic TTN variants, 5 of which had heart disease (MmD-HD). Patients were homozygous for
missense variants (2 families) or compound heterozygous for two truncating for one truncating
and one missense variant (3 families). All parents were healthy. Axial involvement was constant,
with neck flexor weakness and rigid spine. Proximal weakness was sometimes more marked in
upper than in lower limbs. Several patients had relative hypertrophy of the lower limbs calves
compared with the upper limbs. Joint contractures developed in the first decade and coexisted with
joint hyperlaxity (shoulders, fingers). This underlines the fact that congenital or infantile
titinopathies should be considered in the differential diagnosis with collagenopathies, especially in
young children without detectable heart disease. Some patients had ptosis, but none had
ophtalmoplegia. Cardiomyopathy was identified by echocardiography from ages between 3 and 48

years, leading to premature death of 3 patients.

Carsten Bonnemann presented the NIH series of early onset recessive Titinopathy. This series
currently encompasses 14 patients from 12 families with truncating/splice mutations on both
alleles, 6 patients from 6 families with a truncating/splice mutation on one allele and putatively
damaging missense mutation on the other allele, and 4 patients from 2 families with titin
compatible disease and a truncating/splice mutation on one allele and a “missing second allele”.
Clinical analysis of this series confirms the wide spectrum of possible clinical manifestations and
severities, while there are certain elements in the clinical presentation that can be seen in various
constellations in the patients and are elements of the “clinical Gestalt” of early onset titinopathy.
There frequently is an axial presentation with neck weakness, rigid spine and scoliosis, as well as
progressive contractures of elbows and Achilles tendons, in some aspects reminiscent of Emery
Dreifuss and the collagen VI disorders. Weakness may be more pronounced in the upper than the
lower extremity, while profound facial weakness would be unusual, and there is no external
ophthalmoparesis. These features include presence of distal weakness and contractures (including
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congenital arthrogryposis), as well as joint laxity in some patients. The degree of weakness may be
such as to preclude independent ambulation, although ambulation was achieved in the majority of
patients in the series. Cardiac involvement maybe early in the form of non-compaction
cardiomyopathy of later and progressive as dilated cardiomyopathy, not correlating with the
degree of extremity muscle weakness. The histological spectrum encompasses fibre type
disproportion, internalized nuclei, core like lesions of various kinds, inclusions and a dystrophic
appearance. Muscle MRI is variable, but relatively more severe involvement of the
semitendinosus muscle in the hamstring group is seen in the majority of patients. Thus, even
though there are many unanswered questions pertaining to how a given genotype relates to
phenotype/histotype and physiological (physiotype) consequences, there is a titinopathy “Gestalt”
emerging that can be helpful in the diagnostic assessment and putative weighing of in particular
missense mutations that are classified as "uncertain significance" and that will be the starting point
for further genotype driven sub classification if justified by the emerging data. Carsten
Bonnemann commented that when diagnosing titinopathies clinicians need to consider genetic
information (“genotype”), physical features (“phenotype”), microscopic lesions of the muscle cells

(“histotype”) and functional defects (“physiotype”).

4.2 Italian and European NGS-titin patients,

Marco Savarese described a large Italian NGS-screening of more than 1000 myopathic patients
which showed about 1% of patients with a putative titinopathy. However it also implicated the
need for a careful approach in the interpretation of titin data, confirming the importance of mMRNA

and/or protein studies.
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Using MotorPlex, a custom NGS platform, it was possible to investigate well known and putative
disease genes responsible for skeletal muscle disorders [34]. MotorPlex identified probably
causative mutations in about 43% of patients tested [35].

In one Italian patient, an already described HMERF variant (c.95134 T>C), was identified. In a
Belgian patient, a mutation already described in another Belgian family with dominant tibial
muscular dystrophy was identified. However, the patient also carried a second nonsense variant on
the second allele, which explained the more severe phenotype observed, suggesting that a critical
evaluation of the clinical phenotype and of the molecular findings is always needed, also in
presence of a well-known causative mutation.

Several patients had putative protein truncating variants (PTVs) in the titin gene. However, the
identification of heterozygous PTVs is not sufficient to make a diagnosis of titinopathy, and
complete clinical characterization and a muscular biopsy for a WB analysis/s/mRNA analysis are
always needed.

Finally, even in informative families, the interpretation of rare missense variants is very difficult.
In silico predictions can be misleading and segregation analysis can only support or exclude the
pathogenic effect. Further proofs can only be through functional tests (not easily available at this

moment) or by other patients/families with the same mutations and a comparable phenotype.

In this same session Teresinha Evangelista presented genetic and clinical data from the John
Walton Muscular Dystrophy Research Centre (JWMDRC), Newcastle cohort of patients with
TTN mutations.

The autosomal dominant mutation p.C30071R in the 119th fibronectin domain of titin remains the
most frequent in the JWMDRC cohort. Patients harbouring the p.C30071R mutation have a
characteristic phenotype of hereditary myopathy with early respiratory failure (HMERF).

In a total of 178 undiagnosed patients studied by whole exome sequencing (WES) 183 rare TTN
variants were found. 45/178 had another final diagnosis than titinopathy and none of these had
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were truncating variants. Of the 116 missense variants found in this cohort, 33 were present in the
group of patients diagnosed with other conditions (Table 1). 100 were very rare
(frequency<0.01%) and 42 (including 10 identified in cases diagnosed with conditions other than a
titinopathy) predicted damaging by 3 in silico prediction tools, stressing the difficulties of
interpreting TTN variants. 11 had TTN variants considered as disease causative (Table 2). In all
cases either 2 truncated mutations or one truncated mutation associated with a missense one were
found. Disease onset varied from the neonatal period to the 6 decade. Patients presented with
both proximal and distal weakness and in 50% wit rigid spine. The neonatal onset case developed
a severe cardiomyopathy and respiratory insufficiency with the need for cardiac transplant and
tracheostomy respectively. Two other patients presented with atrial fibrillation. Four patients
studied had a reduction in calpain 3 on the muscle biopsy by western-blot. In these 4 patients the
mutations were located in the A-band region of titin.

Three cases had a more detailed description. One with a phenotype corresponding to LGMD2J
with tight Achilles tendons, but with mild cardiac involvement, and a high CK level of 5764 1U/L.
The second patient had a Multicore Myopathy phenotype, with onset in childhood, respiratory
insufficiency, generalised weakness and scoliosis and a muscle biopsy with cores. The third family
presented an Emery-Dreifuss phenotype with generalised weakness, rigid spine and contractures
(Achilles tendons, elbow flexion contractures, long finger flexors, hips and knees contractures)

without cardiac involvement

4.3 Jelena Nikodinovic Glumac reported that through whole exome sequencing a novel stop
gained mutation (c.107635N>T, p.GIn35879Ter) in the second last exonMex5 (the same as
mentioned above), was identified in 14 patients with distal myopathy and Serbian ancestry. Three
patients were homozygotes for this mutation and 11 were compound heterozygotes. They shared a
common core haplotype indicating a founder allele. This variant was absent from a control group
of Serbian extraction (n=103). In compound heterozygotes, nine other TTN mutations were
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identified, including four stop gained, three frameshift, one missense and one splice donor. The
data supported an autosomal recessive mode of inheritance. Age of onset varied from 14 to 40
years, and most of the patients remained ambulant throughout the observation period. The
phenotype was fairly uniform, with predominant lower limb involvement and prominent weakness
of distal muscles, especially the ankle and toe dorsiflexors. Distal arm muscles were not affected,
but mild scapular winging and mild shoulder girdle weakness was present in half of the patients.
There was no facial, bulbar weakness or respiratory involvement, and only one patient had a
cardiomyopathy. CK levels were normal to mildly elevated. Muscle MRI (n=6) and muscle biopsy
(n=6) findings were compatible with a recessive distal titinopathy. The patients with homozygous
mutations did not show significant clinical differences compared to the compound heterozygous
patients. The Serbian TTN founder mutation explains a sizable portion of distal myopathy patients
in this region and may represent the most common single cause of distal myopathies in Serbian
population. Mark Davis from Australia reported on a new congenital titinopathy collection on
behalf of Team-titin. In a large international cohort of 27 individuals from 24 families recessively
inherited nonsense, frameshift and/or ESS (Enhancer Splicing Site mutations) mutations were
identified in TTN. Analysis of the clinical and pathological features of the patients confirmed
marked prenatal, congenital or infantile onset weakness often associated with congenital
contractures and fractures. Twenty nine core clinical features present in 50% or more cases were
identified, the most clinically significant being that over 80% of patients had progressive
weakness of axial and respiratory muscles resulting in scoliosis, chest deformities and/or
respiratory insufficiency. Thirty seven percent of patients had congenital and/or early-onset
cardiac abnormalities including cardiomyopathy. Despite significant muscle involvement, 67% of
patients achieved and maintained independent ambulation. Ophthalmoplegia and focal muscle
hypertrophy were universally absent. CK levels were normal or mildly elevated. Muscle biopsies
typically showed increased internal nuclei (most commonly), cores (predominantly minicores),
CFTD, and/or additional features such as caps, rods, ring fibres etc. Seven cohort members had
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one mutation within an exon not encoded by the canonical skeletal muscle isoform. The clinical

features in these individuals were not significantly different to other cohort members.

Ferreiro also discussed the potential therapeutic approaches for TTN-related myopathies.
Currently only supportive treatments are available, including assisted ventilation, scoliosis surgery
and/or heart transplantation when necessary. Gene therapy approaches are complicated by the
massive size of the gene and the scarce functional data concerning the different protein isoforms.
Some of the pathways known to be implicated in the pathophysiology of titinopathies are drug-
targetable. However, further studies are needed to differentiate pathogenic from compensatory
alterations and to identify quantifiable and reliable biomechanical, biochemical, cellular and

clinical parameters (readouts) to measure drug effects.

5.1 Session 3: NGS methods and bioinformatic tools for detection and

prediction of TTN variants

In session 3 Peter Hackman reported on the targeted NGS MY Ocap assay for detecting titin
mutations in research and diagnostics. In patients with less distinct phenotype several genes may
have to be sequenced in order to identify the correct diagnosis. The large number of possible
candidate genes, overlapping phenotypes as well as an enormous size of some of the genes e.g.
TTN and NEB have been challenging for molecular genetic diagnostics. Molecular
characterization is nevertheless important for the final diagnosis and accurate management of the
diseases. Targeted next-generation sequencing (TNGS) is an efficient and cost-effective method to
sequence larger number of genes simultaneously.

A targeted NGS panel MY Ocap for the coding exons and UTRs of initially 180 myopathy related
genes was designed, with a total size of 1.3 Mb [36]. Sequencing was performed using Illumina
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HiSeq1500 with a sequencing depth of 100X. In a validation study DNA samples of four controls
with known mutations and 66 patients negative for previous candidate gene approaches were
sequenced. A definite diagnosis based on disease-causing mutations was obtained directly in 10
patients and probable disease-causing mutations were found in another 10 patients. Ten patients
had potential disease-causing TTN mutations with previously undescribed phenotypes. The

MY Ocap panel has since been updated and the version MY Ocap3 contains the coding region of
265 genes and UTRs. By April 2016 more than 900 samples had been sequenced on Myocap.
Putative truncating TTN variants (fs, nonsense, acceptor/donator splice site variants) gave 64 calls
(59 variants) in 46 patients. There were 184 calls (40 variants) for missense mutations in M-band
TTN in 151 patients and for HMERF: 14 calls (9 variants) in 14 patients in exon 344. It is still a
challenge to detect some changes, like repeat expansion and copy number variations (CNV).
However MY Ocap is currently an effective tool for having a genetic diagnosis in neuromuscular

disorders and can also be used to discover new phenotype-genotype correlations.

5.2 Session 3 Motorplex for detection of TTN mutations,

Marco Savarese reported that their group had included a core panel of 93 genes of non-syndromic
muscle disorders in a custom enrichment kit for NGS (MotorPlex). MotorPlex captures at least
99.2% of 2,544 exons with a very accurate and uniform coverage. This quality is highlighted by
the discovery of 20-30% more variations in comparison with whole exome sequencing [34]. The
panel has been expanded to 199 muscle disease genes causing overlapping phenotypes.

They studied nearly 1400 unresolved cases of myopathies for which the best candidate genes were
previously excluded. 85% of the patients were Italian. Most patients were affected by either

LGMD (51.2%) or Centronuclear myopathy (CM) (32.5%).
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Focusing on 784 patients, 1554 variants in titin were identified, most of them rare and ultra-rare
(MAF<0.00001) missense variants. Truncating variants were identified in an average of 1/18
patients. Duo and trio analysis is a straightforward approach that also can contribute to the
identification of titin haplotypes as well as of probably harmless missense variants. Thus titin is a

strong candidate gene in several unsolved cases of myopathy.

5.3 Session 3 Targeted NGS using lon Torrent/Proton,

Mark Davis described the design of an all-of-neurogenetic disease gene capture panel in 2012,
with a total of 336 genes across the range of phenotypes. Due to unexpected demand, the panel
was reiterated in 2014 and expanded to 464 genes [37]. The probes were sourced from Life
Technologies (TargetSeq), with the sequencing carried out on an lon Proto