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aCGH: array comparative genomic hybridization
CNM: Centronuclear myopathy

CNV: Copy number variation

cPAL: combinatorial probe anchor-ligation
DNB: DNA nano-balls

HTS: High-throughput sequencing

Indel: Insertions-Deletions

MAPKKK: MAP kinase kinase kinase

MLPA: multiplex ligation-dependent probe amplification
MPS: Massively parallel sequencing

NGS: next generation sequencing

NMD: Neuromuscular disorder

NMJ: Neuromuscular junction

Pl domain: Phosphoinositide- binding domain
SNP: Single-nucleotide polymorphism

SNV: Single Nucleotide Variation

SVA: Sequence Variant Analyzer

SV: Structural variation

XLMTM: X-linked myotubular myopathy



List of figures

Figure 1: Schematic representation of affected structures in NMDs.

Figure 2: Some clinical and histopathological features in patients with XLMTM.

Figure 3: Some clinical and histopathological features in patients with AD DNM_2 -related CNM.

Figure 4: Some clinical and histopathological features in patients with AR BIN1 -related CNM.

Figure 5: Some clinical and histopathological features in patients with RYR - related CNM.

Figure 6: Solid-phase capture and enrichment.

Figure 7: Solution-phase capture and enrichment.

Figure 8:

Figure 9:

Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:
Figure 19:
Figure 20:

Figure 21:

Figure 22

Microdroplet PCR.

Illumina sequencing technology.

Sequencing by ligation method using in SOLID sequencer from Applied Biosystems.
Pyrosequencing using in Roch/454 platform.

Semiconductor sequencing using in lon torrent platform.

The complete genomics sequencing technology.

Good quality and bad quality DNAs.

Number of targeted nucleotides in 3 different captures kits.

Number of unique overlapping reads or coverage, using 3 different kits.

Numbers of non- covered, totally covered and targeted regions, using 3 different kits.
Number of detected SNVs and Indels, using 3 capture kits.

Quality score for each nucleotide in reads with 40 base pairs length.

Micro deletion detection.

coverage for targeted nucleotides and exons.

12

16

17

18

19

20

22

23

25

31

32

33

34

35

36

38

52

: The NGS reads, direct sequencing result and implicated domains and amino acid conservation

through evolution for patient C (AHJ97) with c.490 491del, p.Metl164ValfsX24 variant in ZAK.

Figure 23:

Expression level of ZAK in different tissues.

55

57



Figure 24: RT-PCR results for AHJ97 (first lane for each couple of primers) and two control negatives

without any variations in ZAK (second and third lanes for each couple of primers). 58
Figure 25: Sequence coverage for targeted nucleotides for AHJ97. 63
Figure 26: Pedigree of ABJ family. 68
Figure 27: Sequence coverage for targeted nucleotides in ABJ75 and ABJ79. 69
Figure 28: The variations in PDE4DIP gene detected by exome sequencing. 72
Figure 29: PDE4DIP variations segregation in ABJ family. 73
Figure 30: Sanger sequencing results for MYO5B and TTN genes in 314-1 and his parents. 81
Figure 31: Position of missense, GTT>CTT, V>L change in exon 168 of TTN. 81

Figure 32: The predictions showing the disruption of donor splice site due to missense, GTT>CTT, V>L

change in exon 168 of TTN. 82
Figure 33: Sanger sequencing results for CLIP1 and FLYWCH1genes in 314-1 and his parents. 84
Figure 34: comparison between whole genome and exome sequencing. 100

Figure 35: Schematic filtration workflow for genome as well as exome datasets. 101



List of tables

Table 1- Different types of neuromuscular disorders in three affected structures and number of known

genes and chromosomal loci with unidentified genes. 2
Table 2- Implicated genes in CNM. 4
Table 3- List of papers showing the gene identification in myopathies by NGS. 28
Table 4- Some studies using different strategies for finding causal genes/mutations. 43
Table 5- List of genes selected for targeted sequencing of 76 genes. 51
Table 6- Statistics regarding to NGS reads for targeted sequencing of 76 genes. 51
Table 7- Statistics regarding to nucleotide coverage for targeted sequencing of 76 genes. 52
Table 8- Statistics regarding to NGS reads for targeted sequencing of 2500 genes. 53

Table 9- Number of different types of exonic variants in patients C, D and F for targeted sequencing of
2500 genes. 54

Table 10- Number of exonic variants after filtration in patients C, D and F for targeted sequencing of

2500 genes. 54
Table 11- Statistics regarding to NGS reads for trio sequencing. 62
Table 12- Statistics regarding to nucleotide sequencing coverage for trio sequencing. 62
Table 13- Statistics regarding to detected SNVs and Indels. 63
Table 14- Two homozygous variants detected in AHJ97. 64
Table 15- Sporadic cases sequenced in different sequencing platforms. 66

Table 16- Statistics regarding to NGS reads, depth of coverage and detected SNVs and Indels in CNM

sporadic cases. 66
Table 17- Common genes with different variations in at least four CNM sporadic samples. 67
Table 18- Statistics regarding to NGS reads for ABJ79 and ABJ75. 68

Table 19- Statistics regarding to nucleotide coverage for ABJ79 and ABJ75. 69



Table 20- Statistics regarding to detected SNVs and Indels.

Table 21- Compound heterozygous variations in ABJ75 and ABJ79.

Table 22- Variations in PDE4DIP detected and shown in new version of Exome variant Server.

Table 23- Statistics regarding to genome and exome coverages for ABJ79 and ABJ68.
Table 24- Statistics regarding to numbers of detected variations in ABJ79 and ABJ68.
Table 25- Compound heterozygous variations in ABJ75.

Table 26- Statistics regarding to genome and exome coverages for AlZ family.

Table 27- Statistics regarding to numbers of detected variations in AlZ family.

Table 28- Compound heterozygous variations in 314-1.

70

71

73

74

75

76

78

78

80

Table 29- Muscle expression of the proteins and presence of variations in Exome Variant Server, NHLBI
Exome Sequencing (http://evs.gs.washington.edu/EVS/) for detected variations in MYO5B and TTN.

82


http://evs.gs.washington.edu/EVS/

Index

Acknowledgements
List of abbreviations
List of figures
List of Tables
1- Introduction
1-1- Neuromuscular disorders
1-2-Centronuclear myopathies
1-2-1- X-linked MTM1-related CNM (myotubular myopathy)
1-2-2- Autosomal dominant DNM2-related CNM
1-2-3- Autosomal recessive BIN1-related CNM
1-2-4- MTMR14-related CNM
1-2-5- RYR1-related CNM
1-3-Biological questions and aims
1-3-1- Aim 1: Gene identification
1-3-1-2- Previous methods for gene identification
1-3-1-3- Massively parallel sequencing
1-3-1-3-2- Template preparation & barcoding
1-3-1-3-3- DNA enrichment
1-3-1-3-4- High-throughput sequencing
1-3-1-3-5- Data analysis
1-3-1-4- Massively parallel sequencing for gene identification

1-3-2- Aim 2: Improving diagnostic of NMD using NGS

0 N U N R R

10
11
12
12
13
14
15
15
18
27
28
29

Review article: Impacts of massively parallel sequencing for genetic diagnosis of neuromuscular

disorders
2- Materials and methods
2-1- DNA quality control for NGS
2-2- Capture kits
2-3- Data analysis workflow
2-3-1- Sequence quality control
2-3-2- Sequence alighnment

2-3-3- Variant calling and annotation

30
31
31
32
35
36
37
37



3-

2-3-4- Variant filtration 39

2-3-4-1- Filtration and ranking based on frequency 39
2-3-4-2- Filtration and ranking based on function 40
2-3-4-3- Filtering the “Black genes” and sequencing errors 40
2-3-4-4- Filtration and ranking based on effect 41
2-3-4-5- Filtration and ranking based on conservation 41
2-3-4-6- Filtration and ranking based on inheritance mode 41

2-3-4-6-1- Recessive mode of inheritance 42

2-3-4-6-2- Dominant mode of inheritance 42

2-3-4-7- Filtration and ranking based on gene function, tissue expression profile and

cellular localization 43
Results 44
Results for aim 1: Gene identification in CNM 44

3-1- Patient selection 44

Publication 1: Novel molecular diagnostic approaches for X-linked centronuclear (myotubular)
myopathy reveal intronic mutations 45
A- Introduction 46
B- Aim of study

C- Results

D- Conclusion

E

Original paper

Publication 2: Myotubular myopathy caused by multiple abnormal splicing variants in the MTM1

RNA in a patient with a mild phenotype 47
A- Introduction 48
B- Aim of study

C- Results

D- Conclusion

E- Original paper

Publication 3: Altered Splicing of the BIN1 Muscle-Specific Exon in Humans and Great Danes with
Highly Progressive Centronuclear Myopathy 49
A- Introduction 50

B- Aim of study



C- Results

D- Conclusion

E- My contribution
F- Original paper

3-2-Targeted sequencing
3-2-1- NGS for 76 selected genes
3-2-2- NGS for 2500 selected genes
3-2-2-1- Results for patient C (AHJ97)
3-2-2-2- Results for patient D (34263)
3-2-2-3- Results for patient F (AHH42)
3-3- Exome sequencing
Publication 4: An integrated diagnosis strategy for congenital myopathies
A- Introduction
B- Aim of study
C- Results
D- Conclusion
E- Original paper
3-3-1- Trio sequencing for AHJ97
3-3-1-1- Recessive scenario due to homozygous change
3-3-1-2- Recessive scenario due to compound heterozygous changes
3-3-1-3- De novo scenario
3-3-2- Exome sequencing for CNM sporadic cases
3-3-3- Exome sequencing for ABJ family
3-3-3-1- Recessive scenario due to compound heterozygous changes
3-3-3-2- Recessive scenario due to homozygous change
3-4- Whole genome sequencing
3-4-1- Whole genome sequencing for ABJ family
3-4-1-1- Recessive scenario due to compound heterozygous changes
3-4-1-2- Recessive scenario due to homozygous change
3-4-2- Whole genome sequencing for AlZ family (314-1 and parents)
3-4-2-1- Recessive scenario due to compound heterozygous changes

3-4-2-2- Recessive scenario due to homozygous change

51
51
53
54
58
59
59
60
61

62
64
64
65
65
68
70
73
74
74
76
77
78
80
83



3-4-2-3- De novo scenario 83

Results for aim 2: Improving diagnostic of NMD using NGS 85

Publication 5: Next generation sequencing for molecular diagnosis of neuromuscular diseases 86

A- Introduction 87
B- Aim of study
C- Results
D- Conclusion
E- Original paper
4- Discussion and perspectives 88
4-1- Aim 1: Gene identification in CNM 88
4-1-1- Mutations in known genes 88
4-1-2- Targeted sequencing 89
4-1-3- Exome sequencing 92
4-1-4- Whole genome sequencing 96
4-1-4-1- Whole genome sequencing for ABJ family 96
4-1-4-2- Whole genome sequencing for AlZ family (314-1 and parents) 97
4-2- Aim 2: Improving diagnostic of NMD using NGS 98
4-3- General discussion 99
4-4- Perspectives 102
5- Conclusion 103
References

French summary



INTRODUCTION

1- Introduction

1-1-Neuromuscular disorders

Neuromuscular disorders (NMD) are genetic diseases affecting muscles and nerves as well as the link
region between a nerve and a muscle fiber termed as the neuromuscular junctions (NMJ) (Figure 1).
They are rare and often severe with different age of onset from childhood to adulthood, with
significant burden to the patients, their families and the public health system (Emery, 1991). The
main symptoms in most of NMDs are muscle fatigue and weakness as well as muscular atrophy
(wasting of muscles). Some NMDs present muscle pain and cramps. Different types of NMDs with
number of related genes are shown in table 1. In this table the categories of “other neuromuscular
disorders” and “cardiomyopathies” are not listed. As there are different classifications for NMDs, the
classification from the muscle gene table created by Professor Jean Claude Kaplan

(http://musclegenetable.org/) was used here (Kaplan, 2011).

Brain
Amyotrophic lateral

sclerosis

Spinal
cord

Polyneuropathies,
HMSN (CMT)

Spinal Muscular
atrophy,
Poliomyelitis

Myasthenia gravis

s Muscle

Muscle dystrophy,
Myositis, Myotonia

Figure 1: Schematic representation of affected structures in NMDs. Different types of NMDs and

related affected structures (Brain, spinal cord, muscle and NMJs) are shown by arrows.

Reference: http://www.neuromuscular-disease.com/neuromuscular-disorders/
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Table 1- Different types of NMDs in three affected structures and number of known genes and

chromosomal loci with unidentified genes.

Reference: (http://musclegenetable.org/) and (Kaplan, 2011).

No. of
Affected chromosomal loci

Types of NMD No. of known genes ]
structures with unknown

gene

A- Myopathies (Congenital- 67 7
Distal- Metabolic- Other)
B- Dystrophies 36
Muscle .
C- Myotonic syndromes 5 1
D- lon channel Muscle diseases 9 -
E- Malignant Hyperthermia 2 4
A- Hereditary motor and 37 9
sensory neuropathies
B- Spinal muscular atrophy & 23 6
Nerve . .
myotrophic lateral sclerosis
C- Hereditary paraplegias 21 20
D- Hereditary ataxias 39 15
NMJ Myasthenic syndromes 13 1

NMDs are one of the most genetically heterogonous disorders with more than 300 implicated genes.
This genetic heterogeneity can be seen, for instance in Charcot-Marie-Tooth neuropathies, also
called Hereditary motor and sensory neuropathies, with more than 30 causative genes (Saporta et al,

2011) and more than 40 loci (http://www.molgen.ua.ac.be/CMTMutations) or in autosomal recessive

limb girdle muscular dystrophy with 15 implicated genes, so far (Laing, 2012). This high degree of
genetic heterogeneity presents a problem for molecular genetics diagnosis as it could be time-

consuming and costly to test the different implicated genes in diagnostic laboratories.

in different neuromuscular disorders several of the largest human genes are mutated such as
mutations in Dystrophin (DMD, MIM #300377) with 79 exons spanning more than 2.3 Mb (Tennyson
et al, 1995), Titin (TTN, MIM #188840) with 363 exons spanning more than 280 kb (Bang et al, 2001),
Nebulin (NVEB, MIM #161650) with 183 exons spanning more than 249 kb (Donner et al, 2004) and
Ryanodine receptor 1 (RYR1, MIM #180901) with 106 exons spanning more than 153 kb (Phillips et

2
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al, 1996). These genes are mainly expressed in muscle, precluding cDNA analysis if such tissue is not
available. While these genes are known to be implicated in diseases, they might not be fully tested or

only the mutation hot spot regions may be analyzed at first (Andersen et al, 2009).

Clinical heterogeneity represents another challenge in diagnosis of NMDs. For example, mutations in
the Caveolin 3 gene (CAV3, MIM #601253) have been detected in four different skeletal
muscle disease phenotypes: rippling muscle disease, limb-girdle muscular dystrophy, hyperCKemia
and distal myopathy (Gazzerro et al, 2011). Patients can have an overlap of these symptoms, or the
same mutation can cause diverse clinical phenotypes with different severities. Thus it is sometimes

difficult to suggest the best candidate genes to direct molecular diagnosis.

Another reason precluding the suggestion of the best molecular diagnosis approach is the fact that a
large number of patients display unspecific clinical and histopathological features. For instance,
reviews of cases with congenital myopathies that are usually sub-classified into nemaline, core or
centronuclear myopathies, reveal no specific phenotypes in almost half of them whereas other
patients have diverse but overlapping clinical and histopathological manifestations (Nance et al,
2012). Moreover, when a sequence variation is identified in one of the prioritized genes in diagnostic
laboratories, further investigation might be stopped, which may lead in some cases to omission of
the real disease-causing mutation. Conversely, when no change is identified, patients undergo
additional time-consuming, costly and sometimes painful tests to orient the clinical diagnosis and

prioritize other candidate genes (Prior, 2010).

The last obstacle is the presence of genes that have not been identified in different NMDs yet. For
instance mutations in several genes, including SOD1 (MIM #147450) (Rosen et al, 1993), SETX (MIM
#608465) (Chen et al, 2004), ALS2 (MIM #606352) (Hadano et al, 2001; Yang et al, 2001), TARDBP
(MIM #605078) (Gitcho et al, 2009), FUS (MIM #137070) (Kwiatkowski et al, 2009), ANG (MIM
#105850) (Greenway et al, 2004; Hayward et al, 1999) and C9orf72 (MIM #614260) (Delesus-
Hernandez et al, 2011; Renton et al, 2011) are identified in Amyotrophic lateral sclerosis (ALS), a
neurodegenerative disorder characterized by the loss of motor neurons in brain and spinal cord.
However, for a significant number of ALS patients the causative mutation remains unknown,
suggesting the involvement of other genes. More generally, about 40% of patients with NMDs do not
have a genetic diagnosis. In table 1, the number of chromosomal loci with unidentified genes relating

to different NMDs is shown.
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1-2-Centronuclear myopathies

Centronuclear myopathies (CNM) are inherited neuromuscular disorders and a type of congenital
myopathies, characterized mainly by the presence of central and one or more internalized nuclei in
muscle fibers with different severities and age of onset (Fujimura-Kiyono et al, 2008; Jungbluth et al,
2008). Today, for comprehensive assessment of CNM, clinical, histopathological and if it is possible

muscle MRI features should be evaluated prior to genetic molecular testing (Biancalana et al, 2012).

Mutations in patients with classical CNM have been identified in three genes (Table 2): Myotubularin
(MTM1, MIM #300415) (Laporte et al, 1996), Bridging integrator 1 (BIN1, MIM #601248) (Nicot et al,
2007) and Dynamin 2 (DNM2, MIM #602378) (Bitoun et al, 2005).

Mutations in two other genes in patients with partially similar CNM phenotypes have been detected.
Two heterozygous variations were reported in the Myotubularin-related 14 (MTMR14, MIM
#611089) in patients with sporadic CNM, including one patient with an additional DNM2
heterozygous change (Tosch et al, 2006). Whether these variations are disease-causing mutations or

implicating in phenotype modifications, remains to be determined.

Ryanodine receptor 1 (RYR1, MIM #180901) mutations were mainly detected in patients with
partially similar CNM features such as central nuclei and radial arrangement of sarcoplasmic strands
in muscle biopsy with autosomal recessive inheritance (Bevilacqua et al, 2011; Jungbluth et al, 2007;

Wilmshurst et al, 2010).

The prevalence of CNM (age < 18 years) has been estimated to be less than 1 in 100,000 (Amburgey
et al, 2011) distributed between the MTM1 (45%), DNM2 (15%), RYR1 (10-15%) and BIN1 (<5%)
(Biancalana et al, 2012). About 20% of CNM patients do not have any mutations in these five

implicated genes. Disease-causing mutation(s)/gene(s) in these patients need to be identified.

Table 2- Implicated genes in CNM.

Reference: (http://www.ncbi.nlm.nih.gov/omim)

Phenotype MIM

Gene Gene MIM No. Locus Name No
Myotubular
MTM1 300415 Xq28 310400
myopathy 1 gene
DNM2 602378 19p13.2 Dynamin 2 gene 160150
Bridging
BIN1 601248 2q14.3 . 255200
integrator 1
Myotubularin-
MTMR14 611089 3p25.3 160150
related 14
Ryanodine
RYR1 180901 19g13.1 255200
receptor 1
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1-2-1- X-linked MTM1-related CNM (myotubular myopathy)

X-linked CNM (myotubular myopathy) or XLMTM is caused by mutations in the MTM1 gene with
prenatal or neonatal onset. The term of myotubular myopathy was introduced for the first time, by
Spiro et al in 1966 due to similar appearance of affected muscle fibers and fetal myotubes (Spiro et
al, 1966), since the nuclei are presented at the center of fetal muscle fibers whereas at birth, the
majority of the nuclei are positioned at the periphery beneath of the muscle cells. In MTM1 knockout
mice a myopathy with centralized nuclei was seen after four weeks of age indicating the role of
myotubularin in muscle maintenance rather than myogenesis so nuclear centralization is not caused
due to myogenesis arrest (Buj-Bello et al, 2002). Myotubularin is a phospholipid phosphatase that
dephosphorylates phosphatidylinositol 3-phosphate (PtDIns3p) and PtDIns(3,5)p2, two second

messengers with an important role in membrane trafficking (North, 2008).

Clinical description

The affected new born males are presented often with severe hypotonia and muscle weakness,
ophthalmoplegia (paralysis of one or more extraocular muscles which are responsible for eye
movements), respiratory insufficiency requiring ventilation support and difficulties in swallowing
requiring tube feeding (Figure 2a). The majority of patients die within the first months of life but a
small proportion of patients survive until adulthood (Biancalana et al, 2003; Chanzy et al, 2003). The
majority of heterozygous females (carriers) are asymptomatic but a few cases show mild muscle
weakness due to random or skewed X-chromosome inactivation (Hammans et al, 2000; Tanner et al,

1999a).

Pathology

The morphological analysis of muscle biopsies shows a high number of small and round myofibers
with predominance of type | fibers (slow twitch) and centralized nuclei. Central area of the fibers
with decreased ATPase reaction and increased oxidative enzyme activity and glycogen staining due to
mitochondrial aggregates and glycogen particles with peripheral halo due to reduced oxidative

enzyme activity are seen as well (Figure 2b, c, d) (Fujimura-Kiyono et al, 2008; Romero, 2010).

Molecular screening

Today, direct sequencing of coding regions and flanked intronic sequences of genomic DNA is the
routine method for the MTM1 molecular screening. Some of mutations in the MTM1 are only
detected by RNA or protein analysis from cell lines (lymphoblasts, fibroblasts or myoblasts) or muscle

biopsies, using real time-PCR and Western blot, respectively (Tosch et al, 2010). For detection of
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dosage anomalies, a multiplex ligation-dependent probe amplification (MLPA) kit (SALSA MLPA kit
p309-A1 MTM1, MRC, Holland) is also available. Using these methods, more than 400 mutations
including missenses, nonsenses, splice sites, insertions and small and large deletions were reported
in patients with XLMTM (Biancalana et al, 2003; de Gouyon et al, 1997; Herman et al, 2002; Hu et al,
1996; Laporte et al, 2000; Laporte et al, 1997; Tanner et al, 1999b; Trump et al, 2011; Tsai et al,
2005).

Figure 2: Some clinical and histopathological features in patients with XLMTM. a) Male infant with
severe XLMTM. Note to severe hypotonia, ptosis and respiratory insufficiency requiring ventilation
support. b, ¢ ) Muscle biopsy stained with Haematoxylin and Eosin (H&E) (b) and Nicotinamide
adenosine dinucleotide — tetrazolium reductase (NADH-TR) (c). Central nuclei and pale halo are
shown by arrows. d) Electron microscopic picture shows muscle fibers with a centralized nucleus

surrounded by an area devoid of myofibrils and filled with glycogen granules.

Reference a, d: Romero N and Bitoun M. Centronuclear myopathies. Seminars in pediatric neurology.

Reference b, c: (Vasli et al, 2012)
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1-2-2- Autosomal dominant DNM2-related Centronuclear myopathy

The autosomal dominant form of CNM is caused by mutations in DNM2 gene (Bitoun et al, 2005).
Disease severity tends to be milder in comparison with other CNM forms (Jeannet et al, 2004;
Wallgren-Pettersson et al, 1995). Neonatal, late-onset childhood and adult-onset with mild CNM as
well as an intermediate form in adults with early onset were reported so far (Bitoun et al, 2009;
Bitoun et al, 2005). This gene encodes a large GTPase protein involved in membrane trafficking from
plasma membrane and Golgi with a role in formation and fission of budding vesicles, endocytosis,
actin assembly and centrosome cohesion (Jones et al, 1998; Jungbluth et al, 2008; North, 2008;

Thompson et al, 2004; Unsworth et al, 2007).
Clinical description

In young adult patients, motor milestones are delayed especially when they walk and climb stairs.
They also show moderate muscle weakness associated with ophthalmoplegia and ptosis. Achilles
tendon contractures are also often observed. Pediatric patients have generalized weakness,
moderate facial weakness with open mouth, hypotonia, ophthalmoplegia and ptosis (Fischer et al,

2006; Jeannet et al, 2004; Susman et al, 2010) (Figure 3a).
Pathology

The morphological analysis of muscle biopsies shows significant number of internalized and
centralized nuclei, type | muscle fiber predominance, less rounded and more polygonal fibers,
hypotrophy and a radial arrangement of sarcoplasmic strands with oxidative enzyme reaction. In
electron microscopy pictures the internuclear spaces are occupied with mitochondria, Golgi complex,
rough endoplasmic reticulum and glycogen particles (Figure 3b, ¢, d) (Bitoun et al, 2009; Fujimura-

Kiyono et al, 2008; Jeannet et al, 2004; Romero, 2010).
Molecular screening

Similar to the MTM1, for molecular screening of DNM2, coding regions and flanked intronic
sequences are analyzed by direct sequencing. Dynamin 2 has five domains: 1) A GTPase domain 2) A
middle domain 3) A pleckstrin homology domain 4) A GTPase effector domain and 5) A C-terminal
proline rich domain (Fujimura-Kiyono et al, 2008). Heterozygous changes in the middle domain are
associated with mild phenotype and adolescent onset (Fischer et al, 2006; Schessl et al, 2007)
whereas heterozygous changes in the pleckstrin homology domain are associated with a more severe

presentation with neonatal onset (Bitoun et al, 2007). Mutations in the pleckstrin homology domain
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of DNM_2 are also detected in autosomal dominant Charcot-Marie-Tooth neuropathies (Bitoun et al,

2008; Fabrizi et al, 2007; Zuchner et al, 2005).

a)_

Figure 3: Some clinical and histopathological features in patients with AD DNM2-related CNM. a) A
girl with DNM2-related CNM. Note to open mouth, ptosis and mild facial weakness. b, ¢ ) Muscle
biopsy stained with Haematoxylin and Eosin (H&E) (b) and Nicotinamide adenosine dinucleotide —
tetrazolium reductase (NADH-TR) (c). Central and internalized nuclei and sarcoplasmic radial strands
are shown by arrows. d) Electron microscopic picture shows muscle fiber with a centralized nucleus

and radial strands.

Reference a, d: Romero N and Bitoun M. Centronuclear myopathies. Seminars in pediatric neurology.
Reference b, c: (Susman et al, 2010).

1-2-3- Autosomal recessive BIN1-related Centronuclear myopathy

The autosomal recessive form of CNM is caused by mutations in the bridging integrator 1 (BIN1) gene
(Nicot et al, 2007). In general, age of onset and severity in AR BIN1-related CNM is between the X-
liked and the autosomal dominant forms (Jungbluth et al, 2008). This gene encodes the Amphiphysin
2 protein which is involved in membrane remodeling and tabulation, by interacting with the DNM?2

(Nicot et al, 2007).
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Clinical description

A large clinical variability was seen in CNM patients with mutations in the BINI from severe to
moderate phenotypes (Claeys et al, 2010; Mejaddam et al, 2009). Delayed motor milestones and
difficulties to walk and climb stairs since childhood are common features in these patients. Ptosis and
ophthalmoplegia, muscular atrophy and diffuse and facial weakness are also frequently present

(Figure 4a) (Romero, 2010).

Pathology

The morphological analysis of muscle biopsies shows a lot of rounded hypotrophic (small) type |
fibers with central nuclei in majority of them, clusters of central nuclei, increase in connective tissues
and fibroadipose replacement and a radial arrangement of sarcoplasmic strands less frequent than
DNM_2-related biopsies. The electron microscopy pictures show centrally-placed nuclei and an
internuclei region occupied by an amorphous material containing glycogen particles, sarcotubular
structures and mitochondria (Figure 4b, c, d) (Mejaddam et al, 2009; Romero, 2010; Toussaint et al,

2011).

Molecular screening

Similar to the MTM1 and DNM2, for molecular screening of BIN1, the coding regions and flanked

intronic sequences are analyzed by direct sequencing (Biancalana et al, 2012).
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Figure 4: Some clinical and histopathological features in patients with AR BINI-related CNM. a) A
boy with BINI-related CNM. Note to facial diplegia, elongated face and generalized muscle atrophy.
b, c) Muscle biopsy stained with Haematoxylin and Eosin (H&E) (b) and Nicotinamide adenosine
dinucleotide — tetrazolium reductase (NADH-TR) (c). Central and internalized nuclei and sarcoplasmic
radial strands are shown by arrows. d) Electron microscopic picture shows amorphous material in the

center of the fiber containing glycogen particles, sarcotubular structures, nucleus and mitochondria.

Reference a: (Claeys et al, 2010)

Reference b, c& d: (Romero, 2010)

1-2-4- MTMR14-related Centronuclear myopathy

Two heterozygous missense variants (R336Q-Y462C) that affect the enzymatic function were
identified in the MTMR14 gene (hJUMPY) in two sporadic cases of centronuclear myopathy with
early onset, so far. One of these patients had an additional DNM2 heterozygous change (Tosch et al,
2006). This protein is a phosphoinositide phosphatase that may regulate the level of
phosphoinositides in skeletal muscle. Whether these variations are disease-causing mutations or

implicating in phenotype modifications remains to be determined.

Clinical description

The first patient described with heterozygous R336Q variation in MTMR14 was a 12-year-old boy at
the time of publication (2006), with a neonatal hypotonia and hypoxia, stable or slowly progressive
disease and ophthalmoparesis. The second patient with heterozygous Y462C variation in MTMR14
and heterozygous E368K variation in DNM2, was a 36-year-old woman at the time of publication
(2006), with a neonatal hypotonia followed by a stable muscle involvement and ophthalmoparesis

(Alonso et al, 1981; Tosch et al, 2006; Zanoteli et al, 1998).

Pathology

The histological criteria seen in two patients were centralized nuclei, type | fiber predominance, an
increase of oxidative enzyme activity in the center of the fibers and absence of other structural

abnormalities such as nemaline bodies (Tosch et al, 2006).

Molecular screening

All the coding exonic regions and exon-intron boundaries were analyzed by direct sequencing and

SSCP by Tosch et al.
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1-2-5- RYR1-related Centronuclear myopathy

Several variations (dominant, compound heterozygous or homozygous) were detected in the RYR1
gene in patients with CNM phenotype but without mutations in the three main genes implicated in
CNM with neonatal age of onset (Bevilacqua et al, 2011; Jungbluth et al, 2007; Wilmshurst et al,
2010). This gene encodes the skeletal muscle ryanodine receptor, which is a calcium channel in
sarcoplasmic reticulum as well as a bridging structure connecting the sarcoplasmic reticulum and

transverse tubule (Fill et al, 1989).

Clinical description

This group of patients shows axial and proximal weakness with diverse severities, facial weakness,

ophthalmoparesis and ptosis as well as contractures (Figure 5a) (Romero, 2010).

Pathology

The morphological analysis of muscle biopsies in these patients shows a significant number of
internalized and centralized nuclei, some fibers with a fuchsinophilic granular precipitate as purple
dusty fibers, large areas devoid of ATPase activity and type | fiber predominance (Wilmshurst et al,
2010). Large zones of myofibrillar disorganization, Z-disc streaming with accumulation of Z-disc
proteins and depleted mitochondria are frequently observed by electron microscopy (Figure 5b, c, d)

(Wilmshurst et al, 2010).

Molecular screening

As this gene is one of the largest genes in the human genome with 106 exons, in most of the
laboratories, if muscle biopsies are accessible, the cDNA or protein is analyzed by RT-PCR or Western
blot, as the amount of functional RYR1 protein is often reduced (Clarke et al, 2010; Monnier et al,
2001; Wilmshurst et al, 2010). If muscle biopsies are not available, the coding exons with hot spot
regions of mutations are analyzed first. In some studies, all 106 exons and intron-exon boundaries

were analyzed by direct sequencing (Clarke et al, 2010; Klein et al, 2012).

11
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Figure 5: Some clinical and histopathological features in patients with RYR1-related CNM. a)
Patients with RYRI-related CNM. Note to facial problems with inverted V-shaped mouth and ptosis.
b, ¢) Muscle biopsy stained with Haematoxylin and Eosin (H&E) (b) and Nicotinamide adenosine
dinucleotide — tetrazolium reductase (NADH-TR) (c). Central and internalized nuclei and purple dusty
appearance are shown by arrows. d) Electron microscopy picture shows the zone of myofibrillar

disorganization, central nuclei aligned in chains and Z-disc streaming.
Reference a, c& d: (Wilmshurst et al, 2010)

Reference b: (Romero, 2010)

1-3-Biological questions and aims

About 20% of patients with CNM do not have mutations in genes mentioned above (Biancalana et al,
2012) thus it is likely that there is or there are other genes implicated in this disorder. The first
biological question and aim of my PhD project was to find this/these gene(s) using massively parallel
sequencing and the second aim was to test if massively parallel sequencing can be used as routine

technique in molecular diagnosis of neuromuscular disorders.
1-3-1- Aim 1: Gene identification

The identification of genes responsible for monogenic disorders enables molecular diagnosis of

affected patients, and carrier and prenatal testing. Gene identifications lead to a better

12
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understanding of pathophysiological role of the related proteins and disease pathways, which can
serve as a starting point for developing therapeutic approaches (Antonarakis & Beckmann, 2006).

Traditional gene identification approaches and novel strategies will be mentioned below.
1-3-1-2- Previous methods for gene identification

Until three years ago, several disease causing genes were identified by Sanger sequencing of
candidate genes in patients. These candidates were selected due to their similar predicted protein
functions to the physiology of the disease, or based on positional mapping results pointing to these
genes in a genomic region or they resemble genes associated with similar diseases (Botstein & Risch,
2003). The most successful strategy was selecting candidates based on positional mapping results, as
this technique can be applied in an unbiased manner and it does not rely on prior medical or

biological knowledge. The most important genetic mapping approaches rely on following methods:

A- Linkage analysis, where the probability of whether two loci are likely to lie near each other
on a chromosome and are therefore likely to be inherited together is calculated statistically
and shown by LOD score. A LOD score of 3 or more is generally taken to show that the two
loci are linked and are close to one another. This technique was used successfully, for

instance, in identification of cystic fibrosis gene (Kerem et al, 1989; Riordan et al, 1989).

B- Karyotyping, where the changes in chromosomes numbers and structures are analyzed. This
technique was used successfully, for instance, in identification of NSD1 in patients with Sotos
syndrome, a rare genetic disorder characterized by excessive physical growth during first
years of life, mild mental retardation, delayed motor, hypotonia and speech impairment

(Kurotaki et al, 2002).

C- Homozygosity mapping, where the genes that cause recessive traits are localized in
homozygous regions in affected individuals in consanguineous families (Lander & Botstein,
1987). This technique was used successfully, for instance, in identification of gene implicated

in retinoblastoma, the common intraocular cancer of childhood (Lee et al, 1987).

D- Copy number variation (CNV) analysis, where the CNVs in patient’s samples are analyzed
with different techniques such as fluorescent in situ hybridization, array comparative
genomic hybridization (aCGH) or single nucleotide polymorphism (SNP) array technologies. In
aCGH technique fluorescently labeled patient and control DNAs are hybridized to an array

then differences in the hybridization signals of gains and losses in patient DNA versus control

13
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DNA can be detected and can be used for identifying abnormal regions in the genome
(Kirchhoff et al, 2001). This technique was used successfully, for instance, in identification of
the gene implicated in CHARGE syndrome, a disorder characterized by hear defects, retarded

growth and development, ear anomalies and genital hypoplasia (Vissers et al, 2005).

E- SNP-based association analysis, where typically, the association between SNPs and traits
such as diseases, are analyzed. This technique was used successfully, for instance, in
identification of the gene implicated in inflammatory bowel disease, a chronic, relapsing

inflammatory disorder of the gastrointestinal tract (Duerr et al, 2006).

Although the above mentioned techniques were successful in disease gene identifications, these
mapping approaches normally do not reduce the number of candidate genes sufficiently for follow-
up by direct sequencing, when the disease locus remains very large. This is especially the case when
these mapping approaches are applied to a single patient or family with a small number of
informative relatives. One solution to reduce the number of candidate genes to manageable number
is the combination of data from multiple unrelated but phenotypically similar patients and families,
but this carries a risk that patients with similar phenotypes have disease-causing mutations in

different genes.

For rare genetic disorders that occur often sporadically, and for which neither an associated-based
approach nor a family-based approach can be used, these approaches will be unhelpful. For these
disorders, an unbiased gene identification approach that can be used in small cohorts or single
patients is necessary. Recent advances in massively parallel sequencing technologies have changed
the disease-causing gene identification. In next part, this approach and its application will be

mentioned.
1-3-1-3- Massively parallel sequencing

In an industrial, high-throughput manner, Sanger sequencing was used for the sequencing of the first
human genome, which was completed in 2004 through the Human Genome Project (HGP), a 13-year
effort with an estimated cost of $2.7 billion (Consortium, 2004). In 2008, by comparison, a human

genome was sequenced for approximately $1.5 million in five months (Wheeler et al, 2008).

Massively parallel sequencing (MPS), also called next generation sequencing (NGS) or high-
throughput sequencing (HTS) is a new sequencing technology for sequencing a large amount of
genes at once. Using this technique, target genes or all protein coding parts of the genome (whole

exome) or whole genome can be sequenced in few hours/days. In targeted sequencing, a number of

14
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target genes or chromosomal regions are captured and sequenced. This technique is useful when the
aim of the study is analysis of the genes or the regions of interests. When there is not enough data to
point out to the specific genes or regions of interests and as about 1-2% of the human genome is
protein-coding regions, split across 180,000 exons, and since about 85% of disease-causing mutations
have been found in these regions (Botstein & Risch, 2003), almost all protein coding parts of the
genome which is called exome, are captured and sequenced (Ng et al, 2009). The last possibility is to
sequence all parts of the genome including exons, introns, UTRs, etc, known as whole genome

sequencing.

This sequencing technology is based on a combination of template preparation, sequencing and

imaging and data analysis (Metzker, 2010).
1-3-1-3-2-Template preparation & barcoding

DNA and library preparations are the first steps in MPS process. Two to twenty microgram of high
quality genomic DNA is randomly sheared into smaller sizes by sonication or nebulization. There is no
capturing step for whole genome sequencing, however, if the aim is to sequence a portion of
genomic DNA which can be the protein-coding part of the genome (whole exome) or regions of
interest such as coding parts of selective genes (targeted sequencing), capturing the target
sequences should be done. The capture can be done in solid or solution bases (Mamanova et al,
2010). Several applications such as Illumina, Agilent and Nimblegen capture kits with technical
differences such as using RNA baits (Agilent) or DNA baits (lllumina and Nimblegen) with almost
similar performance can be used. Several DNA can also be pooled and sequenced together. The bar-
coding and pooling steps can be done either before or after capturing, using a unique DNA tag
sequence per sample (Craig et al, 2008). In this way it is possible to sequence a few genes in many

patients or many genes from a few patients.

1-3-1-3-3- DNA enrichment

There is no enrichment step for whole genome sequencing (Wheeler et al, 2008); however if the aim
is to sequence a portion of genomic DNA which can be the protein-coding part of the genome
(exome) or regions of interest such as selected genes or a genomic region linked to a disease, such

targeted sequencing includes the enrichment of the target sequences.

This enrichment or capture can be done on microarray or in solution (Mamanova et al, 2010). In
solid-phase enrichment, high-density primers targeting the sequences of interest are covalently

attached to the slide array (Fedurco et al, 2006) (Figure 6), while in solution-phase enrichment,
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primers are generated on beads (Dressman et al, 2003) (Figure 7). Several solutions such as lllumina,
Agilent and Nimblegen capture kits can be used; they have technical differences such as using RNA
baits (Agilent) or DNA baits (lllumina and Nimblegen) with almost similar performance (Clark et al,

2011).

Shear and ligate
adaptors

1 Hybridize and wash

unbound fragments away

MimbleGen arrays, =60-mers

1 Elute and PCR

Figure 6: Solid-phase capture and enrichment. Adaptor sequences are ligated to fragmented
genomic DNA. After stringent washing to remove non-selected fragments, the enriched targets are

eluted, PCR amplified and sequenced.

Reference: (Metzker, 2010)
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Figure 7: Solution-phase capture and enrichment. The genomic DNA is sheared, fragments with
appropriate sizes are selected and incubated with RNA nucleotides or baits. RNA bait-DNA hybrids
are then separated from complex mixture by incubation with streptavidin-labeled magnetic beads
and captures onto a strong magnet. The beads are washed and RNAs are digested, thus the
remaining nucleotides are the targeted DNA of interest. Then a few cycles of PCR are performed. The

targeted sample is ready to load onto the sequencing machine.

Reference:

http://www.genomics.agilent.com/GenericB.aspx?pagetype=Custom&subpagetype=Custom&pageid

=3083

In sequencing platforms using single molecule template the amount of starting DNA is less and there
is not any PCR step which eliminates artificially created mutations in clonally amplification and AT or
GC rich amplification bias. In these platforms either the template, primer or polymerase enzyme is

immobilized on a solid support before NGS reaction (Metzker, 2010).

Another enrichment method is the RainStorm microdroplet-based technology from Raindance

technologies which is a multiplex PCR method, using microdroplets containing PCR components
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loaded on microfluidic chip to compartmentalize the PCR reactions by single primer pairs (Tewhey et

al, 2009) (Figure 8).

Forward- and Genomic DNA and
reverse-targeting associated PCR
primer droplets reagent droplets

Microfluidic
chip

Microdroplet PCR
in a single tube

Merging area ‘

Figure 8: Microdroplet PCR. Forward and reverse primers are distributed into a channel in a
microfluidic chip as aqueous droplets. The fragmented genomic DNA and PCR reagents are
separately distributed as aqueous droplets too. Both droplets pair together at a 1/1 ratio and pass
through a merging area and collected into a single tube for thermal cycling.

Reference: (Metzker, 2010)
1-3-1-3-4- High-throughput sequencing

Sequencing and imaging steps are different in sequencing platforms as well. Illumina/Solexa uses
clonally amplified templates coupled with cyclic reversible termination method with four fluorescent
colors. First, one fluorescently modified nucleotide complementary to the template sequence is
incorporated. After washing and imaging for detection of the incorporated nucleotide, a cleavage
step which cleaves fluorescent dye and inhibitor group is performed, and the last step is washing.
These steps are done in a cyclic manner, 72 or 100 times or more, depend on the sequencing

fragment size (Bentley et al, 2008) (Figure 9).

SOLiD (Sequencing by Oligonucleotide Ligation and Detection) sequencer from Applied Biosystems, is
another NGS machine that works based on sequencing by ligation, using DNA ligase and a cleavable
two-base-encoded probe which is a sequence with two oligonucleotides combined with a particular

dye (Valouev et al, 2008) (Figure 10).
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Figure 9: lllumina sequencing technology. Genomic DNA is fragmented randomly and adaptors are
ligated to both ends of fragments. Single strand fragments are bound randomly to the surface of the
flow cell channels. Bridge amplification is started by adding unlabeled nucleotides and enzyme.
Nucleotides are incorporated by enzyme to make double-stranded bridges. Single-strand templates
anchored to the surface are made by denaturation. Several million dense clusters of double-
stranded DNA are generated in each channel of the flow cell. Four labeled reversible terminators,
DNA polymerase and primers are added to initiate the sequencing cycle. The emitted fluorescence
from each cluster is captured after laser excitation and the nucleotide is identified. The sequencing
cycles are repeated to identify the nucleotides in a fragment, one base at a time. The data are

aligned and compared to a reference genome, and nucleotide differences are identified.

Reference: (Voelkerding et al, 2009)
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Figure 10: Sequencing by ligation method using in the SOLID sequencer from Applied Biosystems.
This technique is based on sequencing by ligation. The ligation is performed, using specific 8-mer
probes. These probes are eight bases in length with a fluorescent dye at the 5’ end, a free hydroxyl
group at the 3’ end, and a cleavage site between the fifth and sixth nucleotide. The first two bases
(starting at the 3' end) are complementary to the nucleotides being sequenced. Bases 3 through 5
are able to pair with any nucleotides on the template sequence. Bases 6-8 are cleaved off, along with
the fluorescent dye, as the reaction continues. Cleavage of the fluorescent dye and bases 6-8 leaves a
free 5' phosphate group ready for further ligation. In this manner, positions n+1 and n+2 are correctly
base-paired followed by n+6 and n+7 being correctly paired, etc. The composition of bases n+3, n+4
and n+5 remains undetermined until further rounds of the sequencing reactions are performed. The
sequencing step is basically composed of five rounds and each round consists of about 5-7 cycles.
Addition of a P1-complementary universal primer initiates each sequencing round. This primer has,
for example, n nucleotides and its 5’-end matches exactly with the 3’-end of the P1. In each cycle, 8-
mer probes are added and ligated according to their first and second bases. Then, the remaining
unbound probes are washed out, the fluorescent signal from the bound probe is measured, and the
bound probe is cleaved between its fifth and sixth nucleotide. Finally the primer and probes are all
reset for the next round. In the next round a new universal primer anneals the position n-1 (its 5’-end
matches to the base exactly before the 3’-end of the P1) and the subsequent cycles are repeated
similar to the first round. The remaining three rounds will be performed with new universal primers
annealing positions n-2, n-3 and n-4 relative to the 3'-end of P1. A complete reaction of five rounds

allows the sequencing of about 25 base pairs of the template from P1.

The data are represented as colors. Each color indicates two bases and one of the bases in the
sequence needs to be known: this base is incorporated in the sequence in the last (fifth) round of
step 5. This known base is the last nucleotide of the 3’-end of the known P1. Therefore, since each
color represents two nucleotides in which the second base of each dinucleotides unit constitutes the
first base of the following dinucleotides, knowing just one base in the sequence will lead us to

interpret the whole sequence.

Reference: (Metzker, 2010) & http://www.appliedbiosystems.com/absite/us/en/home/applications-

technologies/solid-next-generation-sequencing.html

The HeliScope single-molecule sequencer of Helicos BioSciences works with one fluorescent color

(Cy5), using cyclic reversible termination approach (Braslavsky et al, 2003).

21


http://www.appliedbiosystems.com/absite/us/en/home/applications-technologies/solid-next-generation-sequencing.html
http://www.appliedbiosystems.com/absite/us/en/home/applications-technologies/solid-next-generation-sequencing.html

INTRODUCTION

Roche/454 is another sequencing platform working based on pyrosequencing. In this sequencing by
synthesis method, a pyrophosphate (PPi) is released after incorporation of one dNTP. This released
pyrophosphate is converted into detectable light through a series of enzymatic reactions (Ronaghi et

al, 1996; Ronaghi et al, 1998) (Figure 11).

Roche/454 — Pyrosequencing
1-2 million template beads loaded into PTP wells

Flow of single dNTP type across PTP wells ==
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Figure 11: Pyrosequencing using in Roch/454 platform. DNA-amplified beads and the beads coupled
with sulphurylase and luciferase are loaded into PicoTiter Plate (PTP) wells. When one dNTP is
incorporated, a ppi (inorganic pyrophosphate) is released. This ppi is gone through a series of
enzymatic reactions in order to generate a light which is detectable by a high-resolution charge-

coupled device (CCD) camera. The light is recorded as a series of peaks called a flowgram.

Reference: (Metzker, 2010)

The lon Proton from lon torrent is another NGS machine. In this semiconductor sequencing machine,
the release of a proton after incorporation of a nucleotide into the DNA by the polymerase leads to a
change in pH. This change is detected by voltage change detection. If the nucleotide is not
incorporated, the voltage will not change and if two identical nucleotides are incorporated, the

voltage will be double (Flusberg et al, 2010) (Figure 12).

a)

incorporates Hydrogen ion
into DNA is released
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Figure 12: Semiconductor sequencing using in lon torrent platform. a) When one nucleotide is
incorporated into a DNA, a hydrogen ion is released. The charge of this ion will change the pH of the
solution which will be detected by ion sensors by detection of voltage change. The sequencer
machine will convert the chemical information to digital information. b) The sequencer then

sequentially floods the chip with one nucleotide after another. If the next nucleotide that floods the
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chip is not a match, no voltage change will be recorded and no base will be called. c) If two identical
nucleotides incorporate, the voltage will be double and the chip will record two identical bases

called.

Reference:http://fr-fr.invitrogen.com/site/fr/fr/home/Products-and

Services/Applications/Sequencing/Semiconductor-Sequencing/Semiconductor-Sequencing-

Technology.html

For human whole genome sequencing, apart from the above mentioned sequencing platforms,
Complete Genomics offers a non-commercialized solution. In that case, DNA nano-balls (DNB)
containing hundreds of copies of the 70 bases of DNA fragments are sequenced, using combinatorial
probe anchor-ligation (cPAL) technology where fluorescent molecules are attached to each
nucleotide in each DNB by a ligase enzyme and by imaging the fluorescence, the sequence of

nucleotides are subsequently determined (Drmanac et al, 2010) (Figure 13).
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Figure 13: The complete genomics sequencing technology. a) Multiple adaptor library construction
process: paired-end DNA libraries consist of genomic DNA fragments with adaptors interspersed

within the genomic DNA at regular intervals. The adaptors act as initiating points for reading up to 10
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bases from each adaptor-genomic DNA junction. Complete Genomics uses a dedicated library
construction process to insert four adaptors into each DNA fragment. A four-adaptor approach
supports 70-base reads (35 bases per paired-end). The read length may be increased by inserting

more adaptors.

b) DNA nano-ball formation: Starting with a small circular DNA template consisting of approximately
80 bases of genomic DNA and four synthetic adaptors, a head to-tail concatemer consisting of more
than 200 copies of the circular template is generated. One milliliter (ml) of reaction volume

generates over 10 billion DNBs, sufficient for sequencing an entire human genome.

c) Combinatorial probe anchor-ligation (cPAL): cPAL uses pools of probes labeled with four distinct
dyes (one per base) to read the positions adjacent to each adaptor. Each read position has a separate
pool of probes. This approach allows 10 contiguous bases to be read from each end of an adaptor.
Ligating the matching probes with the adjacent anchors improves the full-match specificity of the
probe binding as compared to hybridization without ligation. After each base is read, the entire
anchor-probe complex is washed away. The next anchor is then hybridized, and the next probe is

ligated to the anchor.

Reference: http://www.completegenomics.com/

1-3-1-3-5- Data analysis

The final steps in next generation sequencing are genome alignment, variant calling and data
analysis. After sequencing, the generated reads are aligned to the human reference genome and the
variations are detected using different softwares and algorithms including BWA (Li & Durbin, 2009;
Trapnell & Salzberg, 2009) for alignment and Samtools (Li et al, 2009) for variant calling. For filtering
and scoring the variants and detection of disease-causing variations, there are several strategies
depending on mode of inheritance and number of affected/non-affected sequenced cases (Gilissen
et al, 2012). Several public websites display polymorphisms and allele frequencies such as dbSNP

(http://www.ncbi.nlm.nih.gov/projects/SNP/), 1000 genomes (http://www.1000genomes.org/) or

Exome variant server (http://evs.gs.washington.edu/EVS/) that covers SNPs but no indels. Many

softwares are available to filter sequence variants, such as ALAMUT software (Interactive

Biosoftware, Rouen, France); Cartagenia benchlab tool (http://www.cartagenia.com/); SIMPLEX

( http://simplex.i-med.ac.at) (Fischer et al, 2012) or ANNOVAR

( http://www.openbioinformatics.org/annovar/) (Wang et al, 2010b). Different filtering strategies will

be discussed in material and method section.
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INTRODUCTION

1-3-1-4- Massively parallel sequencing for gene identification

In 2009, Ng et al published a paper where they identified mutations in MYH3 gene in 4 patients with
Freeman-Sheldon syndrome, also called distal arthrogryposis type 2A, a rare autosomal dominant
disorder, in 4 patients by doing exome sequencing (Ng et al, 2009). This paper was the first study that
used NGS for finding disease-causing mutations in Mendelian disorders. The same team in 2010
described the first application of exome sequencing to discover the gene in a Mendelian disorder,
Miller syndrome (Ng et al, 2010b). They found mutations in a gene, DHODH, in four affected patients
from 3 independent families. In the same year, Lupski et al published the first paper in NMDs, using
NGS, where they showed the result of whole genome sequencing of a patient from a family with a
recessive form of Charcot-Marie-Tooth neuropathy (Lupski et al, 2010). They prioritized sequence
variants in genes known to be implicated in Charcot-Marie-Tooth neuropathies and found the
compound heterozygous mutations p.Arg954X and p.Tyr169His in the SH3TC2 gene as a cause of the
neuropathy. Since then several papers have been published using massively parallel sequencing for
detection of causative mutations/genes in different Mendelian disorders as well as NMDs. Studies
where they used massively parallel sequencing for detection of new genes implicated in myopathies

are shown in table 3.

Table 3- List of papers showing the gene identification in myopathies by NGS.

Detected Date of Reference

new gene

Disease Sequenced Sequencing

regions machine

publication

Congenital myopathy  Exome lumina CCDC78 August 2012  (Majczenko
HiSeq 2000 et al, 2012)
Congenital nemaline Targeted SOLID 4 RYR1 March 2012  (Kondo et al,
myopathy sequencing 2012)
of 15 genes
Myofibrillar myopathy Exome lumina DES March 2012  (Hedberg et
HiSeq 2000 al, 2012)
A dominantly- Exome lumina DNAJB6 February (Harms et al,
inherited myopathy HiSeq 2000 2012 2012)
A recessive congenital Targeted [llumina MEGF10 November (Logan et al,
myopathy sequencing GAllx 2011 2011)
of 85 genes
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1-3-1- Aim 2: Improving diagnostic of NMD using NGS

The second aim of my PhD project was to test if massively parallel sequencing can be used as routine
technique, in molecular diagnosis of neuromuscular disorders. As mentioned above, genetic and
clinical heterogeneity, unspecific clinical features, implication of several often large genes requiring
many techniques are the main drawbacks in routine NMD molecular diagnostic laboratories. Despite
many technical improvements in molecular diagnosis of NMDs, due to different obstacles and
problems, it will be necessary to use new and improved technology to overcome most of the
challenges such as using massively parallel sequencing to sequence target genes or to do whole

exome or whole genome sequencing.

This section was written as a review paper and it is under revision.
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Review article
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neuromuscular disorders
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Aim of study/paper: a review paper discussing the problems of routine diagnostic techniques for
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genetic diagnostic laboratories.
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Abstract Neuromuscular disorders (NMD) such as neu-
ropathy or myopathy are rare and often severe inherited
disorders, affecting muscle and/or nerves with neonatal,
childhood or adulthood onset, with considerable burden for
the patients, their families and public health systems.
Genetic and clinical heterogeneity, unspecific clinical fea-
tures, unidentified genes and the implication of large and/or
several genes requiring complementary methods are the
main drawbacks in routine molecular diagnosis, leading to
increased turnaround time and delay in the molecular
validation of the diagnosis. The application of massively
parallel sequencing, also called next generation sequenc-
ing, as a routine diagnostic strategy could lead to a rapid
screening and fast identification of mutations in rare
genetic disorders like NMD. This review aims to summa-
rize and to discuss recent advances in the genetic diagnosis
of neuromuscular disorders, and more generally monogenic
diseases, fostered by massively parallel sequencing.
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We remind the challenges and benefit of obtaining an
accurate genetic diagnosis, introduce the massively parallel
sequencing technology and its novel applications in diag-
nosis of patients, prenatal diagnosis and carrier detection,
and discuss the limitations and necessary improvements.
Massively parallel sequencing synergizes with clinical and
pathological investigations into an integrated diagnosis
approach. Clinicians and pathologists are crucial in patient
selection and interpretation of data, and persons trained in
data management and analysis need to be integrated to the
diagnosis pipeline. Massively parallel sequencing for
mutation identification is expected to greatly improve
diagnosis, genetic counseling and patient management.

Keywords Neuromuscular disorders - Diagnosis -
Mutation - Next generation sequencing - Neuropathy -
Myopathy

Neuromuscular disorders

Inherited neuromuscular disorder (NMD) is a wide term
covering different genetic disorders affecting muscles
(different types of myopathies and dystrophies, ion channel
muscle diseases and malignant hyperthermia), nerves
(Charcot-Marie-Tooth neuropathies also called hereditary
motor and sensory neuropathies, amyotrophic lateral scle-
rosis, hereditary ataxias and spinal muscular atrophies) and
neuromuscular junctions (myasthenic syndromes [41])
(http://musclegenetable.fr/) [44]. Muscle weakness,
twitching, cramps and numbness are common features in
several NMDs. These disorders are rare and often severe,
affecting children and adults with considerable burden to
the patients, their families and public health systems [25].
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Provisions in genetic diagnosis laboratories

The most important criterion for using a test in standard
health care is whether the test will lead to a better outcome
for the patient [97]. The clinical test should address the
specific problem. The aim of a clinical genetic service is to
make genetic diagnosis and estimation of transmission risk
for an affected patient and to provide genetic counseling
and preventive and therapeutic guidance for family mem-
bers [31]. Anonymity and confidentiality are important
standards in genetic diagnosis. Data should be reliable and
diagnosis should be cost-effective. The turnaround time for
test results is another important issue in genetics diagnosis.

Challenges in molecular diagnosis
Genetic heterogeneity

NMDs are one of the most genetically heterogeneous dis-
orders class with more than 300 implicated genes. This
genetic heterogeneity can be seen, for instance in Charcot—
Marie-Tooth (CMT) neuropathies with more than 30
causative genes [83] and more than 40 loci (http://www.
molgen.ua.ac.be/CMTMutations) or in autosomal recessive
limb girdle muscular dystrophy with 15 genes implicated to
date [49]. This high degree of genetic heterogeneity is
problematic for molecular genetics diagnosis as it could be
time-consuming and costly to test the different implicated
genes in diagnostic laboratories. The rarity of mutations in
some genes explains the fact that samples should be sent to
several specialized laboratories to cover all candidate
genes.

Implication of large genes

Several of the largest human genes are mutated in neuro-
muscular disorders such as DMD (MIM #300377) spanning
more than 2.3 Mb with 79 exons [86], TTN (MIM
#188840) with 363 exons with an open reading frame
spanning more than 100 Kb, NEB (MIM #161650) with
183 exons [22] and RYRI (MIM #180901) with 106 exons
[73]. These genes are also mainly expressed in muscle,
precluding cDNA analysis if such tissue is not available.
While these genes are known to be implicated in diseases,
they might not be fully tested or only the mutation hot spot
regions may be analyzed at first [4].

Clinical heterogeneity
Clinical heterogeneity is another parameter in diagnosis of

NMDs. For example, mutations in the Caveolin 3 gene
(MIM #601253) have been detected in four different

@ Springer

skeletal muscle disease phenotypes: rippling muscle dis-
ease, limb-girdle muscular dystrophy, hyperCKemia and
distal myopathy [28]. Patients can have an overlap of these
symptoms, or the same mutation can cause diverse clinical
phenotypes with different severities. Thus, it is sometimes
difficult to suggest the best candidate genes to direct
molecular diagnosis.

Unspecific clinical features

Another reason precluding the suggestion of the best
molecular diagnosis approach is the fact that a large
number of patients display unspecific clinical and histo-
pathological features. For instance, reviews of cases with
congenital myopathies that are usually sub-classified into
nemaline, core or centronuclear myopathies reveal no
specific signs in almost half of them, whereas other patients
have diverse but overlapping clinical and histopathological
manifestations [64]. Moreover, when a sequence change is
found in one of the prioritized genes in diagnostic labora-
tories, further investigation might be stopped, which may
lead in some cases to missing the real disease-causing
mutation. Conversely, when no change is found, patients
undergo additional time-consuming, costly and sometimes
painful tests to precise the clinical diagnosis and prioritize
other genes [75].

Requirements for several approaches

Different types of mutations are detected in patients with
NMDs. For example, 60—65 % of patients with Duchenne
and Becker muscular dystrophies (DMD and BMD) have
deletions in the dystrophin gene, DMD (MIM #300377),
5-15 % have duplications, and the rest have point muta-
tions or small insertions—deletions [1, 63]. Thus, diagnostic
laboratories should apply different techniques to detect
disease-causing mutations in patients, which is laborious,
expensive, necessitates different platforms and increases
turnaround time [76].

Unidentified genes

The last obstacle is the unidentified genes in different
NMDs. For instance, mutations in several genes, including
SODI1 (MIM #147450) [81], SETX (MIM #608465) [14],
ALS2 (MIM #606352) [35, 96], TARDBP (MIM #605078)
[30], FUS (MIM #137070) [48], ANG (MIM #105850) [33,
39] and C9orf72 (MIM #614260) [19, 79] can cause
amyotrophic lateral sclerosis (ALS), a neurodegenerative
disorder characterized by the loss of motor neurons in brain
and spinal cord. However, for a significant number of ALS
patients, the causative mutation remains unknown, sug-
gesting the involvement of other genes. More generally,
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about 40 % of patients with NMDs do not have a genetic
diagnosis.

Benefits of definitive molecular diagnosis

Identification of related disease-causing mutations helps to
confirm the clinical findings and provide an accurate
diagnosis. The knowledge of the mutation and mutated
gene usually improves disease management, and allows for
inclusion into therapeutic trials. Genetic counseling
becomes possible, as carrier status determination and pre-
natal diagnosis can decrease the risk of recurrence in
affected families. In addition, finding the disease-causing
mutation permits potential phenotype—genotype correla-
tions and a better understanding of the underlying
pathophysiological mechanisms, a pre-requisite for the
development of specific therapeutic approaches.

Routine molecular techniques in genetics
diagnostic laboratories

Today, several techniques are used in routine diagnostic to
find causative mutations. The most common method is
PCR amplification of coding/exonic sequences of candi-
date genes from genomic DNA, followed by Sanger
sequencing of PCR products. This approach is the gold
standard for detection of point mutations and small inser-
tions—deletions. If a gene is large and mutations are spread
throughout the entire gene, using this technique is extre-
mely time-consuming, expensive and laborious. An
alternative approach is reverse transcription PCR (RT-
PCR) followed by Sanger sequencing of the entire cDNA
[34, 59] which needs the access to specific tissues such as
muscle for the muscle-specific genes. Such tissues may not
be available all the times. Multiplex PCR and long-range
PCR (LR-PCR) are other PCR-based techniques. Using
multiplex PCR of only 19 exons of the DMD gene, about
98 % of deletions could be detected in patients with DMD/
BMD [6, 13, 70]. With the MLPA technique in patients
with sporadic amyotrophic lateral sclerosis, it was shown
that SMN1 duplications are associated with ALS suscep-
tibility whereas SMN1 deletions and SMN2 copy number
status are not associated with ALS [10]. In patients with
spinal muscular atrophy (SMA), a neuromuscular disorder
characterized by degeneration and loss of alpha-motor
neurons in the anterior horn of the spinal cord, LR-PCR
was used to detect deletions of the SMNI gene (MIM
#600354) [3].

For detection of repeat expansions, a common type of
mutation in NMDs, several methods are used, such as
repeat primed PCR (RP-PCR) and Southern blot [32, 95].

In 56 out of 76 patients with myotonic dystrophy type 2
(DM2), a neuromuscular disorder characterized by myo-
tonia and muscle dysfunction, and 25 out of 378 patients
with spinocerebellar ataxia type 8, a slowly progressive
neurodegenerative disorder, repeat expansions were
detected using RP-PCR [46].

Comparative genomic hybridization (CGH) array is a
method of choice for detection of large rearrangements and
copy number variations. Using this technique, genomic
rearrangements were detected in dysferlin (DYSF, MIM
#603009) and calpain-3 (CAPN3, MIM # 114240) genes,
implicated in two forms of limb-girdle muscular dystrophy
types 2B and 2A, respectively [5].

Indirect diagnostic techniques such as monitoring the
presence of a protein by Western blot [88] or enzymatic
activity are other available approaches; however, they do
not provide a specific knowledge of the mutation.

Massively parallel sequencing technology

As mentioned above, genetic and clinical heterogeneity,
unspecific clinical features, implication of large genes and
the necessity to apply multiple techniques are the main
drawbacks in routine molecular diagnostic laboratories.
Massively parallel sequencing (MPS), also called next
generation (NGS) or high-throughput sequencing (HTS),
allows to sequence target genes and regions, exome or
whole genome, and is revolutionizing the molecular diag-
nosis as it now permits large-scale parallel sequencing and
can be used to detect several types of mutations. The
exome represents about 1-2 % of the genome but harbor
85 % of disease-causing mutations [15].

Template preparation and barcoding

The massively parallel sequencing technology is based on a
combination of template preparation, sequencing, imaging/
recording and data analysis [61]. DNA and library prepa-
rations are the first steps. Two to twenty microgram of high
quality genomic DNA is randomly sheared into smaller
size molecules by sonication or nebulization. Several DNA
can also be pooled and sequenced together. The barcoding
and pooling step can be done either before or after capture
of specific targeted sequences, using a unique DNA tag
sequence per sample [18]. In this way, it is possible to
sequence a few genes in many patients or many genes from
a few patients.

Targeted sequence enrichment

There is no enrichment step for whole genome sequencing
[94]; however, if the aim is to sequence a portion of
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genomic DNA which can be the protein-coding part of the
genome (exome) or regions of interest such as selected
genes or a genomic region linked to a disease, such tar-
geted sequencing includes the enrichment of the target
sequences.

This enrichment or capture can be done on microarray
or in solution [60]. In solid-phase enrichment, high-density
primers targeting the sequences of interest are covalently
attached to the slide array [25], while in solution-phase
enrichment, primers are generated on beads [20]. Several
solutions such as [llumina, Agilent and Nimblegen capture
kits can be used; they have technical differences such as
using RNA baits (Agilent) or DNA baits (Illumina and
Nimblegen) with almost similar performance [17]. Other
enrichment methods include RainStorm microdroplet-
based technology from Raindance technologies which is a
multiplex PCR method using microdroplets containing
PCR components loaded on microfluidic chip to compart-
mentalize the PCRs by single primer pairs [87].

Sequencing

For some of the sequencing platforms such as Helicos
BioSciences, single molecule template is used, whereas in
others such as Illumina, SOLiD and Roche/454, clonally
amplified DNA is required to detect the signal produced by
the incorporation of nucleotides [57]. Thus, for sequencing
platforms using single molecule templates, the amount of
starting DNA is lower and there is no PCR amplification
step that could create artificial mutations and AT or
GC-rich amplification bias.

In all the MPS platforms, either templates, primers or
polymerase enzyme are immobilized on a solid support
before the sequencing reaction [61]. Sequencing and
recording steps are different [54]. Illumina technology is
based on clonally amplified templates coupled with cyclic
reversible termination method with four fluorescent colors.
First, one fluorescently modified nucleotide complementary
to the template sequence is incorporated. After washing and
imaging for detection of the incorporated nucleotide, a
cleavage step removes the fluorescent dye and a novel
incorporation step is performed. These steps are done in a
cyclic manner, 72 or 100 times or more [9]. It is possible to
sequence from both extremities of the DNA template (paired-
end sequencing). HeliScope single-molecule sequencer of
Helicos BioSciences works with one fluorescent color (Cy5)
using a cyclic reversible termination approach [12]. SOLiD
(Sequencing by Oligonucleotide Ligation and Detection)
sequencer from Applied Biosystems is another MPS tech-
nology based on sequencing by ligation using DNA ligase
and a cleavable two-base-encoded probe consisting of two
nucleotides combined with a particular dye [91]. Roche/454
sequencing platform is based on pyrosequencing. In this
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sequencing by synthesis method, a pyrophosphate (PPi) is
released after incorporation of one dNTP. This released
pyrophosphate is converted into detectable light through a
series of enzymatic reaction [80]. Ion Torrent commercializes
semiconductor sequencing machines where the release of a
proton after incorporation of a nucleotide leading to change
in pH is detected by voltage change. If two nucleotides are
incorporated, the voltage will be double [82]. For human
whole genome sequencing, apart from the above mentioned
sequencing platforms, Complete Genomics offers a
non-commercialized solution. In that case, DNA nanoballs
containing hundreds of copies of a short DNA fragment are
sequenced using combinatorial probe anchor-ligation (cPAL)
where fluorescent molecules are attached to each nucleotide
by a ligase enzyme [23] (Table 1).

Data analysis

The final steps in massively parallel sequencing are genome
alignment, variant calling and data analysis. The generated
sequence reads are aligned to a human reference genome
such as UCSC assembly hgl8/NCBI 36 or hg19/GRCH 37,
and the variations are detected using different programs
including BWA [50, 89] for alignment and Samtools [51]
for variant calling. For filtering and scoring the variants and
detection of disease-causing mutations, there are several
strategies depending on the mode of inheritance and number
of affected/non-affected sequenced cases [29]. Sequencing
several affected and eventually non-affected individuals
from the same family improves the filtering; variations
common in affected and absent in non-affected persons will
be prioritized. Several public websites display polymor-
phisms and allele frequencies such as dbSNP (http://www.
ncbi.nlm.nih.gov/projects/SNP/), 1000 genomes (http://
www.1000genomes.org/) or the Exome Variant Server,
NHLBI Exome Sequencing (http://evs.gs.washington.
edu/EVS/) which covers SNPs but no indels. Many soft-
wares are available to filter sequence variants, such as
ALAMUT software (Interactive Biosoftware, Rouen,
France), Cartagenia benchlab (http://www.cartagenia.com/);
SIMPLEX (http://simplex.i-med.ac.at) [27] or ANNOVAR
(http://www.openbioinformatics.org/annovar/) [93], and
most integrate tools to predict the pathogenicity of the
variations on RNA splicing and protein function such as
SIFT [65], Polyphen [2, 77] or NNSPLICE (Fig. 1).

Massively parallel sequencing for NMD diagnosis

In 2010, Lupski et al. [58] published the first paper using
massively parallel sequencing technology in neuromuscu-
lar diseases, where they showed the result of whole genome
sequencing of a patient with a recessive form of Charcot—
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Table 1 Different massively parallel sequencing platforms and their principles

Sequencing machine Company How does it work Read length ~ Website
HiSeq2000 [lumina Cyclic reversible termination method 2 x 100 bp http://www.illumina.com/systems/
with four fluorescent colors hiseq_systems.ilmn
HeliScope Single Helicos Cyclic reversible termination with one 25-55 bp http://www.helicosbio.com/
Molecule Sequencer BioSciences fluorescent color
Corporation
SOLiD v4 Applied Biosystems Sequencing by ligation 50 4+ 35 bp/  http://www.appliedbiosystems.com/
50 + 50 bp
454 GS FLX Roche Pyrosequencing 700 bp http://www.454.com/
Ion Proton Sequencer Ion Torrent/Life Ion semiconductor sequencing 200 bp http://www.iontorrent.com/
Technologies
Complete Genomics’ Complete Combinatorial probe anchor-ligation 35-base mate  http://www.completegenomics.com/
sequencing instrument Genomics (cPAL) technology pair reads

a
Sample ’ Random Shearing Sequence enrichment . Library Data Analysis Validation
2-20 microgram high Nebulization . Solid/ Solution based preparation . Targeted . Sequence alignment . jSanEerseniencinelch

quality gDNA

Sonication Targeted/ Exome

Removing non-pathogenic| Selecting heterozygous or
homozygous variants

based on segregation

In silico predictions of

(dbSNP, 1000G, EVS) pathogenicity

Fig. 1 Workflow of massively parallel sequencing and analysis.
a 2-20 nug of genomic DNA is sheared randomly and targeted
sequences are enriched following capture protocols in solid or liquid
phases. Targeted genes/regions or exome can be enriched, or the
whole genome can be sequenced. Amplified or single molecules are
prepared for sequencing according to each platform. Output
sequences are used for mapping to a reference genome, variation
calling and filtering, using different algorithms and softwares. The
last step is validation, where the interesting variations are confirmed
by Sanger sequencing from the starting DNA, segregation of the
variation in the family investigated, and a healthy control population
checked. Sequencing of additional patients with similar phenotypes to
identify more mutated patients with variations in the same gene, and

Marie-Tooth neuropathy. They prioritized sequence vari-
ants in genes known to be implicated in Charcot-Marie—
Tooth neuropathies and found the compound heterozygous
mutations p.Arg954X and p.Tyrl69His in the SH3TC2
gene as the causes of the neuropathy. Since then, several
studies have been published using massively parallel
sequencing for detection of causative mutations in different
NMDs. Through exome sequencing, Montenegro et al. [62]
found a missense variation, p.Val95Met, in the GJ/BI gene,
a known gene in CMT neuropathies, in a family with CMT.
Sanger sequencing confirmed this change and validated the
complete co-segregation within the family.

In our recent publication, we showed the efficacy of
massively parallel sequencing in molecular diagnosis of
patients with different NMDs by capturing and sequencing
267 genes implicated in NMDs [92]. We could retrieve
successfully all known mutations, detect and precise a large
deletion linked to DMD, and identify novel disease-causing

on protein function

detected variants

Exome Variant calling Segregation in family
Absence in control

Genome Variant filtering population

Ranking and scoring based ’ Prioritazed genes and

variations

functional studies could be done to confirm the implication of the
gene or the pathogenicity of the variation if not previously known.
b Different steps of filtering are shown. From the list of called
variations, the known non-pathogenic variations are removed by
comparison with dbSNP, 1,000 genomes and Exome Variant Server
databases. Based on disease inheritance mode, homozygous or
heterozygous changes are selected. Next, in silico prediction of
pathogenecity and effect on splicing can be tested using different
programs such as PolyPhen, SIFT or NNSPLICE. Scoring and
ranking of the different variations/genes based on expression profile
and function using different databases such as GENATLAS or
Genecards provide a list of prioritized genes and variations

mutations in patients awaiting molecular diagnosis since
more than 15 years. Other targeted sequencing focused on
subsets of NMD genes. 25 patients with Duchenne or
Becker muscular dystrophies (DMD/BMD) with known or
unknown mutations were sequenced with the Illumina
genome analyzer using a capture kit targeting the whole
genomic sequence of muscular dystrophy-related genes
after DNA barcoding [53]. The authors could detect dis-
ease-causing mutations in 24 patients out of 25 and
concluded that this technology is useful for diagnosis of
patients with DMD/BMD. Hoischen et al. [42] reported the
validation of an array based sequence capture of seven
genes and two loci related to the autosomal recessive form
of ataxias, by sequencing these genes in five patients with
known mutations and two unaffected persons using a one-
quarter Roche GS FLX Titanium sequencing run. Other
examples were dedicated to other specific disease classes
[36, 45] (Table 2).
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Such targeted parallel sequencing of all candidate genes
is especially appropriate for disorders with high genetic
heterogeneity like NMDs, and should ease the identifica-
tion of allelic diseases, i.e. different diseases caused by
mutations of the same gene. In addition, for large genes,
such as TTN, which are difficult to fully test by conven-
tional Sanger sequencing routinely even if known to be
implicated in disorders, different studies have shown the
effectiveness of massively parallel sequencing in variant
detection of such a large gene [68, 72, 92]. Although there
are some limitations in massively parallel sequencing as
described below, important issues in genetic diagnosis
laboratories such as cost and turnaround time can be
resolved using massively parallel sequencing. Transfer of
these technologies to diagnosis laboratories will benefit
from the constantly dropping costs and increasing output.
Reliable data can be produced if the depth of sequence

coverage is high enough. In Fig. 2, an example of MPS
achieved data is shown.

Possible applications of massively parallel sequencing
in diagnosis

Diagnosis of affected individuals

Ideal strategies for diagnostic laboratories are methods that
are simple with high accuracy and low error rate in a short
run time; they should also be cost-effective with easy data
analysis and interpretation [20]. Massively parallel
sequencing is a useful alternative or complementary tech-
nique for molecular diagnosis. Routine use of massively
parallel sequencing leads to a rapid screening and fast
identification of mutations in rare genetic disorders through

Table 2 First reports using high-throughput sequencing for mutation and gene identification (rows 1-3), for neuromuscular diseases (row 4) and
other recent examples using this strategy (rows 5-15)

Disease Sequenced region Sequencing machine ~ What was found Publication Reference
year
Different disorders Genome Roche 454 Several putative 2008 [94]
mutations
Freeman-sheldon syndrome Exome Genome Analyzer IIx  Different mutations in 2009 [67]
(distal arthrogryposis type 2A) MYH3
Miller syndrome Exome Genome Analyzer IIx  Different mutations in 2010 [66]
DHODH
Charcot—Marie-Tooth neuropathy Genome SOLiD Compound heterozygous 2010 [58]
in SH3TC2
Limb-girdle congenital Exome Illumina HiSeq 2000  Compound heterozygous 2012 [7]
myasthenic syndrome with and Genome in DPAGTI
tubular aggregates Analyzer IIx
Hereditary myopathy with early Exome Illumina HiSeq 2000  Missense in 7TN 2012 [69, 72]
respiratory failure
Heterogeneous neuromuscular Targeted sequencing of 267  Illumina Genome Mutations in different 2012 [92]
diseases genes Analyzer IIx genes detected in 12
patients
Hereditary sensory autonomic Exome Illumina HiSeq 2000 A deleterious mutation in 2012 [24]
neuropathy DST
Spinal muscular atrophy Targeted sequencing of 73 Illumina Genome Missense in DYNCIHI 2012 [36]
genes in the 14q32 linkage Analyzer IIx
interval
Emery-Dreifuss muscular Exome Illumina HiSeq 2000  Missense (homozygous) 2012 [43]
dystrophy in LMNA
Duchenne muscular dystrophy Targeted sequencing of 79 Illumina HiSeq 2000  Nonsense in DMD 2012 [55]
exons of DMD
Nemaline myopathy Targeted sequencing of 15 SOLiD 4 Two missenses in RYRI 2012 [45]
genes
Limb-girdle muscular dystrophy Exome Illumina HiSeq 2000  Missense in DNAJB6 2012 [37]
Genes associated with muscle Exome Illumina Genome Deleterious CAPN3 2012 [21]
disease and spastic paraplegia Analyzer IIx mutation in myopathy
Benign Samaritan myopathy Exome Illumina Genome Allelic disease to RYR1 2012 [11]

Analyzer IIx

myopathies
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a
VariantlD Gene TranscriptiD TranscriptLength Chr | Start End Ref Mut | HomHet | Coverage | ReadWithVar
X_149767058_DEL_4_1 MTM1 NM_000252.2 3421 X 149767058 149767061 AAAG het 212.0 87.0
1_156848947_SNV_G_1 NTRK1 NM_002529.3 2638 1 156848947 156848947 | T G het 52.0 16.0
12_863505_INS_3_1 WNK1 NM_001184985.1 11204 12 863505 863506 CTT | het 187.0 73.0
VariantlD VarType |CodingEffect|VarLocation | Exon | Intron | gNomen cNomen pNomen rsID |rsValidation | hgmdID
X_149767058_DEL_4_1 |DEL Frameshift exon 4 NA 9.149767058_149767061del| c.141_144del p.Glu48Leufs*24 |NA | NA NA
1._156848947_SNV_G_1 |SNV Synonymous | exon 15 |[NA 9.156848947T>G c.1839T>G p= NA | NA NA
12_863505_INS_3_1 INS NA intron 1 1 g.863506_863508dup €.759+16_759+18dup |p.? NA | NA NA
b MTM]I: c.141-144 delAAAG, p.Glu48LeufsX24
heterozygous deletion
149 767 060
] ] ] ] Chr X
A TAGACAAGTTA TTAC
A T AGATC A A GTTATTTATC
A TAGACAOAAG AAGTTATTTATC
AT AGATC A A GTTATTTAC
T A G A C A A GTTATTTALCL
A G A G A C A AGTTATTTATC
A T A GATC A A GTTATTTANG Reads
ATAGACAAAGAAGTTATTTATC
A TAGALC PR B i R R ) R - U
A TAGACAAMAGAAGTTATTTAC
AT AGATC A AGTTATTTATC
A TAGACAAAGAAGTTATTTATLC
AT AGATC A A GTTATTTAC
A TAGACAAAGAAGTTATTTATC
A TAGATC A AGTTATTTALTC
Reference A T A 6 A C A A A G A AGTTATTTALTC
Protein —————— N N T

MTM1 (NM_000252.2)

Fig. 2 An example of massively parallel sequencing data for a patient
with myotubular myopathy. a The table shows three different
variations: the first row is the disease-causing mutation which is a
deletion of four nucleotides in the MTM1 gene. The second row is a

sequencing of either the exons or the genomic sequence of
all genes or a subset of genes. Nowadays, with benchtop
sequencers such as Ion Torrent PGM (Ion Torrent, Guil-
ford, CT), MiSeq (Illumina Inc., San Diego, CA) and 454
GS Junior (454 Life Sciences, Roche, Branford, CT), these
new technologies can be transferred easily to clinics for
mutation identification in patients, carrier status determi-
nation and prenatal diagnosis. The cost of whole genome
sequencing of a DNA without interpretation is about
6,500 USD and exome sequencing is offered for about
1,000 USD (an example: http://www.edgebio.com). High
throughput screening at low cost and low complexity can
be addressed by targeted sequencing rather than complete
sequencing of exomes or genomes, combined with multi-
plexing of barcoded samples. The cost for this strategy
depends on the number of mixed samples and the size of
targeted regions and is generally less than 1,000 USD per
sample. Moreover, targeted and exome sequencing are

synonymous change and the third is an intronic insertion. b Deletion
of four nucleotides at the beginning of exon 4 in the MTMI gene
displayed with the integrative genomics viewer (IGV)

starting to be proposed on a routine diagnosis basis
(for examples: http://www.bcm.edu/geneticlabs/ or http://
genetics.emory.edu/egl/). Financing this cost depends on
specific countries regulation and insurance policies.

Massively parallel sequencing will probably replace
most of the genetic screening methods but will not
substitute for clinical and histopathological investiga-
tions. While until now, clinical and pathological
diagnoses were used to orient genetic screening, mas-
sively parallel sequencing may now be used on a first
intention to better orient clinical tests that could be
invasive, costly and necessitate patient travel. Although
biopsies might be less needed for establishing the
molecular diagnosis, they will be necessary for under-
standing the pathogenesis of a disease. Thus, massively
parallel sequencing will promote a more efficient inte-
grated diagnosis encompassing clinic, histopathology
and molecular analyses.
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A rapid and accurate molecular diagnosis will have
important impacts on patients as it will improve disease
management, may lead to inclusion into therapeutic trials,
will help genetic counseling and will reduce further
unhelpful investigations.

Prenatal diagnosis

This technology is also applicable to noninvasive prenatal
diagnostic by massively parallel sequencing of fetal DNA
present in the maternal plasma. The circulating cell-free
fetal DNA is assessed using a set of differentially meth-
ylated markers [71] or by exome or genome sequencing
compared to parents DNAs [26]. Currently, this approach is
used for detection of severe monogenic disorders, fetal
chromosomal aneuploidies and determination of blood
groups [56]. Such approach will avoid the need for invasive
and risky procedures such as chorionic villus sampling.
Comprehensive diagnosis of any Mendelian disorders such
as NMDs early in pregnancy might permit early termina-
tion of pregnancy in an ethically acceptable way. It can
have a significant impact on the reproductive decision
making and pregnancy management as it has been shown
that families with increased risk of having a child with a
severe disorder tend to have fewer children [78].

Carrier detection

The massively parallel sequencing approach might also
apply to families without previous cases of severe genetic
disorders. It would be technically possible to determine the
carrier risks of individuals for any Mendelian disorders and
predict for example, for which recessive diseases both
parents are carriers of a heterozygous mutation [8]. Based
on this knowledge, parents would have the possibility to
test the fetus by sequencing the gene(s) with heterozygous
mutations, or performing in vitro fertilization (IVF) and
selecting non-affected zygotes. This approach will not
predict de novo mutation, another source of disease-caus-
ing mutations.

Massively parallel sequencing limitations

and improvements for clinical use

Although massively parallel sequencing is an appropriate
alternative technique to use in diagnostic laboratories,
some issues need to be addressed.

False negatives

One challenge in the use of massively parallel sequencing
for diagnosis is the detection of different types of mutations,

@ Springer

especially repeat expansions or structural variations. Some
of the most common NMDs are due to repeat expansions;
these mutations may be missed leading to false negative
results. Increasing sequence coverage [40], improving bio-
informatics algorithms and softwares and novel sequencing
technologies may solve this problem in order to propose an
exclusion diagnosis. Alternatively, a combination of differ-
ent methods can be proposed. Detection of structural
variations will benefit from whole genome sequencing.
Another obstacle is the incomplete coverage of commercial
exome capture libraries. Although new versions of capture
kits are released consistently, none of them captures all
coding parts of all genes [47]. This issue can be addressed
by targeted sequencing of genes and regions of interest and
improving the capturing process.

False positives

Another drawback is the high error rates in massively
parallel sequencing compared to Sanger sequencing. Arti-
ficial mutations can be produced during templates
amplification or sequencing, leading to false positive
results. Thus, Sanger sequencing of interesting variants
detected by massively parallel sequencing is an essential
validation step which is increasing the cost and turnaround
time. This issue can be addressed by improving capturing
and sequencing approaches to increase variant coverage,
and thus leads to achieve reliable data. In addition, better
data filtering protocols can reduce the pool of false
positives.

Volume of data

Massively parallel sequencing generates a high volume of
data which becomes problematic for data management,
analysis and storage in diagnostic laboratories [74]. As the
genetic test results should be kept at least 5 years or even
10-20 years [85], substantial investment in infrastructure
and informatics is needed. Cloud computing can be a
solution for reducing the cost of expensive computing
infrastructure [20, 84]. Importantly, decreasing costs in
massively parallel sequencing outpaces the increase in
calculation power and storage capacity of computers. As
sequencing becomes cheaper than data storage of the cor-
responding sequence output, re-sequencing of a patient
DNA might be more cost-effective than saving original
data [38]. In other words, DNA is becoming the cheapest
storage support.

Variants filtering and mutation identification

As a high number of variations are detected by massively
parallel sequencing, it is difficult to distinguish between
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individual, rare and non-pathogenic variations without
clinical significance versus disease-causing mutations.
Defining the complete list of polymorphisms in different
populations will require sequencing a large part of the
world populations [52]. A recent study hypothesized that
27 % of published mutations appear to be sequencing
errors, common polymorphisms, or have a lack of patho-
genicity evidence [8]. This issue can be addressed by
further analysis and validation such as in silico predictions
of pathogenicity, detection of mutations in the same gene
in unrelated individuals with the same disorder and absence
in a control population, co-segregation in affected families
and finally functional studies [90]. Multiple criteria should
be combined in order to prove the pathogenicity of the
variation.

Incidental findings

With massively parallel sequencing, incidental findings
are an issue and unsolicited/unexpected information can
be problematic, especially for unreported diseases.
Diagnostic laboratories should prepare informative,
complete and precise consent and result reports to use
massively parallel sequencing for diagnosis application.
Guidelines should be established and implemented by
national committees in order to determine whether the
analysis and reports should be selective or complete and
what is the best way to cope with the ethical issues
[16, 31].

Trained people

Having enough trained people for data analysis and
information transfer to patients will be a key point for the
future. Specific trainings are needed for interpreting
genetic data for rare and common diseases and eventually
genetic predispositions, and how to transfer this infor-
mation to patients. Ideally a team of bioinformaticians,
scientists, geneticists and clinicians will collaborate
together in order to provide an accurate and accessible
results to patients. Development of robust, easy to use and
practical softwares in the clinical setting and compre-
hensive mutations and polymorphisms databases are
necessary. For a full understanding of genetic variations,
considerable amount of genetic data from various popu-
lations should be gathered and interpreted. Recurrent re-
analysis of the sequencing data will be needed while our
understanding of genetic variations improves. Well-
trained clinicians and pathologists in neuromuscular dis-
orders and bioinformaticians will have crucial roles in the
selection of patients and interpretation of the obtained
data.

Conclusion

Although there are some limitations and challenges using
massively parallel sequencing for diagnosis, this technology
appears mature enough for a routine approach in clinics. As
the cost of massively parallel sequencing declines consis-
tently and the technology improves continually leading to
obtaining faster and more accurate data, it is strongly
anticipated that this recent technology will complement
clinical and pathological investigations and will greatly
improve diagnosis and management of Mendelian disorders.
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2- Materials and methods

2-1- DNA quality control for next generation sequencing

For next-generation sequencing, quantification and quality assessment of genomic and fragmented DNA
as starting materials, as well as DNA sequencing libraries are essential to achieve highest quality of
sequencing data. Two to twenty microgram of genomic DNA, extracted from blood, saliva or cell lines is
used for random shearing. The DNA quantification can be done by micro-volume spectrophotometers
such as NanoDrop (Thermo scientific, USA) or The Qubit® 2.0 Fluorometer (Life technologies, USA).
Sometimes, there is a big difference in detected amount of DNA, using these two techniques. The Qubit®

2.0 Fluorometer seems to be more accurate than NanoDrop.

The quality of gDNA can be checked by loading two-hundred nanogram of genomic DNA on an agarose
gel. If no smear due to DNA degradation or small band at the bottom of the gel due to RNA
contaminations is seen, the quality of DNA is good enough for using in NGS. In Figure 14 the examples of

good quality and bad quality DNAs are shown.

Good quality DNA %

Smear

Figure 14: Good quality and bad quality DNAs. If electrophoresis of gDNA on agarose gel shows the
smear or small products at the bottom of the gel, the quality of DNA is not good for later using in NGS. If

a single band with high size is detected, this DNA is good enough for using in NGS.
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2-2- Targeted sequence capture

Illumina, Agilent and Nimblegen capture kits are the most used kits in NGS. In [llumina and Nimblegen
kits, DNA baits are used whereas Agilent works based on RNA baits. As the quality and quantity of
achieved sequencing data can be different, using different kits for exome capturing; we did whole exome
sequencing for one DNA sample, using three different capture kits, TruSeq Exome Enrichment kit (v1.3.0)
from Illumina, SeqCap EZ Human Exome Library v2.0 from Nimblegen and Agilent SureSelect Human All
Exon 50 Mb kit, following by NGS in one lane of Illumina HiSeq 2000 sequencer machine to determine
the best exome enrichment kit.

Number of targeted nucleotides for capturing is different in 3 capture kits (Figure 15). It seems that

TruSeq Exome Enrichment kit from Illumina captures more nucleotides than two other kits.

Number of targeted nucleotides
80000000
70000000
60000000
50000000 -
40000000 -
30000000 -
20000000 -
10000000 -
0 .
Agilent Illumina Nimblegen
Kit Number of captured
nucleotides
Agilent 51756122
Illumina 68317278
Nimblegen 36172938

Figure 15: Number of targeted nucleotides in 3 different captures kits. As shown in graph, Illumina
captures 68 Mb, Agilent captures 51 Mb and Nimblegen captures 36 Mb. In terms of capturing more

target nucleotides, Illumina works better.
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The number of unique overlapping reads, also called coverage is another issue to show the efficacy of
capture kits, if the NGS is done using the same DNA and the same sequencer machine. Using one lane of
Illumina HiSeq 2000 per captured DNA with different kits, i.e. 3 lanes in total, the coverage of targeted
regions were higher, using Agilent SureSelect Human All Exon 50 Mb kit (Figure 16). The numbers of non-
covered and totally covered regions are also important and as shown in Figure 17, numbers of targeted

and totally covered regions are higher using Agilent SureSelect Human All Exon 50 Mb kit (Figure 17).

100

M Agilent

H lllumina

i Nimblegen

10x 20x 40x

Figure 16: Number of unique overlapping reads or coverage, using 3 different kits. The percentage of
nucleotides with 10x coverage or more is about 95, using Agilent SureSelect Human All Exon 50 Mb kit,
whereas for TruSeq Exome Enrichment kit (v1.3.0) from lllumina is about 85 and for SeqCap EZ Human
Exome Library v2.0 from Nimblegen is about 92. For 20x coverage and 40x, the percentage of covered
nucleotides is consistent with 10x coverage results, and it is higher, using Agilent. Thus, in terms of

Coverage, Agilent works better.
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250000
200000 -
150000 -
100000 - M Agilent
H [llumina
50000 - bd Nimblegen
0 - — I d
Total number of targeted Non-covered regions Totally covered regions
regions
Agilent 213240 4601 206615
Illumina 201032 281 194188
Nimblegen 195031 6835 180602

Figure 17: Numbers of non-covered, totally covered and targeted regions, using 3 different kits. As
shown in graph, number of targeted regions as well as totally covered regions are higher, using Agilent
SureSelect Human All Exon 50 Mb kit. Although, number of non-covered regions is less, using TruSeq
Exome Enrichment kit (v1.3.0) from Illumina, as the number of totally covered regions is 194188 which is
less than 206615, using Agilent SureSelect Human All Exon 50 Mb kit, capturing the targeted regions with

Agilent will lead to cover more regions.

The last comparison was done by looking to the number of detected single nucleotide variations (SNV)
and insertions-deletions (Indels) (Figure 18). The numbers of detected SNVs & Indels as well as numbers
of known (using dbSNP132) and new SNVs & Indels are higher, using TruSeq Exome Enrichment kit
(v1.3.0) from lllumina. Whether these variations are PCR/sequencing errors or real, remain to be
verified, as the detected variations did not confirm by direct sequencing. However, some variations
detected by previous essays and confirmed by direct sequencing were used as positive controls (data will

be shown in results section).
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60000
50000
40000
30000 M Agilent
H Illumina
20000 i Nimblegen
10000
0
No. of SNV No. of indels No. of known SNV No. of new SNV
(known in dbSNP)
Kit No. of SNV No. of indels No. of known SNV No. of new SNV
(known in dbSNP)

Agilent 46739 6802 42800 3939

Illumina 47772 9713 42770 5002
Nimblegen 27605 2698 25086 2519

Figure 18: Number of detected SNVs and Indels, using 3 capture kits. As shown in graph, the numbers

of detected SNVs & Indels as well as numbers of known (using dbSNP132) and new SNVs & Indels are

higher, using TruSeq Exome Enrichment kit (v1.3.0) from Illumina.

Performing these comparisons, it seems that capturing the exome, using Agilent SureSelect Human All

Exon 50 Mb kit, will lead to have more and better covered targeted regions.

2-3- Data analysis workflow

After sequencing, the raw data is used for sequence quality control, mapping or alignment to reference

genome, variant calling and annotation and the last step is variant filtration.
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2-3-1- Sequence quality control

For checking the quality of raw sequencing data coming from NGS, there are some tools and programs

such as FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) or FASTX-Toolkit

(http://hannonlab.cshl.edu/fastx _toolkit/). Using these programs, a quick impression of whether the

data has any problems which needs to assess more analysis is achieved. For instance, the Phred quality
score for each nucleotide in a read can be calculated and shown by graph, using FastQC Program (Figure
19). Phred quality score is defined as -10*log10 (p), where p is the base-calling error probability (Yu et al,
2012). Low quality bases are the ones with Phred quality score ranging from 5-15 and high quality bases

are the ones with Phred quality score ranging from 30-40.

L HRHAAA AT

Quality | 15
Score

12345678910 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Nucleotide position

Figure 19: Quality score for each nucleotide in reads with 40 base pairs length. Normally, the quality
score more than 20 is used as threshold for showing the reads with high quality. The best quality scores
are between 30 and 40.

Reference:

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/bad sequence fastqc/fastqc report.html#

M1
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2-3-2- Sequence alignment

After sequencing, mapping or alignment of the reads onto a reference genome such as human reference
genome (UCSC assembly hg18/NCBI 36 or hg19/GRCH 37) is required. There are a number of tools for
aligning short reads. The most popular ones are MAQ_(Li et al, 2008a), SOAP2 (Li et al, 2008b) and the
new version of that, SOAP3 (Liu et al, 2012), Bowtie (Langmead et al, 2009) and BWA (Li & Durbin, 2009).
For aligning 70 million read pairs, equivalent to the throughput of one lane of the lllumina HiSeq 2000,
with four mismatches maximum, the alignment to the human genome as the reference takes > 3.5 h,
using the fastest existing alignment tool (Liu et al, 2012). In a study, the comparison analysis between
four mapping tools, BWA, Bowti, SOAP2 and Novoalign was done and it was shown that for sequencing
data with relatively good quality, all four programs performed similarly (Yu et al, 2012). After mapping,
for unique reads generation, reads with the same start position and strand are filtered out, using Picard

(http://picard.sourceforge.net/). Reads that mapped to several positions in the genome are also filtered

out, using SAMtools (Li et al, 2009).

2-3-3- Variant calling and annotation

One of the most wused tool for wvariant «calling and annotation is SAMtools

(http://samtools.sourceforge.net). SAMtools is a software package for doing different analysis in the

SAM/BAM (Sequence Alignment/Map) format. Using this software, converting other alignment formats,
sorting and merging alignments, calling SNVs and short indels and removing PCR duplicates can be
performed easily (Li et al, 2009). The criteria that we used for calling a variant were: A coverage
threshold of at least 3 reads that cover a nucleotide, variant must be seen in both directions/strands,
reads showing the reference nucleotide must be seen in at least one direction/strand and a threshold of
at least 3 reads supporting the SNV/indel change. A homozygous SNV/indel was called when >85% of
aligned reads showed the variant and a heterozygous SNV/indel was called if 20-85% of reads showed
the variation. For micro deletion detection, we used a coverage-based method where the number of
reads in a sliding window of 20nt was computed across the genome for each sample and then this
coverage was compared to the coverage of the same window in three randomly selected samples (Figure

20).
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Figure 20: Micro deletion detection. A coverage-based method where the number of reads in a sliding
window of 20nt is computed across the genome for each sample and then this coverage is compared to
the coverage of the same window in a randomly selected sample. In the first window from right, there is
a deletion in sample 2, as the depth of coverage in sample 1 is 10 reads whereas the depth of coverage is

0in sample 2.

For variant annotation and displaying polymorphisms and allele frequencies, several tools and programs
can be used such as Database of Single Nucleotide Polymorphisms (dbSNP Build ID: 129 to 135)

(http://www.ncbi.nlm.nih.gov/SNP/), 1000 genomes - A Deep Catalog of Human Genetic Variation

(http://www.1000genomes.org/), Exome  Variant  Server, NHLBI Exome  Sequencing

(http://evs.gs.washington.edu/EVS/),  Online  Mendelian  Inheritance in  Man  (OMIM)

(http://www.omim.org/) (McKusick, 2007), Human Gene Mutation Database (HGMD)

(www.hgmd.cf.ac.uk/) (Stenson et al, 2009), Ensembl Genome project (www.ensembl.org), UCSC

Genome Browser (http://genome.ucsc.edu/), ALAMUT software (Interactive Biosoftware, Rouen,

France), Cartagenia benchlab tool (http://www.cartagenia.com/), SIMPLEX ( http://simplex.i-med.ac.at)

(Fischer et al, 2012) or ANNOVAR ( http://www.openbioinformatics.org/annovar/)(Wang et al, 2010b).
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2-3-4- Variant filtration

Identification of disease-causing genes/variations among the variants generated by NGS requires the
separation of variations with potential high pathogenicity from variants with low probability for disease
causation. To detect causal mutations in an individual after NGS, the most straightforward method is to
search for known mutations and disease-associated genes, like those listed in databases such as Online

Mendelian Inheritance in Man (OMIM) (http://www.omim.org/) (McKusick, 2007) or Human Gene

Mutation Database (HGMD) (www.hgmd.cf.ac.uk/) (Stenson et al, 2009). This is of most utility in well-

studied diseases and can be used in molecular diagnosis, i.e. finding novel and known mutations in
previously identified genes. For instance, in a study by whole genome sequencing of a patient from a
family with a recessive form of Charcot-Marie-Tooth neuropathy, compound heterozygous variants in
the SH3TC2 gene, a known gene in CMT neuropathies, were detected (Lupski et al, 2010).

For disorders without known mutations or disease-associated genes different filtration strategies are
required for detection of pathogenic mutations. In general, the following assumptions are made for
monogenic, Mendelian diseases: (i) the disease is genetically homogeneous, i.e. unrelated affected
individuals with similar phenotypes have mutations in the same gene (ii) a single mutation is adequate to
cause the disorder for dominant inheritance and one homozygous or at least two heterozygous changes
in the same gene for recessive diseases, which would (iii) be rare, and most likely private to affected

individuals, and (iv) they are probably coding and (v) highly penetrant (Ng et al, 2010c).

2-3-4-1- Filtration and ranking based on frequency

Rare disorders, by definition, have an individual incidence of less than 1/2000 in the population

(www.eurordis.org). It is expected that mutations underlying these disorders have rare frequencies and

probably private to affected individuals. Thus for NGS data from patients with rare disorders, normally
the variations with high frequency (> 5% or even 1% for really rare diseases) in population are filtered
out in first step of filtration. The frequency of variations can be found or estimated, using Database of

Single Nucleotide Polymorphisms (dbSNP Build ID: 129 to 135) (http://www.ncbi.nlm.nih.gov/SNP/),

1000 genomes - A Deep Catalog of Human Genetic Variation (http://www.1000genomes.org/) and

Exome Variant Server, NHLBI Exome Sequencing (http://evs.gs.washington.edu/EVS/) where in the last

database the NGS data is comprised of a set of 2203 African-Americans and 4300 European-Americans

unrelated individuals, totaling 6503 samples (13,006 chromosomes) in June 2012. It is important to note
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that the phenotypic information is not always available or accessible for the samples used in these
datasets, and it is possible that the pathogenic mutations, especially for disorders with recessive mode of
inheritance presenting as heterozygous variation in normal carriers, are present in these datasets, as

well.

2-3-4-2- Filtration and ranking based on variation type

Variations that change protein sequences, i.e. missense and nonsense changes, coding indels and splice
sites changes as well as very rare or novel changes are checked first. The main rational for this is that
these variants tend to be of larger effect than non-coding variants, and also because it is difficult to
predict and check the effect of synonymous and non-coding variants. Thus, for most of the studies,
synonymous and non-coding variants, i.e. variants in UTRs, introns and intergenic regions are ignored
unless the predictions show that the variation, especially the synonymous one, can alter canonical splice
sites. In general, the loss-of-function variations (nonsense, splice and frameshift changes) are ranked
first, since there are low number of such mutations in any genome (<50) and they seem to be more

harmful.

2-3-4-3- Filteration the “Black genes” and sequencing errors

False-positive variants must be filtered out from the list of variations generated by NGS. These false-
positive variants are normally the variants in highly polymorphic genes, positions at which the reference
genome contains the minor alleles, positions difficult for mapping leading to misalignments (Fuentes
Fajardo et al, 2012) and sequencing errors. There are some genes such as members of olfactory and
taste receptor gene families in which several variations are detected in them in any exome or genome
datasets. A list of such genes can be found in literature (Fuentes Fajardo et al, 2012) and it is used to
filtering out such genes from the NGS data. For removing the sequencing errors, normally variants with
at least 8 reads with Phred quality score greater than 20 with at least 20% of reads showing the change

are kept and other variants are removed.
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2-3-4-4- Filtration and ranking based on effect

Variants can also be ranked by potential effect on protein structures and functions. Several predicting
tools are available such as SIFT (Ng & Henikoff, 2003) and PolyPhen (Adzhubei et al, 2010; Ramensky et
al, 2002). The potential damaging variants are ranked first, as the rational is that the mutations which are
disruptive to proteins are more likely to be pathogenic. Although predictions of such tools are not
correct all the time, and these tools have limitations in their specificity and sensitivity, if this ranking is

used in conjunction with other rankings, it will be helpful.

2-3-4-5- Filtration and ranking based on conservation

Nucleotide and amino acid conservation scores can be helpful for variant ranking, as well. The variations
in most conserved regions are ranked first, as the rational is that the mutations in conserved regions of
genome or proteins are more likely to be pathogenic. Several algorithms and tools such as phastCons

(Siepel et al, 2005) or PhyloP (http://compgen.bscb.cornell.edu/phast/help-pages/phyloP.txt) can be

used. Both phastCons and phyloP conservation scores were computed separately for three groups of
organisms: 8 primates, 31 placental mammals, and 44 vertebrates. The two conservation scores are
informative in different ways. The phyloP score is a separate measurement of conservation at each base,
ignoring neighboring bases in its calculation. The phastCons score takes neighboring bases into account,

estimating the probability that each nucleotide belongs to a conserved element (Rhead et al, 2010).

2-3-4-6- Filtration and ranking based on inheritance mode

If the inheritance mode of the disorder is predicted based on family pedigree, the variants can be
ranked and prioritized, using this criterion. The number of affected and unaffected individuals that would
be sequenced by NGS for finding causal mutation can be also determined, using this criterion. Several
strategies can be used for finding causal mutations by looking to inheritance mode and combining the
individuals sequenced data. These strategies will be discussed below and some examples are listed in

table 4.
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2-3-4-6-1- Recessive mode of inheritance

For a pedigree with a rare recessive inherited disorder and consanguinity, the first hypothesis is that the
disease is caused by a homozygous variant inherited from both parents and this variant most probably is
in a large stretch of a homozygous region. These homozygous regions can be detected by SNP
microarrays (Walsh et al, 2010) or the exome data itself (Becker et al, 2011) and the variants in these
stretches are ranked first. If the NGS data from unaffected parents are available, those homozygous

variants in patients that are found as heterozygous in both parents will be ranked first.

For a pedigree with probable recessive mode of inheritance without any indication of consanguinity,
sequencing of only one affected patient (if the sample from other family members are not available) and
searching for homozygous and especially compound heterozygous variants, is the most probable
hypothesis. If the sample from other family members are available, sequencing of more affected patients
and even non-effected individuals are helpful. By this way, common variations in affected patients that
are not present in non-affected family members (or present as heterozygous for common homozygous
variations in affected individuals, or just one of the two compound heterozygous variations presents in

non-affected family members) will be ranked first.

2-3-4-6-2- Dominant mode of inheritance

For a pedigree with probable dominant mode of inheritance, sequencing multiple affected and also non-
affected family members to exclude private benign variations is the best strategy. By choosing the most
distantly affected family members, the amount of common benign variants will be minimum (Gilissen et
al, 2012). Another strategy is sequencing both parents and the affected child, known as trio sequencing,
and prioritizing the heterozygous variations in affected child that are absent in both parents.

If the samples from multiple affected individuals or parents are not available or there are few patients or
even one affected individual present in a family, NGS data from multiple unrelated individuals with
similar phenotypes can be overlapped and common genes can be prioritized, if the genetic heterogeneity

is absent in the interested disorder.
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2-3-4-7- Filtration and ranking based on gene function, tissue expression profile and cellular

localization

Information on gene function in relation to phenotype and what is known about its pathophysiology,
tissue expression profile of the candidate gene and cellular localization of related protein using different

databases such as GENATLAS or Genecards can be helpful as well in further prioritization.

Table 4- Some studies using different strategies for finding causal genes/mutations.

Adapted from: (Gilissen et al, 2012)

Sequenced cases
Multiple affected
within a single
family

Assumptions
Fully penetrant
mutation
segregating with
the disorder

Examples
(Johnson et al, 2010; Krawitz et al, 2010;
Norton et al, 2011; Wang et al, 20103;
Zuchner et al, 2011)

Multiple affected
with a dominant

The disorder is
monogenic and

(Albers et al, 2011; Hoischen et al, 2010;
Isidor et al, 2011; Simpson et al, 2011b;

disorder all patients suffer Vissers et al, 2011)
from the same
disorder
Single affected Homozygous (Barak et al, 2011; Bilguvar et al, 2010;
from consanguine mutation within a Bolze et al, 2010; Caliskan et al, 2011;
family homozygous O'Sullivan et al, 2011)
stretch
Single affected A single rare (Gilissen et al, 2010; Gotz et al, 2011;
with a recessive homozygous or Murdock et al, 2011; Musunuru et al,
disorder two rare 2010; Pierce et al, 2010)
compound
heterozygous
mutations
Single sporadic De novo mutation (O'Roak et al, 2011; Vissers et al, 2010; Xu
affected in patient et al, 2011)

Single affected
with a dominant
disorder without
additional family

The causative
gene or mutation
shares features
with known
genes/mutations

(Byun et al, 2010; Erlich et al, 2011; Haack
et al, 2010; Ozgul et al, 2011; Worthey et
al, 2011)
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3- Results

Results for aim 1: Gene identification in CNM
3-1- Patient selection

For finding new genes implicated in CNM, patients with CNM phenotypes without mutations in three
classical genes, MTM1, BIN1 and DNM2, and enough amount of DNA for performing NGS were
selected. To have a panel of patients with the above mentioned criteria, the coding exons and
flanking intronic sequences of genomic DNA were analyzed by direct sequencing of three genes
mentioned above. MTM1 protein level was also examined by Western blot, when patient cell lines
(lymphoblasts, fibroblasts or myoblasts) were available, for detection of intronic variations in MTM1.
A number of new mutations in any of the three known genes were detected and complementary
studies were done to prove the pathogenicity of the identified mutations. These data were published

or submitted in peer-reviewed journals which are listed below.

If no mutations were found in the three classical genes, the patients’ DNA would be used for

performing NGS in order to find new gene(s) potentially implicated in CNM.
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A- Introduction

XLMTM is the most frequent and severe form of CNM. For disease causing mutation detection, it is
important to provide molecular diagnosis approaches that detect the largest number of mutations.
Today, direct sequencing of coding regions and flanking intronic sequences of genomic DNA is the

first routine method for the MTM1 molecular screening.

B- Aim of study

Introduction of novel myotubularin antibodies and re-assess the status of patients without mutations

in MTM1 exons in order to facilitate the molecular diagnosis of patients with XLMTM.

C- Results

We characterized 5 patients with X-linked centronuclear myopathy. We identified the disease
causing mutations and their consequence on protein level and RNA splicing by combining direct
Western blotting, RT-PCR and genomic DNA sequencing. We also reported the characterization of a

deep intronic mutation leading to an abnormal exonisation.

D- Conclusion

Novel anti-myotubularin antibodies allow a rapid detection of myotubularin from cell and muscle
extracts by direct Western blotting. With these novel antibodies the enrichment step by
immunoprecipitation is not required. They can be used for direct Western blotting to detect both
exonic and non-exonic mutations and should be able to detect most of MTM1 changes using a
variety of cell types and muscle tissue. However, this approach does not provide information on the
causative mutations. Furthermore, RT-PCR followed by sequencing of the PCR products represents a
useful approach to detect or/and confirm both exonic mutations and splice alterations due to

intronic mutations.
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X-linked centronuclear myopathy (XLMTM), also called myotubular myopathy, is a severe congenital
myopathy characterized by generalized hypotonia and weakness at birth and the typical histological
finding of centralization of myo-nuclei. It is caused by mutations in the MTM1 gene encoding the 3-phos-
phoinositides phosphatase myotubularin. Mutations in dynamin 2 and amphiphysin 2 genes lead to auto-
somal forms of centronuclear myopathy (CNM). While XLMTM is the most frequent and severe form of
CNM, no mutations are found in about 30% of patients by sequencing all MTM1 exons. Moreover, the
impact of MTM1 sequence variants is sometimes difficult to assess. It is thus important to devise a com-
plete molecular diagnostic strategy that includes analysis of the myotubularin transcript and protein
expression. We therefore developed novel antibodies against human myotubularin and showed that they
are able to detect the endogenous protein by direct Western blot from muscle samples and from cultured
cells. In conjunction with RT-PCR analysis we validated the consequences of missense and splice muta-
tions on transcript integrity and protein level. We also detected and characterized a novel deep intronic
mutation consisting of a single nucleotide change that induces exonisation of a conserved intronic
sequence. Patients with centronuclear myopathy and no molecular diagnosis should be investigated
for MTM1 defects at the cDNA and protein level.
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1. Introduction

X-linked centronuclear myopathy (XLMTM), also called myotu-
bular myopathy, is a rare congenital myopathy. XLMTM and more
generally centronuclear myopathies (CNM) are characterized by
muscle weakness associated with a predominance of type I hypo-
trophic fibers and numerous centrally located nuclei on muscle
biopsy [1,2]. Patients with XLMTM display severe generalized
hypotonia at birth accompanied by respiratory insufficiency

* Corresponding author at: IGBMC, 1 rue Laurent Fries, B.P. 10142, 67404 Illkirch,
France. Tel.: +33 388653412; fax: +33 388653201.
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requiring ventilator support. While the life expectancy is usually
strongly reduced, up to 40% of patients survive into childhood
and even adulthood, most of them requiring some degree of respi-
ratory support [3-6]. XLMTM primarily affects males, and myo-
pathic manifestations in female carriers have been found to be
associated with skewed X-inactivation, with or without chromo-
somal rearrangements [7-9]. XLMTM is due to mutation in the
MTM1 gene encoding the 3-phosphoinositides phosphatase myo-
tubularin [10]. Phosphoinositides are second messengers that flag
specific membrane subdomains. Myotubularin is thought to regu-
late membrane traffic and T-tubules maintenance in animal mod-
els like Caenorhabditis elegans, Zebrafish and mice [11-13]. About
400 patients with MTM1 mutations widespread through the gene
have been reported so far [4,14-19]. Myotubularin is ubiquitously
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expressed and a specific protein isoform is present in muscles
[10,20].

Other forms of centronuclear myopathies include autosomal
dominant and recessive forms, and sporadic cases. Most autosomal
dominant cases are associated with mutations in the large GTPase
dynamin 2 (DNM2) while mutations in the BIN1 gene encoding the
membrane remodeling protein amphiphysin 2 have been associated
with a few autosomal recessive consanguineous cases [21,22]. In
addition, sequence variants in the Ryanodine receptor (RYR1) and
in another 3-phosphoinositides phosphatase (hJUMPY, also called
MTMR14) were recently associated with sporadic cases [23,24].
These autosomal forms are usually less severe than XLMTM
[25,26] but it is to note that some specific BINT and DNM2 mutations
can be associated with neonatal hypotonia and weakness [22,27].

As XLMTM is the most frequent and severe form of centronucle-
ar myopathies, it is important to provide molecular diagnosis ap-
proaches that detect the largest number of mutations. The
routine molecular diagnosis is done by sequencing exons and in-
tron-exon junctions from genomic DNA. RT-PCR analysis from
muscle cDNA has been also used to identify MTM1 mutations and
confirm the effect of splice mutations in 12 cases [18,19,28,29].
Monitoring of myotubularin level by Western blot using previously
described antibodies necessitated an immunoprecipitation step to
be able to detect the protein, and showed that most MTM1 muta-
tions including missense mutations are associated with a lower
protein level compared to controls [30].

In order to facilitate the molecular diagnosis of XLMTM and de-
tect and validate non-exonic mutations, we developed novel myo-
tubularin antibodies and re-assess the status of patients without
mutations in MTM1 exons. We characterize here 5 patients with
X-linked centronuclear myopathy. We identify the disease-causing
mutations and their consequence on protein level and RNA splicing
by combining direct Western blotting, RT-PCR and genomic DNA
sequencing. We also report the characterization of a deep intronic
mutation leading to abnormal exonisation.

2. Materials and methods
2.1. Patients and murine cells and tissues

Six control cells (3 fibroblast and 3 lymphoblast cell lines) were
derived from individuals unaffected by known neuromuscular dis-
orders. Three previously characterized patient cells were used as
mutated controls: lymphoblastoid cells from patients 1 (89-441;
deletion of exons 1-13 in MTM1) and 3 (CF88; p.Ser376Asn in
MTMT1), and fibroblast cells from patient 2 (H31; complete genomic
deletion of MTM1) [30]. Patients cells analyzed were from nine
clinically diagnosed CNM patients, based on muscle weakness
and a characteristic CNM histopathology (abnormal proportion of
centralized nuclei, predominance of type I fibers and variation in
size) and directed to us for molecular diagnosis. Myotonic dystro-
phy has been excluded in all patients by Triplet repeat primed-PCR,
Quantitative Multiplex PCR of Short fluorescent Fragments
(QMPSF) or Southern blot. Patients 4, 5 and 6 had severe neonatal
hypotonia and deceased by one year of age, while patient 8 is a
6 years old boy able to sit and on night-time ventilatory support,
and patient 7 is a 8 years old boy who had hypotonia at birth
and respiratory assistance during 3 days, and later presented prox-
imal weakness, walking difficulties, lordosis, strabismus and learn-
ing difficulties. Appropriate written consent was received from
patients or their legal representant for molecular study in a diagno-
sis setting, and such molecular diagnosis investigations were vali-
dated by on-site ethical committees. Some cell lines were
established by the DNA and Cell Bank of Généthon (Evry, France).
A summary of patients’ clinical and molecular data is provided in
Table 1.

Mouse C2C12 cells were from the European collection of cell
cultures (ECACC, 91031101) and skeletal muscle biopsies taken
from quadriceps of 5 weeks old wild-type and Mtm1 knock-out
mice [31].

2.2. Antibodies and Western blotting

New Zealand white female rabbits were immunized against two
human myotubularin sequences: R2630 and R2631 against the N-
terminal peptide MASASTSKYNSHSLE, R2826 and R2827 against
the C-terminal peptide SQMMPHVQTHF. Peptides were coupled
to ovalbumin as a protein carrier prior to immunization. Sera were
immuno-purified using the immunizing peptides coupled to a Sulf-
olink column (Pierce, Rockford, IL, USA). For Western blot, cells and
muscle extracts were prepared in extraction buffer (50 mM Tris pH
7.8, 10% glycerol, 1 mM EDTA, 50 mM KCl, 1% SDS, 2% Triton X-100,
1 mM sodium orthovanadate), homogenized through 25G needles
and cycles of liquid nitrogen freezing, then centrifuged. Aliquots
were loaded onto 8% SDS-polyacrylamide gels, electrotransferred
onto nitrocellulose and blotted with anti-myotubularin antibodies
(dilutions ranging from 1:300 to 1:500) and mouse anti-GAPDH
antibodies (diluted 1:10,000; Millipore, Billerica, MA, USA). Goat
secondary antibodies were anti-mouse or anti-rabbit coupled to
peroxidase (1:10,000; Jackson ImmunoResearch Inc., Baltimore,
USA) and signals were detected with SuperSignal Pico (Pierce).

2.3. RT-PCR and genomic DNA sequencing

Total RNA was extracted from cultured cells using Tri reagent
(Molecular Research Center Inc., Cincinnati, OH, USA) and reverse
transcribed using Superscript (Invitrogen, Carlsbad, CA, USA).
MTM1 and HPRT cDNAs were subsequently amplified by PCR.
MTM1 specific primers were ATGGCTTCTGCATCAACTTC (5'-3'
direction) with TGGAATTCGATTTCGGGAC for fragment 1 (678nt)
while we also used the forward primer GCAGCCGAGCAGCCTGGC
in the non-coding exon 1 (729nt) for some PCR experiments,
GTTCCGTATCGTGCCTCAG with GGAGAACGGTCAGCATCGG for
fragment 2 (698nt), AGAATGGATAAGTTTTGGAC with TTATTTCGA
GCTCTAATGCG for fragment 3 (622nt). HPRT primers were CCAA
AGATGGTCAAGGTCGC and CTGCTGACAAAGATTCACTGG (745nt).

Genomic DNA prepared from cultured cells or fresh blood using
standard procedures was amplified by PCR with primers
GCTTGAAACAAAACAGTTCCTG and CCCATTCTCACAAATGCACA lo-
cated in intron 7. RT-PCR and PCR products were purified using
Multiscreen HTS 96-wells plates (Millipore) and sequenced with
ABI PRISM BigDye Terminator cycle kits on a 3130XL Genetic Ana-
lyzer (Applied Biosystems, Carlsbad, CA, USA).

2.4. Sequence analysis

Reference sequences used were: human MTM1 cDNA (U46024),
human genomic MTM1 (NG_008199) and mouse genomic Mtml
(NT_039706). The genomic structure of human MTM1 was pub-
lished elsewhere [32]. Sequence alignment was performed with
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and prediction of
splice site strength with MaxEntScan (MES, http://genes.mit.edu/
burgelab/maxent/Xmaxentscan_scoreseq.html), NNSPLICE (http://
www.fruitfly.org/seq_tools/splice.html), and Human Splicing Fin-
der (http://www.umd.be/HSF/).

3. Results
3.1. Validation of novel myotubularin antibodies

Previously characterized anti-myotubularin antibodies allowed
the detection of myotubularin from human cells after immunopre-
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Table 1
Summary of clinical and molecular data.

377

Patients Codes Clinical severity MTM1 mutation Cells/tissues*® MTM1 protein level” MTM1 RNA analysis

1 89-441 Severe, additional hypospadias Deletion exons 1-13 Lym Not detectable n.d.

2 H31 Severe, additional hypospadias Deletion all MTM1 Fib Not detectable Absent

3 CF88 Severe c.1127G>A (p.Ser376Asn) Lym Normal n.d.

4 GU15 Severe c.582+1334A>G Lym Not detectable Intron 7 partial exonisation
5 AHWS88 Severe c.(1644+3)_(1644+6)delAAGT Fib n.d. Exon 14 skipping

6 AEK28 Severe c.868-13T>A Muscle, Lym Not detectable Splicing defects of exon 10
7 AHY60 Mild, 8 years old ¢.575A>G (p.Tyr192Cys) Lym Lower than controls n.d.

8 AAS96 Intermediate, 6 years old n.d. Fib Not detectable Lower than controls®

9 AIF27 Prenatal diagnosis c.1493T>A (p.Leu498Stop) Chor villus n.d. c.1493T>A in RNA sequence

Patients 1-3 were reported elsewhere [16].

Classification of severity is based on ventilation support [6]. All patients with a severe phenotype died before one year of age.

MTM1 mutations according to GenBank U46024.
n.d., not determined.
¢ Lym, lymphoblastoid cells; Fib, fibroblasts; Chor villus, chorionic villus.

b Ref. [30] and this study. Not detectable means that the protein level is below the detection threshold of the method.

¢ Semi-quantitative.

cipitation as an enrichment step [30]. Here we generated novel
rabbit polyclonal antibodies against human myotubularin. Most
of the depicted experiments are with the R2826 antibody while
the other antibodies gave similar results. By direct Western blot
on murine skeletal muscle extracts, these antibodies detect a band
at the expected size (about 65 kDa), that is absent in Mtm1 KO
sample (Fig. 1A). We concluded they detect myotubularin and
cross-react with the mouse protein. Myotubularin can also be de-
tected from cell extracts of murine C2C12 myotubes, human fibro-

A Murine skeletal muscle

KO WT
75 KD —

MTMI1 =
50 KDa—

C Patients cells

Lymphoblasts
N Vv ™~
&
Pl Sl S
] S - s MTMI —

——

D Ppatient 7 cells

oW

“-&--'—l —GAPDH\ \

MTM] = S —

blasts, human lymphoblasts (Fig. 1B), human embryonic kidney
epithelial cells, human mammary epithelial cells, culture of chori-
onic villi cells and amniotic cells (not shown), suggesting these
antibodies can be used onto extracts from different cell origin.

3.2. Myotubularin level in cells and tissues from XLMTM patients

We monitored the level and size of myotubularin from lympho-
blast and fibroblast cell lines derived from controls and CNM
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Fig. 1. Detection of myotubularin by direct Western blot from cultured cells and muscle biopsies. (A) Skeletal muscle extract from wild-type (WT) and Mtm1 knock-out (KO)
mice immunoblotted with anti human myotubularin antibody. Myotubularin appears at 65 kDa. (B) Myotubularin immunoblot on different cell lines: murine C2C12
myotubes (C2Mt), human fibroblasts (Fib) and lymphoblasts (Lym). (C) Different controls cells (Ctrl) and CNM patients (Pt) cells were analyzed for the presence of
myotubularin. Cells from patient 1 and patient 2 are derived from patients with MTM1 deletions. Cells AH]J97, EO35 and 34263 are derived from CNM patients in whom no
subsequent MTM1 abnormalities or mutations were found. Note that myotubularin is not detectable in cells from patients 4 and 8. (D) Serial dilution of patient 7 cells extracts
showing that myotubularin is still detectable at expected size although in a much lower amount, compared to controls cells. (E) Skeletal muscle biopsies from wild-type (WT)
and Mtm1 knock-out (KO) mice and from human control and patient 6 analyzed by immunoblotting: myotubularin is not detectable in Mtm1 KO mouse and patient 6. Loading

control was anti-GAPDH or a Coomassie staining for panel (C).
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patients (Table 1 for a summary). Myotubularin was below detec-
tion level in cells from patients with large MTM1 deletions (pa-
tients 1 and 2), while a missense mutation p.Ser376Asn in the
phosphatase active site did not change the protein level (patient
3; Fig. 1C; [30]). Myotubularin was not detectable in cells from pa-
tient 4 and 8, in whom no MTM1 mutation was previously identi-
fied by DNA sequencing of exons and intron-exon junctions,
suggesting that the disease is nevertheless linked to myotubularin
deficiency (Fig. 1C; [30]). Prior to DNA sequencing, we noted that
myotubularin level was lower in cells from patient 7 compared
to control. Semi-quantitative analysis compared to GAPDH level
suggested a decrease of about 7 times compared to control
(Fig. 1D). Subsequent DNA sequencing revealed a ¢.575A>G muta-
tion leading to a missense change p.Tyr192Cys. Lastly, these anti-
bodies can be used to detect myotubularin from muscle biopsies
(Fig. 1E). Muscle biopsy from the CNM patient 6 with a c.868-
13T>A sequence variant in intron 9 did not show any detectable
myotubularin. Similar results were obtained on this muscle extract
either with N-terminal or C-terminal directed antibodies, suggest-
ing unstability of RNA or protein as the molecular mechanisms,
rather than production of a truncated protein.

In conclusion, novel anti-myotubularin antibodies allow a rapid
detection of myotubularin from cell and muscle extracts by direct
Western blot.

3.3. Detection of abnormal MTM1 splicing

To analyze further the molecular mechanism leading to myotu-
bularin deficiency in cells from patients 4, 6 and 8, we next estab-
lished RT-PCR analysis from cultured cells, covering the MTM1
coding sequence into three overlapping fragments (Fig. 2A). RT-
PCR amplification for patient 8 and sequencing of the products

A

showed a normal MTM1 cDNA sequence, although PCR amplifica-
tion gave a much lower level compared to the control cells in
two independent experiments (not shown). The intronic variant
¢.868-13T>A found in patient 6 is predicted to create an acceptor
splice site with similar strength compared to the endogenous site,
by Human Splicing Finder. RT-PCR analysis of lymphoblast cells
from this patient showed abnormal products that correspond to
the use of three different acceptor sites for exon 10, the normal site
and two other sites leading to predicted out-of-frame translation
(Fig. 2C). This experiment confirms that the intronic variant
c.868-13T>A is the causative mutation leading to the lower protein
level seen in Fig. 1E. Screening other patient cells, including chori-
onic villus and amniotic liquid cells, revealed abnormal PCR prod-
ucts for cells from patients 4 and 5 (Fig. 2B). Patient 5 DNA showed
ac.(1644+3)_(1644+6)delAAGT variation in intron 14 and sequenc-
ing of the RT-PCR products reveal skipping of exon 14 (not shown).
In cells from patient 4, an insertion of about 100nt was predomi-
nantly present in the N-terminal part of the MTM1 c¢DNA (Fig. 2D
and E). Subsequent sequencing of the aberrant transcript from pa-
tient 4 revealed the insertion of a 94nt sequence between exon 7
and exon 8, bearing stop codons in all three possible frames; this
abnormal sequence inclusion is responsible for the lack of myotu-
bularin protein as seen on Fig. 1C.

RT-PCR followed by sequencing of the PCR products thus repre-
sents a useful approach to detect or/and confirm both exonic muta-
tions and splice alterations due to intronic mutations.

3.4. Characterization of a deep intronic MTM1 mutation
Comparison of the 94nt insertion in patient 4 MTM1 cDNA

showed that it matches a region located in the middle of MTM1 in-
tron 7. Sequencing this region on genomic DNA from both cultured
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Fig. 2. Detection of MTM1 transcript abnormalities in patients with X-linked centronuclear myopathy. (A) MTM1 cDNA was amplified in three overlapping fragments (F1, F2,
F3) covering the coding sequence, from cultured immortalized fibroblasts. (B) RT-PCR amplification products from control cells (Ctrl), control amniotic liquid cells (Ctrl AL),
patient 2 (Pt 2; complete deletion of the MTM1 gene) and several CNM cells. “~" is a control without cDNAs. Note aberrant products size from patients 4 and 5. Cells from
patient 9 were from chorionic villus and sequencing lead to the identification of a c.1493T>A mutation (p.Leu498Stop). (C) RT-PCR from patient 6 lymphoblasts detected
aberrant fragments. Sequencing of these products showed that the c.868-13T>A mutation (underlined) lead to the usage of three different acceptor sites, that were predicted
with similar scores by Human Splicing Finder. Intronic and exonic sequences are in small and upper cases respectively. (D) and (E), a focus on patient 4 cells. (D) RT-PCR
amplification products from control and patient 4 cells showing an aberrant size of fragment 1 (indicated by a star) while other fragments were found at expected size. RT-
PCR control gene was HPRT (Ctrl). (E) A longer migration of PCR fragment 1 from control (Ctrl) and patient 4 cells: the insertion in patient 4 MTM1 cDNA was estimated to be

about 100nt in length.
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cells and blood sample derived from the patient revealed a point
mutation A>G at position —1 from the start of this insertion
(Fig. 3A and B). This c.582+1334 A>G mutation is located 1.3 kb dis-
tal from exon 7 donor site and 0.9 kb proximal from exon 8 accep-
tor site. The sequence of this insertion, called exon 7/, is well
conserved in mouse intron 7 with 89% identity, a score similar to
MTMT1 exons (ranging from about 87% to 90% identity), and the sur-
rounding 400nt sequence shares about 84% identity between
mouse and human. However, exon 7’ is not conserved in human
MTMRI1, a close MTM1 homologue located 20 kb distal on the X
chromosome [33]. Together with our RT-PCR data, in silico analysis
using MES and NNSPLICE demonstrated the creation of a functional
acceptor splice site with very high score of 9.7 and 1.0, respec-
tively. A cryptic donor site downstream of exon 7’ is also predicted
by these programs (AG/GTACA, NNSPLICE score of 0.9; Fig. 3C) but
is used only in the context of the c¢.582+1334 A>G mutation. No EST
that includes exon 7’ sequence has been described.

We conclude that a single intronic point mutation creates a
functional acceptor site that was used together with an existing
cryptic donor site to induce the exonisation of a conserved intronic
sequence.

4. Discussion

We have characterized novel anti-myotubularin antibodies that
have been used, in parallel with RT-PCR amplification, to assign

A

molecular diagnosis in XLMTM patients (Table 1 for a summary).
For the 5 patients characterized here, we first detected MTM1 de-
fects by Western blotting and RT-PCR, prior to the identification of
the mutation in 4 of them, by sequencing the RNA or the genomic
DNA. Using these approaches, we validated several potential splice
mutations and uncover a novel kind of disease-causing mutation
for XLMTM, sequence exonisation.

We previously used specific myotubularin antibodies and
immunoprecipitation to assess the level of myotubularin from cul-
tured cell lines and showed that most of the mutations including
missense correlate with a lower myotubularin level [30]. With
these novel antibodies the enrichment step by immunoprecipita-
tion is not required. They can be used for direct Western blotting
to detect both exonic and non-exonic mutations and should be able
to detect most patients using a variety of cell types and muscle tis-
sue. Taken together the present study and published data, only two
out of 22 different MTM1 mutations tested did not correlate with a
lower myotubularin level [30]. This was the case of the p.Ser376-
Asn missense in patient 3 and of the in-frame deletion of the gly-
cine at position 294. However, this approach does not provide
information on the causative mutation. Indeed, for cells from pa-
tient 8 with no detectable myotubularin and no mRNA sequence
abnormalities in fibroblasts, it is difficult to conclude between a
non-exonic MTM1 mutation that impacts on mRNA level or a muta-
tion in another gene regulating MTM1 expression. Nevertheless,
Western blotting is useful to confirm the impact of splice muta-
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Fig. 3. Intronic sequence exonisation in patient 4 cells. (A) Electropherograms of a region of intron 7 from control and patient 4 genomic DNA, showing an A to G transition
indicated by a star. (B) The sequence variation is found within a conserved sequence in intron 7, when comparing human and mouse genomic sequences, numbered from the
first base of intron 7. The intronic exonised sequence is underlined and the A to G transition in patient 4 is depicted. Note that a conserved donor splice consensus sequence is
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tions, for example for patient 6, and can be used from cultured cells
and muscle biopsies as a rapid approach to orient molecular diag-
nosis towards MTM1 sequencing. Not all patients referred for
MTM1 testing may have XLMTM or any form of CNM. Myotubula-
rin level is detectable in cells from 3 patients with BINT mutations
and 5 patients with DNM2 mutations, linked to autosomal forms of
CNM (unpublished). Further developments may address the use of
circulating blood cells and ELISA or FACS analysis.

RT-PCR allowed the confirmation of intronic variant found by
genomic DNA sequencing (for e.g. patient 5) and detect both exonic
and intronic mutation, the later if they have an effect on splicing.
Importantly, the specific mutation can be identified by sequencing
the MTM1 cDNA, allowing subsequent genetic counseling and pre-
natal diagnosis.

In cells from patient 4, we detected the exonisation of a conserved
intronic sequence. Such mutation mechanism was described for
other diseases [34]. While RT-PCR analysis of MTM1 was previously
used efficiently to diagnose XLMTM [18,19], this study uncovered
the first deep intronic mutation to our knowledge. In this case, a sin-
gle point mutation was sufficient to create an acceptor site that acti-
vates a cryptic donor site. The high conservation of the exonised
sequence and cryptic splice sites suggests that exon 7' may have
been used but was lost during evolution both in human and mouse,
and accumulated stop codons. Indeed, this mutation was not detect-
able by direct sequencing of exons and intron-exon junctions, the
approach used in routine for diagnosis. While Western blotting ori-
ented the diagnosis, RT-PCR analysis was necessary to confirm and
characterize this mutation in MTM1.

This work underlies the importance of using Western blotting
and RT-PCR analysis in addition to genomic DNA sequencing, as a
number of XLMTM patients do have non-exonic MTM1 mutations.
Up to now, about 19% of intronic mutations were found in the
MTM1 gene. The vast majority were located in close proximity to
the exons and detected by the routine sequencing of splice sites
and coding exons. Our approach should allow the detection of deep
intronic mutations that were not targeted by the routine sequenc-
ing; their proportion will be determined once this approach will be
applied to a large cohort of patients. MTM1 cDNA sequencing may
replace genomic DNA analysis if cells are treated with puromycin
to inhibit potential non-sense mRNA decay and allow the detection
of premature stop codons, especially when applied to heterozygous
female carrier. As female carriers also express a normal allele,
puromycin treatment will be necessary to detect the mutated
RNA in addition to the normal RNA. We propose that myotubularin
detection and RNA analysis can be performed on suspected XLMTM
patients prior to the classical exon sequencing, if cultured cells are
available. This was the case for example in patients 6 and 7 for
whom we first identified protein and RNA abnormalities before
identifying the mutations. Concerning patients for whom the clas-
sical genomic DNA sequencing method did not identified an exonic
mutation (as in patient 4), cells or muscle biopsies should be
collected and myotubularin level and RNA integrity analyzed. In
addition, such analysis can confirm the impact of intronic variants
and thus the molecular diagnosis. These approaches should allow
the molecular diagnosis of additional XLMTM patients.
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RESULTS

A- Introduction

Centronuclear myopathies are rare congenital myopathies with X-linked and autosomal inheritance.
XLMTM is the most severe form, characterized by severe hypotonia at birth and respiratory
insufficiency associated with a poor prognosis. Most patients have a short life span and harbor

mutations in the MTM1 gene encoding the phosphoinositide phosphatase myotubularin.

B- Aim of study

Detection and characterization of a novel mutation in the MTM1 gene.

C- Results

We reported the first MTM1 mutation leading to the complex splicing rearrangements in a patient

with mildly progressive myotubular myopathy.

D- Conclusion

Systematic analysis of the protein level and transcript integrity as a first screening for CNM patients is
a suitable, fast, reliable and cost-effective diagnostic approach if cultured cells or tissues are
available, as most MTM1 mutations lead to a detectable decrease in the protein level.

In addition, sequencing the RNA species is seldom performed but the analysis of RNA by RT-PCR
following by sequencing is an important step to characterize the precise impact of detected splice
variants, and in some cases to detect deep intronic mutations. Similar complex pathogenic splicing is

expected to exist in most genetic diseases.
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Myotubular myopathy caused by multiple abnormal
splicing variants in the MTM1 RNA in a patient

with a mild phenotype

1,2,3,4 1,2,3,4

, Vincent Laugel5, Johann Bohm
%,1,2,3,4
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Mutations impacting on the splicing of pre-mRNA are one important cause of genetically inherited diseases. However, detection
of splice mutations, that are mainly due to intronic variations, and characterization of their effects are usually not performed as
a first approach during genetic diagnosis. X-linked recessive myotubular myopathy is a severe congenital myopathy due to
mutations in the MTM1 gene encoding myotubularin. Here, we screened a male patient showing an unusually mild phenotype
without respiratory distress by western blot with specific myotubularin antibodies and detected a strong reduction of the protein
level.The disease was subsequently linked to a hemizygous point mutation affecting the acceptor splice site of exon 8 of MTM1,
proven by protein, transcript and genomic DNA analysis. Detailed analysis of the MTM1 mRNA by RT-PCR, sequencing and
quantitative PCR revealed multiple abnormal transcripts with retention of a truncated exon 8, and neighboring exons 7 and

9 but exclusion of several other exons, suggesting a complex effect of this mutation on the splicing of non-adjacent exons.

We conclude that the analysis of RNA by RT-PCR and sequencing is an important step to characterize the precise impact of
detected splice variants. It is likely that complex splice aberrations due to a single mutation also account for unsolved cases

in other diseases.

European Journal of Human Genetics advance online publication, 18 January 2012; doi:10.1038/ejhg.2011.256

Keywords: splice mutation; MTM1; myotubular myopathy; centronuclear myopathy; myotubularin; congenital myopathy

INTRODUCTION

Centronuclear myopathies are rare congenital myopathies with
X-linked and autosomal inheritance. X-linked recessive myotubular
myopathy (XLMTM; OMIM # 310400) is the most severe form,
characterized by severe hypotonia at birth and respiratory insuffi-
ciency associated with a poor prognosis. Most patients have a short life
span and harbor mutations in the MTM]I gene encoding the phos-
phoinositide phosphatase myotubularin.!?

To date, molecular diagnosis of about 400 patients with MTM]1
mutation have been reported, mainly based on direct sequencing of
exons and intron—exon junctions.>* Some of the mutations were
found to affect the canonical acceptor (AG) or donor (GT) splice
sites, involving alteration or skipping of the mutated exon but an
impact on other exons has not been reported.”~”

Here, we report the detection and characterization of a novel
mutation affecting the acceptor splice site of exon 8 in the MTM]I
gene, inducing splicing defects of non-adjacent exons, and leading to
multiple aberrant transcripts.

PATIENTS AND METHODS

Patient

The male patient was born at 38-weeks’ gestation. Fetal movements
were decreased during pregnancy. He required oxygen administration
in the first 2h of life but did not need endotracheal intubation or

mechanical ventilation. Major general hypotonia was present from
birth with a narrow and elongated face, high-arched palate, decreased
spontaneous movements, weak grasping reflex, weak cry and poor
sucking. Left congenital torticollis and mild knee contractures were
also present from birth. Motor milestones were delayed and he needed
continued physiotherapy. He had numerous mild respiratory infec-
tions during the first 2 years although no sign of respiratory distress
was ever noted. At 5 years of age, generalized muscle weakness is still
present and facial weakness with dysarthria and chewing difficulties
are still prominent. Muscle biopsy (quadriceps) showed the typical
centronuclear myopathies pattern of small rounded muscle fibers with
central nuclei (Figure 1).

Molecular biology procedures

Genomic DNA of the patient and his mother was isolated from blood
samples or cultured lymphoblastoid cells using standard procedures.
Molecular investigations were performed with the informed consent of
the family.

For western blot, myotubularin was detected with the C-terminal
R2827 anti-myotubularin polyclonal antibody as described.® Equal
loading was monitored by Coomassie staining and a mouse
monoclonal anti-GAPDH antibody (Millipore, Billerica, MA, USA).

Total RNA was extracted from lymphoblastoid cells or muscle using
Tri reagent (Molecular Research Center Inc., Cincinnati, OH, USA),
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Figure 1 Histological analysis of the patient’s muscle biopsy stained with ATPase, pH=4.5 (a), Cytochrome oxidase (cox) (b), Haematoxylin and Eosin (c),
Nicotinamide adenosine dinucleotide — tetrazolium reductase (NADH-TR) (d) Periodic Acid Schiff (PAS) (e) and Gomori Trichrome (f). (g) Electron
microscopic picture shows muscle fibers with a centralized nucleus surrounded by an area devoid of myofibrils and filled with glycogen granules. Myofibrils

are of different size.

reverse transcribed and amplified using MTMI specific primers in
three overlapping fragments covering the entire MTMI coding
sequence, as previously reported.® Resulting cDNAs were cloned
into the pGEM-T Easy vector (Promega, Madison, WI, USA) and
sequenced (GATGC; http://www.gatc-biotech.com/). Real-time RT-PCR
was performed using a Lightcycler 480 (Roche Diagnostics, Meylan,
France) with primers in the ubiquitous exons 12 and 14 and RPLPO
and GAPDH mRNAs as standards. All exons and intron—exon
boundaries of MTMI, BINI and DNM2 were sequenced from
genomic DNA. Primer sequences are available upon request.

RESULTS

Unlike most XLMTM patients, our patient (ACJ7) showed a mild
disease progression and no respiratory distress. To assess whether
he has XLMTM or a milder autosomal form, and as a first and
cost-effective diagnostic approach, we performed western blot on a
muscle biopsy sample and lymphoblasts. The amount of MTM1

European Journal of Human Genetics

protein was below the detection level in the patient’s lymphoblasts
as compared with control cells (Figure 2a), indicating myotubularin
deficiency as the disease cause. To decipher whether the disease-
associated mutation is in the MTMI gene or in other genes regulating
MTM]I transcription, we analyzed the RNA of MTM1 extracted from
lymphoblastoid cells and a muscle biopsy. RT-PCR from lymphoblasts
revealed the presence of abnormal RNA molecules with variable length
of the 5’ region (Figure 2b). We sequenced 68 and 56 cDNA clones
extracted from the patient lymphoblastoid cells and muscle biopsy,
respectively. Sanger sequencing identified five different frequent aber-
rant transcripts in lymphoblasts cDNA and five aberrant transcripts in
muscle ¢DNA, compared with 50 independent cDNA clones
sequenced from lymphoblasts of a healthy control (Figure 2c). We
also detected other aberrant transcripts in single clone (data not
shown) as well as the normal MTMI transcript (18 clones from
lymphoblast cDNA and 12 from muscle cDNA). All aberrant clones
had an abnormal 5" part of exon 8, starting at cryptic acceptor sites at
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Figure 2 Detection and characterization of the MTM1I splice mutation. (a) Western blot to asses the myotubularin level in cells from the patient (ACJ7),
positive (+, cells from a healthy individual) and negative (—, cells from a XLMTM patient with an entire MTM1 gene deletion) controls. (b) RT-PCR covering
the MTM1 coding sequence was performed in three overlapping fragments (F1: exons 1-8; F2: exons 8-12; F3: exons 11-15) using RNA extracts from the
patient’s lymphoblastoid cells and controls. (c) The MTMI gene has 15 exons drawn to scale with start and stop codons in exon 2 and 15, respectively. The
five protein domains are: PH-GRAM (Pleckstrin homology, Glucosyltransferase, Rab-like GTPase activators and Myotubularins), RID (Rac-induced recruitment
domain), PTP (Protein Tyrosine Phosphatase-like), SID (SET-interacting domain) and PDZB (PSD-95/DIg/Z0-1 binding site). F1, F2 and F3 indicate the
overlapping PCR fragments in (b). The abnormal transcripts and number of cDNA clones are shown below. L indicates the number of lymphoblastoid clones
and M indicates the number of muscle clones. (d) The amount of MTM1 RNA is not significantly different between ACJ7 patient cells and three controls as
seen by quantitative RT-PCR in three independent experiments, using RPLO and GAPDH as standard genes. 2ACt method; P-value=0.134.

a c.529-1 G>T
Intron 7 Exon 8
T T T T T c c T c A c A T G G c T
A A A A A G G A G T G T A c c G A

b AG GT

Exon 8

Acceptor splice site Donor splice site
Hemizygous ¢.529 -1G>T change

N=24 N=43
AT | | GT

............. TT GG&XATAACTTTTATTAATAA_G¥GCTA. [T
| |

Acceptor splice site l 1 Donor splice site

New Cryptic Acceptor splice sites

Figure 3 Genomic mutation and mechanism. (a) Electropherogram of the hemizygous ¢.529-1G>T change in intron 7 of MTM1 (GenBank U46024).
(b) Schematic representation of normal MTMI exon 8 splice sites and the cryptic acceptor splice sites found to be alternatively used in cells from the
patient.
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B,

exon 8 positions 2, 24 (highly preferred) and 43, predicted by the
human splice site finder program.® This suggested a mutation in the
endogenous acceptor site of exon 8. Unexpectedly, most cDNA
molecules displayed aberrant exclusion of non-adjacent exons but all
retained exons 1 and 7.

The detected abnormal MTM1 trancripts in our patient are not due
to an overall decrease in RNA level and the amplification of illegiti-
mate splicing background, as quantitative RT-PCR revealed a normal
level of MTM1 RNA (Figure 2d).

In accordance to the strong decrease in MTM1 protein and the
aberrant splicing variants detected by RT-PCR, sequencing of the
patient’s genomic DNA revealed a novel hemizygous ¢.529-1G>T
mutation modifying the physiological acceptor splice site from AG to
AT in intron 7, leading to the use of cryptic acceptor splice sites in
exon 8 (Figures 3a and b).The mother of the patient is a healthy
heterozygous carrier of the mutation.

DISCUSSION

We report the first MTMI mutation leading to complex splicing
rearrangements in a patient with mildly progressive myotubular
myopathy.

Mature mRNAs are assembled by correct identification and joining
of exons. The inaccurate attachement of exons leads to the generation
of aberrant mRNAs, and unstable, truncated or deleterious pro‘u&:ins.10
To date, some MTMI mutations were shown to have an impact on
splicing and the majority of patients with splice site mutations
presented with a severe phenotype, although a few cases show mild
or moderate phenotypes.*”!! In muscle and lymphoblastoid cells
from the patient described in the present study, the majority of the
analyzed MTMI cDNAs is predicted to lead either to the absence of
the starting methionine in exon 2 or to the disruption of the coding
frame. Indeed MTM1 protein level was strongly decreased although a
weak normal sized band was detected when overloading the patient
sample (not shown), probably sustaining the mild phenotype. Sys-
tematic analysis of the protein level and transcript integrity as a first
screening, is a suitable, fast, reliable and cost-effective diagnostic
approach if cultured cells or tissues are available, as most MTM]I
mutations lead to a detectable decrease in the protein level.®!2
In addition, sequencing the RNA species is seldom performed but
the present example shows that it represents a necessary approach to
characterize the impact of the causative mutation.

In the analyzed patient, the acceptor site mutation in exon 8 was
linked to variable exclusion of non-adjacent exons 2 to 6, whereas the
total level of MTMI RNA was not compromised. Although unlikely,
we cannot exclude the possibility of a second intronic variation that
can induce this phenomenon. It is not known how the splice site
mutation can have an impact on the inclusion/exclusion of non-
adjacent exons. Similarly, the presence of multiple abnormal splicing
variants in the CSA gene has been previously reported in a patient
with Cockayne syndrome, although the causative mutation was not
identified in that case.!* A number of diseases associated with
mutations that affect pre-mRNA splicing have been described
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cryptic exons.

We conclude that the analysis of RNA by RT-PCR and sequencing is
an important step to characterize the precise impact of detected
splice variants, and in some cases to detect deep intronic mutation.
Similar complex pathogenic splicing is expected to exist in most
genetic diseases.

including intronic mutations leading to inclusion of
8,16
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RESULTS

A- Introduction

Amphiphysin 2, encoded by BIN1, plays a central role in membrane sensing and remodeling and is
involved in intracellular membrane trafficking in different cell types. The ubiquitously expressed
BIN1, altered in centronuclear myopathy (CNM) and myotonic dystrophy (DM), possesses a muscle-
specific exon coding for a phosphoinositide binding domain. There are at least 12 different isoforms,
basically differing by the presence or absence of a phosphoinositide-binding domain (Pl domain) and
a clathrin-binding domain encoded by exon 11 and exons 13-16, respectively. The clathrin-binding
domain is present in the brain isoforms, while the Pl domain is found almost exclusively in skeletal

muscle isoforms.

B- Aim of study

Detection and characterization of a novel mutation in the BINI gene in a patient with CNM and in

canine model.

C- Results
We identified and characterized the first human BIN1 mutation affecting the splicing of the muscle-
specific domain, resulting in a rapidly progressing myopathy in humans. We also identified a new
canine model reproducing the human pathology with similar mutation in the BINI gene.

D- Conclusion
Alternative splicing of BIN1 exon 11 is mis-regulated in patients with myotonic dystrophy. In this
study we reported the first mutation affecting the muscle-specific exon 11 of BIN1 and having an
impact on splicing. The major clinical and histological aspects of the patients and affected Great
Danes include general muscle weakness, atrophy and nuclear centralization, consistent with the
muscle phenotype in DM patients. Our data therefore strongly support the hypothesis that mis-
splicing of BIN1 exon 11 accounts for most muscle-specific signs in myotonic dystrophy.

E- My contribution

The molecular analysis for human was done by me.
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Abstract

Amphiphysin 2, encoded by BIN1, is a key factor for membrane sensing and remodelling in
different cell types. Homozygous BIN1 mutations in ubiquitously expressed exons are
associated with autosomal recessive centronuclear myopathy (CNM), a mildly progressive
muscle disorder typically showing abnormal nuclear centralization on biopsies. In addition,
misregulation of BIN1 splicing partially accounts for the muscle defects in myotonic
dystrophy (DM). However, the muscle-specific function of amphiphysin 2 and its
pathogenicity in both muscle disorders are not well understood. In this study we identified and
characterized the first mutation affecting the splicing of the muscle-specific BIN1 exon 11 in a
consanguineous family with rapidly progressive and ultimately fatal centronuclear myopathy.
In parallel, we discovered a mutation in the same BIN1 exon 11 acceptor splice site as the
genetic cause of the Inherited Myopathy of Great Danes (IMGD). Analysis of RNA from
patient muscle demonstrated complete skipping of exon 11 and BIN1 constructs without exon
11 were unable to promote tubulation in differentiated myotubes. Comparative
immunofluorescence and ultrastructural analyses of patient and canine biopsies revealed
common structural defects, emphasizing the importance of amphiphysin 2 in membrane
remodelling and maintenance of the skeletal muscle triad. Our data demonstrate that the
alteration of the muscle-specific function of amphiphysin 2 is a common pathomechanism for
centronuclear myopathy, myotonic dystrophy and IMGD. The IMGD dog is the first faithful
model for human BIN1-related CNM and represents the only known mammalian model
available for preclinical trials of potential therapies.

Key words: Centronuclear myopathy, CNM, BIN1, Myotonic dystrophy, DM, Inherited
Myopathy of Great Danes, IMGD, muscle disorder, excitation-contraction coupling, ECC, T-
tubule, splice mutation, dog model
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Author Summary

The intracellular organization of muscle fibers relies on a complex membrane system
important for muscle structural organization, maintenance, contraction and resistance to
stress. Amphiphysin 2, encoded by BIN1, plays a central role in membrane sensing and
remodelling and is involved in intracellular membrane trafficking in different cell types. The
ubiquitously expressed BIN1, altered in centronuclear myopathy (CNM) and myotonic
dystrophy (DM), possesses a muscle-specific exon coding for a phosphoinositide binding
domain. We identified splice mutations affecting the muscle-specific BIN1 isoform in humans
and Great Danes presenting a clinically and histopathologically comparable highly
progressive centronuclear myopathy. Our functional and ultrastructural data emphasize the
importance of amphiphysin 2 in membrane remodeling and suggest that the defective
maintenance of the triad structure is a primary cause for the muscle weakness. The Inherited
Myopathy of Great Danes is the first faithful model for investigating other potential
pathological mechanisms underlying centronuclear myopathy and for testing therapeutic
approaches.
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Introduction

Amphiphysin 2 is one of the key factors in muscular membrane remodeling. The gene, BIN1,
has recently been associated with two different muscle disorders: centronuclear myopathy
(CNM, MIM #255200) [1] and myotonic dystrophy (DM, MIM #160900 and #602668) [2].
However, the muscle-specific role of the ubiquitous protein amphiphysin 2 and the
pathological mechanisms underlying the muscle disorders are not well understood. This is
mainly due to the lack of faithful animal models.

Centronuclear myopathies are characterized by a generalized muscle weakness, atrophy,
predominance of type | fibers, and aberrant positioning of nuclei and mitochondria [3]. All
three forms are not or only moderately progressive. The X-linked and dominant CNM forms
respectively result from mutations in the phosphoinositide phosphatase myotubularin (MTM1)
and the large GTPase dynamin 2 (DNM2) [4,5]. The autosomal recessive form is caused by
mutations in BIN1, probably involving a partial loss-of-function as the protein level was
found to be normal in previously described patients [1]. Amphiphysin 2, encoded by BIN1,
contains a N-terminal amphipathic helix, a BAR (Bin/Amphiphysin/Rvs) domain, able to
sense and maintain membrane curvature, a Myc-binding domain and a SH3 domain, both
implicated in protein-protein interactions [6,7,8]. There are at least 12 different isoforms,
basically differing by the presence or absence of a phosphoinositide-binding domain and a
clathrin-binding domain encoded by exon 11 and exons 13-16, respectively [9,10]. The
clathrin-binding domain is present in the brain isoforms, while the phosphoinositide-binding
(P1) domain is found almost exclusively in skeletal muscle isoforms [10,11,12]. Sequencing
of cDNA demonstrated that all BIN1 skeletal muscle isoforms contain exon 11 [12]. All
ARCNM mutations described to date are in ubiquitously expressed exons [1,13,14,15], raising
the question about the molecular basis of the muscle-specificity of the disease. The BAR
domain mutations strongly decreased the amphiphysin 2 membrane tubulating properties
when expressed in cultured cells, while SH3 truncating mutations were shown to impair the
binding and recruitment of dynamin 2.

Mis-splicing of the BIN1 muscle-specific exon 11 was reported in different forms of myotonic
dystrophy (DM) [16]. It is one of the most common muscular dystrophies in neonates and
adults, and results from the expression of mutant RNAs with expanded CUG or CCUG
repeats leading to the sequestration of splicing factors and subsequent defects in RNA
splicing. Splicing alterations of the muscle chloride channel CLCN1 are suggested to be
responsible for the myotonia, whereas aberrant splicing of the insulin receptor INSR gene is
thought to cause insulin resistance in DM patients. Complete or partial skipping of BIN1 exon
11 in congenital and adult DM was shown to involve structural T-tubule abnormalities and
subsequently muscle weakness [16]. However, there are numerous splicing defects in DM. It
is therefore challenging to assess the exact contribution of BIN1 exon 11 skipping to the DM
phenotype, even though severe hypotonia, respiratory failure and histopathological features
such as fiber hypotrophy and centrally located nuclei in the congenital forms of DM show
intriguing similarities to CNM.
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Amphiphysins are key regulators of membrane curvature and trafficking [17]. They can sense
membrane curvature and presumably promote the curvature and fission of membranes. They
also bind and recruit other regulators of endocytosis to sites of plasma membrane inward
budding. Amphiphysin 1 expression is restricted to neuronal tissues and the protein regulates
synaptic vesicle recycling in the brain [18]. Amphiphysin 2 is highly expressed in adult
striated muscle and its expression increases during muscle cell maturation [10,11,19,20]. The
polybasic residues encoded by BIN1 exon 11 are required for amphiphysin 2-induced
membrane tubulation when exogenously expressed in cultured cells [1,21]. In skeletal muscle,
amphiphysin 2 is localized at the T-tubules, which are deep sarcolemmal invaginations
enabling excitation-contraction coupling [11]. This specific localization, together with the
membrane tubulation properties of the muscle-specific isoform containing the Pl domain,
called iso8 or M-amphiphysin, have led to the suggestion that amphiphysin 2 is implicated in
T-tubule biogenesis [21]. This is sustained by defects in the localization of nascent T-tubule
markers as caveolin 3 following BIN1 downregulation in cultured cells [22], and by the
abnormal T-tubule structure seen in drosophila with null mutations in amph, the unique
ortholog of mammalian amphiphysins 1 and 2 [23]. While faithful animal models were
previously characterized for the MTM1 and DNM2 related CNM forms [24], the perinatal
lethality of Binl-null mice precludes the analysis of the role of amphiphysin 2 in skeletal
muscle [25]. Therefore, critical questions concerning the muscle-specific function of
amphiphysin 2 in mammals and the pathological mechanism of BIN1-related CNM remain
unanswered. The lack of a faithful animal model for autosomal recessive centronuclear
myopathy is a hurdle for a better comprehension of the pathological mechanisms and for the
development of therapeutic approaches.

In this study, we identified and characterized the first human BIN1 mutation affecting the
muscle-specific domain. We also identified a novel spontaneous canine model reproducing
the human pathology and allowing investigations on the physiological role of amphiphysin 2
in skeletal muscle after birth. Characterization of the dog model revealed an important role for
amphiphysin 2 in triad structure and membrane trafficking, and we provide the evidence for a
physiological function of the membrane-deforming properties of amphiphysin 2 and its
alternative splicing-dependent activity. Our data support the hypothesis that the alteration of
the muscle-specific function of amphiphysin 2 on membrane remodeling and trafficking is a
common pathomechanism underlying several canine and human myopathies.

Results
BIN1 exon 11 mutation in patients with rapidly progressive centronuclear myopathy

To identify BIN1 mutations affecting its function in skeletal muscle, we sequenced the
muscle-specific exon 11 and the adjacent splice-relevant intronic regions in a cohort of 84
patients with various forms of centronuclear myopathy and without mutations in MTM1,
DNM2, or in the other BIN1 exons. We identified a homozygous BIN1 exon 11 splice
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acceptor mutation (IVS10-1G>A) in two affected members from a consanguineous family
from Turkey (Figure 1A and 1B). Genotyping of patient 1 on an Affymetrix Genome-Wide
Human SNP 6.0 Array revealed a homozygous region at 2q12.1-934 region (chr2:104939155-
211935990; 106 Mb) encompassing the BIN1 locus on chromosome 2q14 (data not shown).
DNA was not available for the third affected member. The healthy parents are first-degree
cousins and were found to be heterozygous for the mutation, confirming autosomal recessive
inheritance of the disease. The mutation was not found in unaffected individuals from
different origins, including 37 DNAs from an ethnically matched control population, and is
not listed in the SNP databases as dbSNP, 1000 genomes, or the NHLBI exome variant
server.

Patients 1 and 2 are dizygotic twins. Pregnancy and birth, as well as motor and speech
development were normal. General muscle weakness was diagnosed at 3.5 years. Hypotonia,
respiratory distress and loss of motor skills were rapidly progressive and the twins died at age
5 and 7, respectively. Patient 3 is the younger brother, and as for his sisters, pregnancy, birth,
motor and speech development were normal. Age of onset was 3.5 years and the myopathy is
highly progressive, contrasting the slow progression of muscle weakness in the reported CNM
cases with BIN1 mutations in ubiquitous exons [1,13,14,15]. Patient 3 presented with
predominant proximal muscle weakness, facial weakness, but no respiratory distress. Eye
movement defects, as seen in the majority of the MTM1, DNM2 and BIN1 patients, were not
noted. Deep tendon reflexes were absent and the patient had contractures.
Electrophysiological evaluation was normal or showed only unspecific myopathic changes,
with normal nerve conduction velocity. Cardiac defects were not noted.

Impact of the human BIN1 mutation on splicing

The BIN1 1VS10-1G>A variation changes the AG acceptor splice site into AA, and is
predicted to impair exon 11 splicing by various algorithms. The wild-type acceptor site was
recognized by NNSPLICE (score 0.84) and Human Splice Finder (88.5), while the mutated
sequence was not predicted to dispose splice sites. To confirm an impact on exon 11 splicing,
we performed RT-PCR after RNA isolation from a muscle biopsy of patient 1, amplified a
fragment encompassing exons 10 to 12, and obtained a shorter product compared to the
control (Figure 1C). To analyze the transcript(s), we cloned the PCR-products and sequenced
the resulting clones. As we and others previously reported, the skeletal muscle BIN1 isoforms
contain exon 11, but lack exons 7 and 13 to 16. Exon 17 can be either present or absent,
corresponding to isoform 8 or M-amphiphysin [10,11]. Among the 30 analyzed clones, 29 did
not contain exon 11 and directly combined exon 10 with exon 12, demonstrating a major
skipping of exon 11 in the patient muscle (Figure 1D). The impact of the mutation on the
amphiphysin 2 protein level in skeletal muscle was investigated by Western blot (Figure 1E).
Using an anti-Pl domain antibody, we detected multiple signals in the control as previously
reported [1], most probably reflecting post-translational modifications of the different
isoforms containing exon 11. In the patient muscle, we found a significant decrease of the
level of the amphiphysin 2 isoform containing the Pl domain, confirming exon 11 skipping in
most BIN1 muscle transcripts. The amphiphysin levels detected with the pan antibody were
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similar in patient 1 and control. Together with the genetic data, we conclude that the rapidly
progressive CNM form results from a splice mutation involving the skipping of the muscle-
specific exon 11.

BIN1 exon 11 is required for membrane tubulation in muscle cells

Previous publications demonstrated the importance of the amphiphysin 2 Pl domain in
PtdIns(4,5)P2 binding and membrane tubulation [1,2,21]. We transfected C2C12 cells with
BIN1 constructs including or excluding exon 11, and we induced the differentiation of the
murine myoblasts into myotubes. Myotubes transfected with the exon 11 containing isoform
showed tubulation (arrows) [21,26], whereas the isoform without exon 11 did not have this
effect (Figure 2). Immunolabelling of actin, caveolin-3 and RYR1 did not reveal significant
differences between the differentially transfected myotubes, suggesting that the amphiphysin
2 PI domain is important for late muscle development or maintenance, rather than for early
muscle development. This hypothesis is supported by the fact that the patients were
unaffected at birth and during early childhood.

BIN1 exon 11 mutation causes the Inherited Myopathy of Great Danes (IMGD)

The perinatal lethality of Bin1-null mice precludes investigations on the role of amphiphysin 2
in skeletal muscle maintenance [25]. To identify and characterize an animal model for BIN1-
related CNM, we analyzed canine pedigrees with molecularly unsolved myopathies. The
Inherited Myopathy of Great Danes (IMGD) is characterized by rapidly progressive muscle
atrophy and exercise intolerance with an age of onset of about 6 months. Histological
examinations of muscle biopsies from autosomal recessive cases from the UK, Canada and
Australia revealed increased nuclear internalization and centralization [27,28,29], consistent
with centronuclear myopathy. We excluded mutations in MTML1 [30] and PTPLA [31] before
sequencing the coding regions and intron/exon boundaries of the canine BIN1 gene
(XM_540990.3). We identified a homozygous AG to GG substitution of the BIN1 exon 11
acceptor splice site in five dogs from Canada and UK (IVS10-2A>G; Figures 3A and 3B).
Pedigree reconstruction revealed a distant relationship between the Canadian and one UK dog
(Figure 3C) and a previous publication reported a common ancestor for all IMGD dogs in the
UK [28]. The BIN1 IVS10-2A>G mutation was not found in 112 healthy Great Danes and in
35 dogs from 12 other breeds, strongly suggesting its pathogenicity.

Impact of the canine BIN1 mutation on exon 11 splicing

Like the human BIN1 1VVS10-1G>A mutation, the canine BIN1 IVS10-2A>G variation affects
the exon 11 acceptor splice site. To assess its impact on splicing, we performed RT-PCR on
RNA isolated from skeletal muscle biopsies and found a strong reduction of the BIN1 RNA
level compared to healthy controls and compared to a control gene (MTM1, Figure 3D). We
however detected a faint signal of expected size and cloned the amplicon. All clones
contained exon 11 with 27 additional upstream nucleotides, encoding the amino acid sequence
ASASRPFPQ (Figure 3E). This in-frame extension results from the disposition of a weak
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cryptic 5° acceptor site. The intronic sequence upstream of exon 11 slightly differs between
human and dog, possibly explaining the cryptic splicing in dogs versus exon skipping in
human patients (Figure 3F). To confirm the impact of the splice mutation on the amphiphysin
2 protein level, canine muscle extracts were probed with an anti-PI domain antibody on
Western blot. Compared to the healthy control, amphiphysin 2 was significantly reduced in
the affected dog (Figure 3G). We conclude that the Inherited Myopathy of Great Danes results
from a BIN1 exon 11 splice mutation, provoking a strong reduction of the Pl domain-
containing RNA and protein. Consequently, IMGD represents a genetic model for autosomal
recessive centronuclear myopathy, and more specifically for the rapidly progressive form
described in this study.

Similar histopathology in affected humans and Great Danes

Medial gluteal muscle biopsies were performed for patient 1 as well as for patient 3 at the age
of 3.5 years. H&E staining revealed prominent nuclear centralization, fiber atrophy and
moderate endomysial fibrosis (Figure 4A), consistent with centronuclear myopathy. NADH-
TR staining demonstrated predominant type | fiber atrophy (Figure 4C), and Gomori
trichrome staining did not reveal any further abnormalities (Figure 4D). Similarly, H&E
staining of biceps femoris muscle biopsies from affected dogs revealed nuclear internalization
and fiber atrophy (Figure 4B). The central areas devoid of staining reflect perinuclear regions
lacking myofibrils. Of note, the transverse canine muscle sections showed an unusual
lobulated appearance with indentations of the sarcolemma (Figure 4B, arrowheads). To a
lesser extent, this was also seen in the human muscle sections. Taken together, human and
canine histopathologies were comparable.

Common ultrastructural and membrane defects in affected patients and dogs

To uncover the pathological defects underlying this highly progressive form of centronuclear
myopathy and to validate the canine model, we analyzed human and dog muscle biopsies by
electron microscopy. Ultrastructural analysis of the human muscle biopsy revealed centralized
nuclei surrounded by an area devoid of myofibrils and containing glycogen granules and other
organelles (Figure 5A), as commonly seen in MTM1, DNM2 and BIN1-related CNM.
Moderate Z-band deviations were seen in the adjacent sarcomeres. Triad structures were
found to be aberrant and we observed frequent enlarged structures, most probably originating
from the sarcoplasmic reticulum (Figure 5D). We also noted other membrane alterations,
including sarcolemmal invaginations and subsarcolemmal proliferations of membranes and
tubules (Figure 5C), as well as myelin-like membranous structures indicating autophagy
(Figure 5B). Likewise, ultrastructural analysis of muscle biopsies from an affected Great
Dane showed nuclear internalization, mitochondrial accumulations around the nuclei and
myofibrillar disarray (Figure 5E). We furthermore found membranous whorls (Figure 5H) as
reported for the X-linked CNM Labrador retriever model with MTM1 mutation [30,32,33],
lipofuscin granules (Figure 5F), and abnormal triads (Figure 5G, arrow). Taken together and
considering the histological analysis described above, histopathology of IMGD dogs and
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human patients appear strikingly similar, emphasizing common alterations of the membrane
structures.

Amphiphysin 2 is present but altered in affected human and dog muscles

To further characterize the pathophysiology of the rapidly progressive human CNM and
canine IMGD, we performed immunolocalization experiments on muscle biopsies. Using a
pan antibody against all isoforms, amphiphysin 2 signals were detected as an intracellular
network in transverse sections of human and canine controls (Figure 6). Signals were also
detected in sections of muscles from patient and affected dog, reflecting the presence of
different amphiphysin 2 isoforms without exon 11 as shown by Western blot. The
amphiphysin 2 network appeared however abnormal in human and canine sections. In some
fibers we noted central areas without any signal, while in other fibers accumulations around
centralized nuclei were observed (arrows). To determine whether these anomalies were
specific for the BIN1 exon 11 splice mutation or rather a general BIN1-related CNM feature,
we analyzed a muscle biopsy from a patient with the previously reported BIN1 p.Asp151Asn
mutation and a classical ARCNM phenotype [1]. We observed similar accumulations of
amphiphysin 2, suggesting that different BIN1 mutations in humans and dogs lead to similar
amphiphysin 2 mis-localization in muscle (Figure 6A).

Alteration of triad and membrane trafficking regulators

Amphiphysin 2 has been proposed to be implicated in T-tubule biogenesis, but the exact link
has barely been documented in mammalian skeletal muscle [21]. We therefore examined the
skeletal muscle triad using antibodies against the junctional sarcoplasmic calcium channel
RYRL1 and the T-tubule marker DHPR in human and dog (Figure 7A and 7B). Both proteins
were profoundly altered, showing focal accumulations or central areas without signal in the
fibers. Compared to the control longitudinal sections, the transversal orientation of RYR1-
labeled triads was lost in the patient muscle. However, these defects did not reflect a general
disorganization of the sarcomere, as alpha-actinin labeling appeared normal (Figure S1).

We next wanted to know whether the aberrant triad structure was concurrent with more
generalized membrane defects. Dysferlin and caveolin 3, key regulators of membrane repair
and trafficking, were found to be mainly located at the sarcolemma in control muscle sections.
In contrast, transverse and longitudinal sections of patient 1 and of an affected Great Dane
revealed striking intracellular accumulations of both proteins, mainly around central nuclei
(Figure 7C and 7D). Especially for the Great Dane, labeling of the sarcolemmal markers
confirmed the presence of numerous fibers with unusual lobulated and indented sarcolemma,
representing deep sarcolemmal invaginations pointing towards the center of the fibers
(arrows, Figure 7D). Taken together, our data correlate the highly progressive human CNM
and canine IMGD with general membrane alterations at the triad, the sarcolemma and within
the fibers.

Altered myotubularin localization in BIN1-mutated canine muscles
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As MTM1 is mutated in X-linked human and canine CNM, we investigated the localization of
myotubularin in muscle sections of IMGD dogs. Myotubularin formed an intracellular
network in control sections and the signal was stronger in type Il fibers labeled with the
SERCAL1 antibody (Figure 8A). In the IMGD muscle, myotubularin was mainly located as
concentric strands pointing to the center in both type | and type Il fibers (Figure 8B). We
conclude that altered splicing of BIN1 has a strong impact on myotubularin localization in
muscle, revealing a potential link between IMGD and X-linked CNM.

Discussion

In this study, we identified and characterized BIN1 mutations affecting the splicing of the
muscle-specific exon 11, resulting in a rapidly progressing myopathy in humans and dogs.
The IMGD dog is the first faithful mammalian model for BIN1-related centronuclear
myopathy and its characterization unravelled muscle-specific functions of amphiphysin 2 in
membrane structural organization, trafficking and remodelling. A schematic representation of
the amphiphysin 2 protein domains and of the position of the mutations and splicing
alterations causing classical autosomal recessive centronuclear myopathy, rapidly progressive
human CNM and canine IMGD as well as myotonic dystrophy is shown in Figure 9.

BIN1 mutations in classical and highly progressive centronuclear myopathies

Classical BIN1-related ARCNM has been described with neonatal or childhood onset,
hypotonia and ptosis and all mutations were found in ubiquitously expressed exons
[1,13,14,15]. The muscle weakness was mildly to moderately progressive, the life expectancy
of all previously reported ARCNM did not appear to be markedly reduced, and some patients
could still walk at older age. In contrast, our patients with a splice mutation affecting the
muscle-specific exon 11 showed a rapid disease progression involving strong care-
dependence and leading to death within a few years, despite normal motor development and
disease-onset not before 3.5 years. The histopathological findings of our patients and of the
previously reported ARCNM cases partially overlap, including atrophy and prominent nuclear
internalization in muscle fibers. However, there is no evidence for type | fiber predominance
in the muscle biopsies of our patients. Previous RT-PCR experiments demonstrated a
progressive integration of exon 11 in BIN1 mRNA during human skeletal muscle
development [2]. We therefore hypothesize that the muscle-specific exon 11 plays a major
role in muscle maintenance, rather than in early muscle development. This is in accordance
with the highly progressive phenotype of humans and dogs with a disease onset several
months or years after birth. Consistently, we detected amphiphysin 2 in muscle tissue, but no
BIN1 transcripts containing exon 11. This suggests that the patients mainly express the
embryonic BIN1 isoform, which might not be able to assume the function of the adult BIN1
isoform.
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The Inherited Myopathy of Great Danes is a faithful model for BIN1-related centronuclear
myopathy

The characterization of the pathological mechanisms leading to BIN1-related CNM and the
development of potential therapeutic approaches is obviated by the lack of a faithful animal
model. BIN1-null mice are perinatally lethal [25], so that a comprehensive analysis of skeletal
muscle alterations during disease development is not possible. We sought for dog breeds with
molecularly unsolved congenital myopathies and we identified the Inherited Myopathy of
Great Danes as a disease model reproducing the molecular, histological and physiological
defects observed in BIN1-related CNM patients. IMGD has been reported for cases in Canada,
Australia and UK and is characterized by generalized muscle atrophy, exercise intolerance,
exercise-induced tremor and muscle wasting [28]. The disease typically starts before 10
months of age and most of the affected dogs are euthanized before 18 months of age due to
severe debilitating muscle weakness. Histological examinations revealed internalized or
central nuclei without evidence of inflammation, disruption of the sarcomeric architecture
with central fiber areas devoid of myofibrils, and central accumulations of mitochondria and
glycogen granules [27,28,29]. In addition, type | fiber predominance in combination with an
increased expression of genes implicated in the slow-oxidative metabolism was described
[34]. In this study we demonstrate that IMGD and progressive CNM have a comparable
etiopathology and both conditions result from mutations of the AG acceptor splice site of the
BIN1 muscle-specific exon 11. The histopathology and the cellular organization defects of the
human and canine muscle disorders are almost identical, we therefore consider IMGD as the
first faithful mammalian model for BIN1-related centronuclear myopathy.

Veterinary implications

Some Great Danes of our IMGD cohort were found to be negative for BIN1 mutations,
suggesting that IMGD encompasses several disorders with similar clinical and overlapping
histopathological features. The proven relationship of two affected Great Danes demonstrates
a common origin of the BIN1 exon 11 splice mutation, and it is likely that all five affected
dogs described here can be traced back to a common ancestor. As the muscle disorder is
inherited as a recessive trait, and as canine pedigrees are generally highly inbred, it is likely
that the mutation can be found in Great Danes populations from all over the world, as recently
demonstrated for another autosomal recessive CNM form in Labrador retrievers (Maurer et
al., PLoS ONE, in press). It is therefore of veterinary medical interest to sequence BIN1 exon
11 in Great Danes. Also, veterinarians and veterinary pathologists should consider BIN1
mutations as a possible cause of any unexplained progressive myopathy in dogs, especially
when the biopsy displays central nuclei and lobulated or indented sarcolemma.

Insights into amphiphysin 2 muscle-specific functions and pathological mechanisms of
centronuclear myopathy

Detailed immunological and ultrastructural analyses of muscles from patients and affected
Great Danes revealed common membrane structure alterations and abnormal accumulations
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of proteins regulating membrane trafficking. The aberrant skeletal muscle triad suggests that
the amphiphysin 2 muscle-specific isoforms play an important role in triad buildup and/or
maintenance. This is in accordance with the known biochemical function of amphiphysin 2
and other N-BAR domain proteins to sense membrane curvature and to potentially induce
curvature through the insertion of an amphipathic helix into the membrane bilayer. In vitro
and cell culture experiments have led to the suggestion that the exon 11 encoded Pl-binding
motif is essential for membrane tubulation in cultured muscle cells [21]. Indeed, Drosophila
mutated for amphiphysin, the ortholog of both amphiphysin 1 and amphiphysin 2, display an
abnormal T-tubule system [23]. The mammalian amphiphysin 2 has most probably retained
the muscle function of the common amphiphysin ancestor while amphiphysin 1, implicated in
synaptic vesicle recycling [18], may have gradually evolved a more specialized function of an
upper neuronal control of motor [35] or cognitive functions [18]. T-tubule alterations and
muscle weakness were reproduced in murine Tibialis anterior injected with a U7 small
nuclear RNA construct harboring an antisense sequence promoting BIN1 exon 11 skipping
[2]. However, nuclear centralization and atrophy were not observed, contrasting with the
IMGD model. This is possibly due to the low efficacy of the AAV-U7 method or alternatively
to the examination time point 4 months post injection. As the triad is the membrane structure
controlling excitation-contraction coupling, this suggests that impaired excitation-contraction
coupling and subsequent calcium homeostasis defects are a primary cause of the myopathy.
Of note, abnormal intracellular calcium release was observed in isolated murine muscle fibers
after BIN1 shRNA-mediated knock-down [36]. Together with the present characterization of
the IMGD model, these data indicate that amphiphysin 2 has an important muscle-specific
role in triad structural maintenance, and provide additional evidence that triad modifications
are a common defect in myopathies.

Triads are not the only membrane compartment affected in patients and Great Danes
harboring BIN1 exon 11 mutations. We also noted central accumulations of caveolin 3 and
dysferlin, two key regulators of membrane trafficking in skeletal muscle, numerous
membranous whorls, and a peculiar remodeling of the sarcolemma, manifesting an indented
fiber perimeter and invaginations towards the center of the fibers. These observations point to
a general function of amphiphysin 2 in membrane trafficking and remodeling in skeletal
muscle. Interestingly, caveolin 3 and dysferlin are mutated in limb girdle muscular
dystrophies, defined by progressive muscle weakness and increased sarcolemma fragility.
However, we did not observe a dystrophic phenotype in patients and affected Great Danes.
Caveolin 3 regulates membrane tension at the sarcolemma and dysferlin controls membrane
exocytosis in sarcolemmal membrane repair [37,38]. As both proteins are also present on
regenerating T-tubules [39], their mislocalization resulting from a BIN1 mutation would be in
accordance with defective T-tubule regeneration. It also suggests that amphiphysin 2 could be
implicated in membrane and protein trafficking in skeletal muscle. Indeed, Hong et al. have
suggested that amphiphysin 2 participates in the transport of the L-type calcium channel
DHPR to the T-tubule in a microtubule-dependent manner in cardiac muscle cells [40].
Moreover, data mainly obtained in cultured cells support a key role of amphiphysins in the
formation of endocytic vesicles [17], and a study in Caenorhabditis elegans suggested a role
of amphipysin in vesicle recycling [41]. Defects in intracellular signaling resulting from
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calcium defects and impaired transport of ion channels and growth factor might explain the
muscle weakness and atrophy in BIN1-related CNM.

Amphiphysin 2 links several forms of centronuclear myopathies and myotonic dystrophy

Our findings on the IMGD model uncovered possible links between BIN1-related and other
forms of CNM. Altered triads and the presence of membranous whorls were reported for
MTM1 dog, mouse and zebrafish models as well as for patients with MTM1 mutations
involving protein loss [12,30,33,42,43]. Abnormal triad markers were also reported for
MTM1-related and DNM2-related CNM [12,44]. Dysferlin localization was not extensively
studied in MTM1-CNM but was increased in the cytoplasm of a mouse model and in patients
with DNM2-CNM [45]. Moreover, we found myotubularin localization was strongly impaired
in IMGD muscles. These findings suggest that myotubularin and amphiphysin 2 are in the
same pathway regulating membrane remodeling in skeletal muscle and strengthen the
hypothesis of a common pathological mechanism of the X-linked and the autosomal recessive
CNM forms.

Alternative splicing of BIN1 exon 11 is mis-regulated in patients with myotonic dystrophy
[2]. Here we report the first mutation affecting the muscle-specific exon 11 of BIN1 and
having an impact on splicing. The major clinical and histological aspects of the patients and
affected Great Danes include general muscle weakness, atrophy and nuclear centralization,
consistent with the muscle phenotype in DM patients. Our data therefore strongly support the
hypothesis that mis-splicing of BIN1 exon 11 accounts for most muscle-specific signs in
myotonic dystrophy.

Conclusion

We identified a mutation in BIN1 as the genetic cause of the Inherited Myopathy in Great
Danes. Comparison with the pathology of patients with an exon 11 acceptor site mutation
demonstrates that the IMGD dog is a faithful model for BIN1-related centronuclear myopathy.
The characterization of the IMGD model allows novel insights into the overlapping
pathogenesis of centronuclear myopathy and myotonic dystrophy, resulting from BIN1
mutations in coding regions or from mutations leading to altered splicing, respectively. Our
data provide strong evidence for the physiological importance of the membrane-deforming
properties of amphiphysin 2 in skeletal muscle. The affected Great Danes represent the only
characterized mammalian model available for preclinical trials of potential therapies and are a
precious resource to develop effective treatments for this severe human congenital myopathy.

Materials and methods

Ethics statement
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Human sample collection was performed with informed consent from the patients according
to the declaration of Helsinki and experimentation was performed following IGBMC
institutional review-board-accepted protocols. Dog samples were collected under the ethical
guidance of the Ethics committee of the University of Glasgow. Cryopreserved muscle
specimens were processed and stored at the University of California, San Diego, under a
tissue transfer approval from the institutional Animal Care and Use Committee. All dogs were
examined with the consent of their owners.

Molecular genetics

Human Genomic DNA was prepared from peripheral blood by routine procedures and
sequenced for all coding exons and intron/exon boundaries of MTM1, DNM2, and BIN1 as
described elsewhere [1,4,5]. Patient 1 had a normal CTG repeat length at the DMPK locus (7
and 13 repeats) and was therefore excluded for myotonic dystrophy. Control DNAs were from
healthy individuals of Turkish origin.

Dog DNA samples were extracted from saliva, venous blood or muscle biopsy specimens
(cryosections or paraffin embedded tissue) by routine procedures and sequenced for all coding
exons and intron/exon boundaries of canine MTM1 [30], PTPLA [31] and BIN1 (primer
sequences in TableS1). Control samples were from a world-wide collection of healthy Great
Danes as well as from healthy individuals of 13 other breeds.

RNA studies

RNA was extracted from muscle biopsies by routine procedures and reverse transcribed using
the SuperScript® Il kit (Invitrogen, Carlsbad, USA). Human and dog amplicons were cloned
into the pPGEM®-T Easy vector (Promega, Madison, USA) and transfected into E.coli DH5a
cells. Blue/white selection, repeated twice, resulted in 30 clones for the human cDNA and 3
clones for the canine cDNA. Control dog was an unaffected Drahthaar. Primer sequences are
listed in Table S1.

Protein studies

Western blot and immunofluorescence were performed using routine protocols. Following
antibodies were used for the study: R2406 (home-made rabbit anti-BIN1 PI binding domain),
R2444 (home-made rabbit anti-BIN1 SH3 domain), R3062 (home-made rabbit anti-BIN1
exon 12 epitope), C99D (mouse anti-BIN1 exon 17 epitope, Upstate Biotechnology, Buffalo,
USA), R2868 (home-made rabbit anti-MTM1), mouse anti-GAPDH (Merck Millipore,
Darmstadt, Germany), mouse anti-a-actinin (Sigma-Aldrich, St. Louis, USA), mouse anti-
ryanodine receptor 1 (Affinity BioReagents, Golden, USA), mouse anti-SERCA 1 (Affinity
BioReagents, Golden, USA), rabbit anti-dysferlin (Euromedex, Souffelweyersheim, France),
goat anti-caveolin-3 (Tebu-BlO, Le-Perray-en-Yvelines, France), rabbit anti-caveolin-3
(Affinity BioReagents, Golden, USA), mouse anti-DHPR (Affinity BioReagents, Golden,
USA), and mouse anti-actin (Sigma-Aldrich, St. Louis, USA). For immunohistofluorescence,
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transverse cryosections were prepared, fixed and stained by routine methods. Nuclei were
stained with Hoechst or DAPI (Sigma-Aldrich, St. Louis, USA). Sections were mounted with
slowfade antifade reagent (Invitrogen, Carlsbad, USA) and viewed using a laser scanning
confocal microscope (TCS SP2; Leica Microsystems, Wetzlar, Germany) or a a Zeiss Axio
Observer Z.1 microscope equipped with a 20X lens and Axioplan imaging with structured
illumination (Carl Zeiss, Jena, Germany).

Muscle histology

For histochemical analyses, transverse sections of muscle cryosections (8 um) of medial
gluteal and biceps femoris muscle biopsies were stained with hematoxylin-eosin, modified
Gomori trichrome, NADH-TR and myofibrillar ATPase then assessed for centralized nucleli,
fiber morphology, fiber type distribution, cores, protein accumulation and cellular
infiltrations.

Electron microscopy

Muscle biopsies were processed for electron microscopy as described previously [46]. Briefly,
the tissue was fixed either in 6 % phosphate-buffered glutaraldenyde (human patient) or in
2.5% paraformaldehyde, 2.5% glutaraldehyde, and 50 mM CaCl; in 0.1 M cacodylate buffer
at pH 7.4 (dog), and post-fixed with 2% OsQO,4, 0.8% KsFe(CN)g in 0.1 M cacodylate buffer
(pH 7.4) for 2 h at 4°C and incubated with 5% uranyl acetate for 2 h at 4°C. Samples were
dehydrated in graded series of ethanol and embedded in Epoxy resin 812. Ultrathin sections
(70 nm) were contrasted with uranyl acetate and lead citrate.

Membrane tubulation assay

Murine C2C12 myoblasts were seeded on coverslips and transfected at 50-60% confluency
either with BIN1 isoform 8 (including exon 11) or isoform 9 (excluding exon 11, both were a
kind gift from Pietro de Camilli, Howard Hughes Medical Institute). Cells were differentiated
after 24h by changing to medium containing 2% horse serum instead of FCS and fixed and
stained after 5 days of differentiation by routine methods. Nuclei were stained with
Hoechst/DAPI (Sigma-Aldrich, St. Louis, USA) and sections were mounted with slowfade
antifade reagent and viewed using a laser scanning confocal microscope (TCS SP2; Leica
Microsystems, Wetzlar, Germany).

Web resources

1000 genomes - A Deep Catalog of Human Genetic Variation (URL:
http://www.1000genomes.org/)

Database of Single Nucleotide Polymorphisms (dbSNP). Bethesda (MD): National Center for
Biotechnology Information, National Library of Medicine. (dbSNP Build ID: 134).
(URL.: http://www.ncbi.nlm.nih.gov/SNP/)
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Exome Variant Server, NHLBI Exome Sequencing Project (ESP), Seattle, WA (URL.:
http://evs.gs.washington.edu/EVS/)

Online Mendelian Inheritance in Man (OMIM) (URL.: http://www.omim.org/)

NNsplice: prediction of splice mutations (URL.: http://www.fruitfly.org/seq_tools/splice.html)
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Table S1. Primer sequences

Figures legends

Figure 1. Human BIN1 mutation of the exon 11 acceptor splice site and impact on
splicing. (A) Pedigree and (B) Chromatopherogram. Patients 1 and 3 are homozygous for the
IVS10-1G>A mutation, while both parents are heterozygous carriers. DNA from patient 2
was not available. (C) RT-PCR on mRNA isolated from muscle using primers encompassing
BIN1 exons 10-12 demonstrated amplification of a shorter product in patient 1 compared to a
healthy control. For the negative control (Ctrl-) PCR was performed without RNA. (D)
Sequencing of the BIN1 cDNA from muscle demonstrated skipping of BIN1 exon 11 in
patient 1. (E) Western blot analysis of patient muscle extracts detected a strong reduction of
the amphiphysin 2 isoforms containing the exon 11 encoded Pl-binding domain. The level of
amphiphysin 2 detected with a pan antibody was comparable between patient 1 and control.

Figure 2. Essential role of BIN1 exon 11 in membrane tubulation in myotubes. C2C12
myotubes overexpressing BIN1 isoform 8 (including exon 11) showed strong tubulation,
whereas BIN1 isoform 9 (without exon 11) does not induce tubulation. The intracellular
localization of actin, caveolin 3, and RYR1 was not affected by tubulation in myotubes 5 days
post differentiation.

Figure 3. The inherited myopathy of Great Danes results from a BIN1 mutation in the
exon 11 acceptor splice site. (A) Picture of an affected 3-year-old Great Dane. (B)
Chromatopherograms and sequence alignment showing the BIN1 IVS10-2A>G mutation in 5
affected dogs. (C) Pedigree showing the distant relationship of two affected Great Danes from
the UK and Canada. (D) RT-PCR on skeletal muscle RNA showed a strong reduction of the
BIN1 RNA level in the affected Great Dane compared to the healthy canine control.
Amplification of a control gene (MTM1) was normal. M = Marker (E) Sequencing of the
residual cDNA revealed the presence of 27 additional nucleotides due to the use of a weak
cryptic 5’ splice acceptor site. (F) Sequence alignment of human and canine BIN1 intron/exon
boundary of exon 11. (G) Western blot using an anti-PI domain antibody showed a strong
decrease of the amphiphysin 2 protein level.
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Figure 4. Histopathological comparison of muscles from human patient and affected
Great Dane. (A) Human and (B) canine muscle biopsy sections revealed nuclear
centralization (arrows), fiber atrophy and lobulation as well as sarcolemmal invaginations
(arrowheads) on H&E staining. (C) NADH-TR staining of human biopsy sections
demonstrated predominant type | fiber atrophy. (D) Gomori trichrome staining of patient
sections did not reveal any further abnormalities.

Figure 5. Common ultrastructural and membrane defects in affected human and dog.
(A-D) Electron microscopic analysis of a patient biopsy showing a centralized nucleus
surrounded by glycogen granules and mild sarcomeric disarray (A), membranous cytoplasmic
bodies (B), proliferation of subsarcolemmal membranes and tubules, possibly representing
extensions of the sarcoplasmic reticulum (C), and widened tubules at the triads (arrow, D). (E-
H) Ultrastructural analysis of a Great Dane biopsy revealed central nuclei surrounded by
mitochondrial accumulations (E), lipofuscin granules (F), abnormal triads (arrow) and
myofibrillar disarray (G), as well as membranous whorls (H).

Figure 6. Amphiphysin 2 is present but altered in muscles from affected humans and
dogs. (A) Amphiphysin 2 localization in control (left), patient 1 (middle) and a CNM patient
with the p.Aspl51Asn mutation (right). Arrows indicate abnormal accumulations of
amphiphysin 2 around centralized nuclei in both patient muscles. (B) Abnormal localization
of amphiphysin 2 in an affected Great Dane muscle compared to a control.

Figure 7. Alteration of triad components and proteins regulating membrane trafficking.
(A) Immunolocalization on longitudinal and transversal sections revealed an abnormal RYR1
pattern and intracellular RYR1 accumulations in the patient, (C) as well as a strong dysferlin
signal around large unstained areas including centralized nuclei. (B) The muscle of an
affected Great Dane showed RYR1 and DHPR accumulations, and (D) an abnormal
intracellular localization of dysferlin, caveolin 3 and SERCA1

Figure 8. Myotubularin is mis-localized in IMGD muscle. (A) In muscle sections from
control dogs, myotubularin is predominantly expressed in type Il fibers expressing SERCAL.
(B) In affected Great Danes, massive myotubularin accumulations formed a concentric
network around the fiber center.

Figure 9. BINL1 alterations in different myopathies. Schematic representation of the
amphiphysin 2 protein domains and position of the known mutations causing autosomal
recessive centronuclear myopathy, the new splice mutations resulting in rapidly progressive
centronuclear myopathy and Inherited Myopathy of Great Danes. Myotonic dystrophy
induces mis-splicing of BIN1 exon 11. Nomenclature is based on isoform 1 (NM_139343),
containing all exons except exon 11.

Figure S1. Normal alpha-actinin labeling in patient muscle. Labeling of a-actinin did not
reveal major structural differences between the patient and the control.
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Figure 1. Human BIN1 mutation of the exon 11 acceptor splice site and

impact on splicing

A

11

O
son

Exon 10

G G C C C A G C C C

|'-"||GT

oo

Carrier Control

Patient 1

Exon 11
|
] \ Z
N
__‘L/ A
Exon 12

G A C A A C G C G

C

nt Pt1 Ctrl -
600
500
400
300
200

100

Ctrl +

Exons 10 -12
N

%
&
O

Q’b
—-—
.

Amphiphysin 2
(pan antibody)

E

Amphiphysin 2
(anti Pl domain)

-—
-

-

w—

GAPDH

- -



Figure 2. Essential role of BIN1 exon 11 in membrane tubulation in myotubes
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Figure 3. The inherited myopathy of Great Danes results from a BIN1 mutation in
the exon 11 acceptor splice site

Reference  CGTTCLCACAGAAAGAARACTARACTGCTCTCCCGGCTGCTCAGRRAGRAGARCAGETACCAG
BIN1 exon 11 AARAGAARARCTAARACTGCTCTCCCGGECTGCTCAGARARGAAGAACAG
Affected dog 1 CGTTCCCACGGEARAGARARCTARACTGCTCTCCCGGCTGCTCAGARAGARGARCAGGTACCAG
Affected dog 3 CGTTCCCACGGARAGAAAACTARACTGCTCTeCCGGC TG TCAGARAGAAGARCAGG TACCAG
Affected dog 4 CGTTCCCACGGARAGARRACTARRCTGCTCTeCCGECTGECTCAGARAGAAGRACAGGTACCAG
Affected dog 5 CGTTeCoACGEARAGAAAAC TARACTGCTCTCCCGGCTGCTCAGARAGAAGARCAGG TACCAG
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Figure 4. Histopathological comparison of muscles from human patient and
affected Great Dane
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Figure 5. Common ultrastructural and membrane defects in affected human and dog
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Figure 6. Amphiphysin 2 is present but altered in muscles from affected humans
and dogs.
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Figure 7. Alteration of triad components and proteins regulating membrane trafficking
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Figure 8. Myotubularin is mis-localized in IMGD muscle.

A B

Control dog Affected Great Dane




Figure 9. BIN1 alterations in different myopathies
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Figure S1. Normal alpha-actinin labeling in patient muscle




Table S1. Primer sequences

Amplification Starting Species 5'-3' 5'-3' Size (nt)
material
BIN1 exon 11 genomic human TCCTCTGAGCAGAAGGGTTG CACTGCACACAGAGCCAGAT
DNA
BIN1 exons 6 to 18 cDNA human GCAAGCTGGTGGACTACGACAG ACAGTTGCTGGGAAGGTCTC 1106
BIN1 exons 10 to 12 cDNA human AGAACCTCAATGATGTGCTGG GGCTCGTGGTTGACTCTGAT 209
BIN1 exons 6 to 12 cDNA human GCAAGCTGGTGGACTACGACAG GGCTCGTGGTTGACTCTGAT 547
BIN1 exons 10 to 18 cDNA human AGAACCTCAATGATGTGCTGG ACAGTTGCTGGGAAGGTCTC 768
BIN1 exon 1 genomic dog GTCGGGGCTGCAAGATCG TCGGGGGTGCGCGAGGTG
DNA
BIN1 exon 2 genomic dog GAGCCATCTGTGGTATTGG CTTCCAGCTCGCTTACTCC
DNA
BIN1 exons3 +4 genomic dog GCGTTTGTCCACCTGAGAG GTCCAAGAAGGTGAGGCAG
DNA
BIN1 exon 5 genomic dog GGAAGCAGTGGGGCTCAAG CTTCACCTCCAGTGCACAG
DNA
BIN1 exon 6 genomic dog CTGAACATCTCGACATCTCG CAGTGGGCACAGCACAAGAG
DNA
BIN1 exon 7 genomic dog CCACTCTCCTTTGCCGTGAC CAGGAAAGAGACTGAGCCCTC
DNA
BIN1 exons 8 +9 genomic dog GACTTGGCTAGGCCTAAGC GTGGCCACTAGTGTGTACC
DNA
BIN1 exon 10 genomic dog GTGCAAGGAAGGGGCTAAGATG CTACAGCCAGGGCAGTAG
DNA
BIN1 exon 11 genomic dog GCTGCTGATGAGGGAACAGG GCACCAGGCGCATGCACAG
DNA
BIN1 exon 12 genomic dog CTGTGGATGCACATGGTCC CCATGAGCCCAGTGTTGC
DNA
BIN1 exon 13 genomic dog GTGACTAACTGTGGCTTTGTC GGAAGAAGGCCATGCACAC
DNA
BIN1 exons 14 + 15 genomic dog GCACCCTGCCGAATGTTCC GTGCAAGTGCATGCACCTG
DNA
BIN1 exon 16 genomic dog CTTGTCTCGTGCCCTTGCC GCAAATGTCTAGGTTAGAGTG
DNA
BIN1 exons 17 + 18 genomic dog CCATTGCAGGGACCTGAC CAACGTCGGCTCAGATAGC
DNA
BIN1 exon 19 genomic dog CCTGGTGCACCATGCTTG GCAGGGTACAGAGACAG
DNA
BIN1 exon 20 genomic dog GGTTCCAGTGCCCTCTG GGTGTTCTTCACACGCCCAG
DNA
BIN1 cDNA dog CAAGCAGCTGACTGAGGGCAC GGTGTTCTTCACACGCCCAG
MTM1 cDNA dog CCGAGTTTCCAGTATGGCTTC GTCTCCCTGATAACATCGAG




RESULTS

3-2- Targeted sequencing

3-2-1- Sequencing of 76 selected candidate genes

In a study, 76 genes were selected based on their functions (Table 5). DNA from 20 patients with
CNM was selected and pooled without tagging. The pool of samples was sequenced, using one lane
of lllumina GAllx sequencer, single-read with 72 bp length.

The aim of the study was to detect any potential disease-causing mutations in any of these genes,
using the pool of 20 patients without barcoding the samples. One DNA (ACJ7) with hemizygous c.529-

1G>T mutation in MTM1 gene was used as positive control.

Table 5- List of genes selected for targeted sequencing of 76 genes.

ANK2 CLIP1 EHD3 MTM1 RANBPS9 | TOR1A
ANK3 DES EHD4 MTMR10 | RUFY3 TRDN
APPL1 DLG1 EXOC3 MTMR11 | RYR1 TRIM72
BIN1 DLG2 FGD2 MTMR12 | SH3GL2 | TRIP10
C140RF49 | DLG3 FGD3 MTMR14 | SH3GLB1 | UNC84A
C19orfd6 | DLG4 FGD4 OBSCN SNX18 UNC84B
C90ORF100 | DLG5 FIG4 PIK3C2A | SNX33

CAPZA1 DNM2 FNBP1 PIK3C2B | SRPK3

CAPZA2 DNM3 FNBP1L | PIK3C2G | STIM1

CAPZB DNMBP | JPH1 PIK3C3 SYNE1

CAV3 DST JPHA PIK3R4 SYNE2

CCDC47 DYSF KCNN3 PIP5K3 SYPL2

CDC42BPA | EHD1 LDB3 PLEKHO1 | TIAM1

CDK5 EHD2 MAP4K3 | PTK2 TIAM2

The capture was done for 1854 non-overlapping regions, covering 472657 target nucleotides. Raw
sequencing data was analyzed using Illumina Pipeline RTA (Real-Time Analysis) version 1.9 and the
alignment was done, using BWA version 0.5.9. Indels of 50nt (nucleotides) were allowed and aligned
reads can contain up to 3 mismatches. Number and percentage of input, mapped, duplicate and
multi-mapped reads are shown in table 6.

Table 6- Statistics regarding NGS reads for targeted sequencing of 76 genes.

No. of input reads 27718017
No. of Mapped reads 23723262
Percentage of mapped reads 85,5 %
No. of multi-mapped reads 1261042
Percentage of multi-mapped reads 5,3%
Number of duplicate reads 14689822
Percentage of duplicate reads 61,9 %
Number of remaining reads after filtration 7772398
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All 1854 target regions were covered. Achieved nucleotide coverage is shown in table 7 and figure
21.
Table 7- Statistics regarding nucleotide coverage for targeted sequencing of 76 genes.

Mean of coverage 86,25
Median of coverage 89
Percentage of reads with > 1x 99,99 %
Percentage of reads with > 5x 99,93 %
Percentage of reads with > 10x 99,87 %
Percentage of reads with > 20x 99,79 %
Percentage of reads with > 40x 99,12 %
Percentage of reads with > 60x 94,94 %
Percentage of reads with > 80x 73,11 %
a) b)
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Figure 21: coverage for targeted nucleotides and exons. Most of the nucleotides have depth of

coverage more than 60 times and most of the targeted exons have more than 200 reads.

After variant calling and functional annotation, using samtools, Sequence Variant Analyzer (SVA)

(http://www.svaproject.org/), Ensembl 60 and dbSNP131, 64 indels and 13104 SNVs were detected.

941 SNVs were known and 12163 were new.

After filtering out the variants in introns and UTR regions, synonymous variants and variants with Rs
number (variants which could be potentially polymorphisms), 5775 SNV and 1 indel remained.

The number of detected variants was too high and we believe that a substantial number of them
were sequencing/PCR errors. As the 20 DNAs were pooled and sequenced without tagging, the
detected variations in any positions should be checked for all 20 samples by direct sequencing to

distinguish between the false positives and the real variants however it was not cost-effective to
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carry out. For the hemizygous ¢.529-1 G>T mutation in the MTM1 gene, the positive control, 2 reads
out of 57, i.e. 3,5% of reads showed the change. If the criterion of “keeping variants with 3,5% of
reads showing the change” was used as threshold, almost all of the variants would remain leading to
have a lot of false positives among real variants. More stringent filtering would remove the change in
the positive control. Therefore pooling 20 DNAs without tagging followed by NGS of 76 genes in one

lane of lllumina GAllx sequencer, single-read with 72 bp length, did not lead to a reliable data.

3-2-2- Sequencing of 2500 selected candidate genes

In a study, 2500 genes were selected based on their functions, chromosomal positions, genes

implicated in different neuromuscular disorders and genes selected from GO (Gene Ontology

website) (http://www.geneontology.org), using different keywords.

DNA of 7 patients with CNM was selected and sent to Genoscope sequencing platform

(http://www.genoscope.cns.fr/spip/Sequencing.html) to perform NGS (in 2009), using Nimblegen

array for capturing 2500 candidate genes followed by sequencing in one lane of Roche 454
pyrosequencer machine. Number and percentage of input, mapped and unique reads, as well as

depth of coverage for each patient are shown in table 8.

Table 8- Statistics regarding NGS reads for targeted sequencing of 2500 genes.

Ind. No. of Average % of mapped % of unique % of reads in coverage
reads length (bp) reads reads target regions
A 159804 233 69 % 44 % 25% 1X
B 122588 218 91% 46 % 27 % 1X
C 875398 315 97 % 66 % 47 % 10 X
D 1339069 209 92 % 43 % 26 % 7 X
E 882238 233 84 % 20% 13% 2 X
F 1235954 368 99 % 69 % 45 % 15 X
G 995617 234 82% 40 % 24 % 5X

The coverage for patients C, D and F was more than 7x, thus further analysis was done for patients C,
D and F. Conversely, the coverage for other samples was not enough due to problems in Genoscope

sequencing platform and therefore we did not analyze those samples further.

After mapping, variant calling and functional annotation, using gsMapper (ROCHE) and Genoscope’s

pipeline, different types of homozygous and heterozygous exonic variations were detected (Table 9).
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Table 9- Number of different types of exonic variants in patients C, D and F for targeted sequencing

_

Number of Non- synonymous variations

Number of Stop variations 7f i 8
Number of synonymous variations 13 13 6

of 2500 genes.

Number of variations in total 33 34 27
Number of Non-synonymous variations 66 38 50

Number of Stop variations 41 20 18

Number of synonymous variations 41 25 36

Number of variations in total 148 83 104

_ Number of all variations 181 117 131

Variations presenting in dbSNP131, HapMap project and 1000 genomes as well as synonymous
changes were filtered out. Numbers of remaining variants are shown in table 10.

Table 10- Number of exonic variants after filtration in patients C, D and F for targeted sequencing

Number (o) Non-synonymous variations

of 2500 genes.

Number of Stop variations 6 6 6
Number of variations in total 1 15 14

Number of Non-synonymous variations 48 33 34
Number of Stop variations 40 17 13

Number of variations in total 88 50 47

_ Number of all variations 99 65 61

3-2-2-1- Results for patient C (AHJ97)

Patient C (AHJ97) is a French male, born in 1987 with centronuclear myopathy from a
consanguineous family. The age of onset was 14 month-old. He can walk but has difficulty in climbing
the stairs and he cannot run. He has diffuse amyotrophy without any facial, ocular or respiratory

symptoms. Histological analysis showed type | fiber predominance, the central nuclei in 50% of cells
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and some cells with 3-4 nuclei. Homozygosity mapping analysis revealed the homozygous regions in
chromosomes 2, 3, 4, 12, 14, 15 and 20. The biggest homozygous region was in chromosome 2.
Looking to these target regions, a homozygous deletion of two nucleotides leading to frameshift
(NM_016653.2 (ZAK):c.490_491del, p.Met164ValfsX24) was detected in exon 7 of the ZAK gene.

The NGS data, direct sequencing result and implicated domains and amino acid conservation through

evolution are shown in figure 22.

a) J«

173764030+ CCTICTCGG-TTCCATAACCATACAACACACATGTCCTTGGTTGGAACTTTCCCATGG-ATGE 173764089
plee
353+ CCTCTCGGCT-CCATAACCATACAACACAC--GICCTTGGTIG-AACTTTCCCATGG-ATGG 409
338+ CCTICTCGG-TTCCATAACCATACAACACAC--GTCCTTGGTTIGGAACTTTCCCATGG-ATGG 395
73— CCTCTCGG-TTCCATAACCATACAACACAC—-GTCCTTGGTTGGAACTTTCCCATGG-A-GC 17
185- CCTICTCGG-TTCCATAACCATACAACACAC--GTCCTIGGTIGGAACTTICCCATGG-ATGG 128
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Figure 22: The NGS reads, direct sequencing result and implicated domains and amino acid
conservation through evolution for patient C (AHJ97) with c.490_491del, p.Met164ValfsX24 variant
in ZAK. a) NGS reads in + and — directions showing the homozygous deletion of 2 nucleotides (AT) in
exon 7 of ZAK. b) Direct sequencing of exon 7 of ZAK in patient C (AHJ97) showing the homozygous
deletion of 2 nucleotides (AT). c) The variation is c.490_491del, p.Met164ValfsX24. The conservation
of M164 is shown in different species by red line. This amino acid is in two catalytic domains: 1-
Serine/Threonine dual specificity protein kinase and Tyrosine protein kinase domains. (Part C is

depicted, using ALAMUT software)

ZAK is a serine-threonine kinase, belonging to the MAPKKK (MAP kinase kinase kinase) family of
signal transduction molecules and encodes a protein with an N-terminal kinase catalytic domain, a
leucine zipper motif and a sterile-alpha motif (SAM). This magnesium-binding protein forms homo-
dimers and is located in the cytoplasm (Gross et al, 2002). The gene is located in chromosome 2¢24.2
and has two isoforms. The longest isoform contains 21 exons, 20 coding, with 3741 base pairs coding
a protein with 800 amino acids and it is highly expressed in skeletal muscle (Figure 23). The
homozygous deletion of 2 nucleotides deletes the dimerization domain and truncates the kinase

domain.
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Figure 23: Expression level of ZAK in different tissues. As shown in 3 panels, the highest expression
level of ZAK is in skeletal muscle (yellow bars), using three different methods: Experimental tissue
vector (upper panel), Electronic Northern (middle panel) and serial analysis of gene expression (lower
panel).

Reference: http://www.genecards.org/cgi-bin/carddisp.pl?gene=ZAK&search=zak

In an experiment the RNA extracts from lymphoblasts of two CNM patients with mutations in MTM1
(deletions of exons 1 to 13 in patient one and exons 2 to 8 in patient two), three healthy controls and
patient C (AHJ97) were used to detect the most down-regulated genes, using Affymetrix GeneChip®
Human Gene 1.0 ST Array. The results showed that the expression level of ZAK was decreased more
than 50% in AHJ97 as well as in patient one with hemyzygous deletion of MTM1 compare to other
samples. This result can highlight two points: Firstly, the homozygous deletion of two nucleotides in
ZAK leads to non-sense mRNA decay in patient C (AHJ97). Secondly, the decreased level of expression
in patient one with hemyzygous deletion of exons 1 to 13 in MTM1 is as expected assuming that ZAK

and MTM1 are in the same cascade pathway and a decrease in MTM1 expression leads to decrease
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in expression of ZAK. Whereas, decrease in ZAK expression does not lead to decrease in expression of
MTM1, as the expression level of MTM1 in AHJ97 was normal.
RT-PCR analysis of this patient and two samples without any variations in ZAK showed the non-sense

MRNA decay in patient C (AHJ97) in comparison with controls (Figure24).

Figure 24: RT-PCR results for AHJ97 (first lane for each couple of primers) and two negative
controls without any variations in ZAK (second and third lanes for each couple of primers). The
cDNA amount of AHJ97 is similar to two controls when it amplifies with human 18s rRNA and GAPDH
primers whereas it decreases when it amplifies using primers designed for ZAK exon 3 to 11 and exon

9 to 11. This shows the non-sense mRNA decay in patient C (AHI97).

The ¢.490_491del, p.Met164ValfsX24 variation is segregated in the family as both parents have the
same variation in heterozygous status. This variation is not listed in the SNP (Single nucleotide
Polymorphism) databases such as dbSNP or 1000 genomes. This gene is located in the candidate
region based on homozygosity mapping results, and is highly expressed in skeletal muscle. It is a
serine-threonine kinase which can potentially be in the same pathway as MTM1 and there is no
study reporting a disease-causing mutation in this gene, so far. All of this data together shows that
this gene could be a potential candidate for CNM. As 2500 selected genes were sequenced in this
study and other potential variations could be missed, we decided to do exome sequencing for this
patient to see whether this variant is the highest-ranked variant in the exome data, as well. Results

will be shown in exome section (3-3-1- Trio sequencing for AHJ97).

3-2-2-2- Results for patient D (34263)

Patient D (34263) is an Italian male, born in 1984 with centronuclear myopathy from healthy parents
without consanguinity. The newborn was hypotonic with severe ophthalmoplegia, facial weakness,
delayed motor milestones with respiratory distress and feeding difficulties. Histological analysis
showed type | fiber predominance and central nuclei in 25% of cells. As this patient is a sporadic case,

there were a lot of variations after NGS of 2500 candidate genes in recessive as well as dominant
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scenarios, thus distinguishing between private rare polymorphisms and disease-causing mutation

was impossible and we could not detect any potential CNM-causing mutations in this patient.

3-2-2-3- Results for patient F (AHH42)

Patient F (AHH42) is a German/British male, born in 2007 with centronuclear myopathy from healthy
parents without consanguinity. The newborn was hypotonic with facial weakness, delayed motor
milestones and respiratory distress. Histological analysis showed round fibers with central nuclei and
abnormal mitochondrial distribution. Like patient D, this patient is a sporadic case also and there
were a lot of variations after NGS of 2500 candidate genes in recessive as well as dominant scenarios,
thus distinguishing between private rare polymorphisms and disease-causing mutation was

impossible and we could not detect any potential CNM-causing mutations in this patient.

3-3- Exome sequencing

For finding new gene(s) implicated in CNM, we did exome sequencing for several patients with CNM
without mutations in the three classical genes. In some of the cases, we detected disease-causing

mutations in RYR1. This data was submitted as a paper.
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A- Introduction

Congenital myopathies (CM) are rare disorders characterized by early-onset muscle weakness and
classified based on the predominance of particular histological anomalies on muscle biopsies with
the prevalence of about 1:25,000 and are usually associated with neonatal or childhood onset,
progressive or non-progressive muscle weakness, breathing difficulties and delayed motor

milestones.

B- Aim of study

Proposing and validation of an integrated approach including exome sequencing for the diagnosis of

congenital myopathies with neonatal and adult onset.

C- Results

In this study we used an integrated exome sequencing strategy to identify the causative mutations in
eight patients from six families with clinically different neonatal or adult-onset congenital
myopathies. We found pathogenic mutations in the large RYR1 and NEB genes, and histopathological
and ultrastructural analysis of the muscle biopsies of the patients confirmed and validated the exome

sequencing results.

D- Conclusion

This study provides the evidence that exome sequencing, in combination with clinical and histological

analyses, is a fast, efficient and reliable molecular diagnosis tool for congenital myopathies, and can

accelerate the patient’s access to a better healthcare and disease management.
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Abstract

Objective: Congenital myopathies are severe muscle disorders affecting adults as well as
children in all populations. The diagnosis of congenital myopathies is constrained by strong
clinical and genetic heterogeneity. Moreover, the majority of patients present with unspecific
histological features, precluding purposive molecular diagnosis and demonstrating the need

for an alternative and more efficient diagnostic approach.

Methods: We used exome sequencing complemented by histological and ultrastructural
analysis of muscle biopsies to identify the causative mutations in eight patients with clinically
different skeletal muscle pathologies, ranging from a fatal neonatal myopathy to a mild and

slowly progressive myopathy with adult onset.

Results: We identified RYR1 (ryanodine receptor) mutations in six patients and NEB
(nebulin) mutations in two patients. We found novel missense and nonsense mutations,
unraveled small insertions/deletions and confirmed the impact of splice mutations by RNA
analysis. Histological and ultrastructural findings of the muscle biopsies of the patients were

in agreement with the exome sequencing results.

Conclusions: We provide the evidence that an integrated strategy combining exome
sequencing with clinical and histopathological investigations overcomes the limitations of the
individual approaches to allow a fast and efficient diagnosis, accelerating the patient’s access
to a better healthcare and disease management. This is of particular interest for the diagnosis
of congenital myopathies, which involve very large genes like RYR1 and NEB as well as

genetic and phenotypic heterogeneity.



Introduction

Congenital myopathies (CM) are rare disorders characterized by early-onset muscle weakness
and classified based on the predominance of particular histological anomalies on muscle
biopsies. They have an estimated prevalence of about 1:25 000 and are usually associated
with neonatal or childhood onset, progressive or non-progressive muscle weakness, breathing
difficulties and delayed motor milestones(1, 2). The main congenital myopathy subgroups are
protein aggregate myopathies (primarily nemaline myopathy), core myopathies and
centronuclear myopathies (CNM), respectively characterized by rod-like protein
accumulations, focal myofibrillar disorganization, and nuclear centralization on muscle
biopsies(3). Other congenital myopathy subgroups have been reported with different
structural hallmarks(4). Although many genes have been associated with congenital
myopathies in the past years, a recent study reported that only 16 out of 46 US patients were
molecularly diagnosed(5). This is due to the fact that despite clinical and histological
examinations, the majority of the patients presented with unspecific features. Especially for
the neonatal cases, a reliable diagnosis is often challenging. Another reason is the genetic
heterogeneity in congenital myopathies with the implication of more than 20 known genes(4),
opposing efficient molecular diagnosis. In addition, some of the genes implicated in
congenital myopathies belong to the largest genes of the human genome, as TTN (363 exons;
MIM#611705) mutated in congenital myopathy with fatal cardiomyopathy, NEB (183 exons;
MIM#256030) mutated in nemaline myopathy, or RYR1 (106 exons; MIM#180901) mutated
in different pathologies. As congenital myopathies are usually severe with a high recurrence
risk in affected families, molecular diagnosis is important to provide an adequate healthcare

and genetic counseling.

The aim of this study was to propose and validate an integrated approach including exome

sequencing for the diagnosis of congenital myopathies with neonatal and adult onset. The next
5



generation sequencing technology has become an effective strategy for massively parallel
analysis of a large number of genes and has led to the successful identification of several
Mendelian disease genes(6). This approach is however not yet routinely used in molecular
diagnosis despite its potential synergy with clinical and histological investigations. Sanger
sequencing of single genes remains the major technique for monogenetic pathologies with
characteristic clinical manifestations. Sanger sequencing, i.e. exon by exon sequencing of the
most common gene or the best candidate gene is time-consuming and not centralized,
demonstrating the need for a more efficient diagnostic approach. In this study we used an
integrated exome sequencing strategy to identify the causative mutations in eight patients
from six families with clinically different neonatal or adult-onset congenital myopathies. We
found pathogenic mutations in the large RYR1 and NEB genes, and histopathological and
ultrastructural analysis of the muscle biopsies of the patients confirmed and validated the
exome sequencing results. In conclusion, we provide the evidence that exome sequencing is a
fast, efficient and reliable method to identify disease-causing mutations in unsolved myopathy
cases. Our integrated approach is particularly relevant for disease groups with genetic and

phenotypic heterogeneity.

Results

An integrated diagnosis approach for congenital myopathies

We studied eight patients from six families with different clinical and histological features
suggestive of congenital myopathies. The neonatal forms ranged from fatal shortly after birth
to moderately progressive, and the adult form was mild and slowly progressive (Table 1).
Using Sanger sequencing, the patients were previously excluded for several genes implicated

in nemaline or centronuclear myopathies, including ACTAL, TPM2, TPM3, TNNT1 for
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families 1 and 2, MTM1 and BIN1 for families 3 to 6, and DNM2 for families 3, 4 and 6.
These inconclusive preliminary analyses underscore the basic necessity of an alternative and
more efficient molecular diagnosis. We therefore used an integrated approach, combining
exome sequencing and histological investigations. Exome sequencing was performed for all
patients and for the parents of families 1 and 2 (trio sequencing). A statistical overview of the
sequencing results is shown in table 2. The inheritance pattern was taken into account for the
selection of candidate genes. For the sporadic cases in families 1 and 2, genes with two
heterozygous variants segregating from each parent were selected as the analysis for de novo
mutations was not conclusive. For the non-consanguineous families 3 and 5 with two affected
members each, genes with two common heterozygous variations were selected. For family 4,
we verified dominant and recessive scenarios. For patient AHE6 from the consanguineous
family 6, we focused on homozygous variants mapped in large homozygous regions,
determined by homozygosity-by-descent (Table e-1). The impact of potential mutations was
predicted with SIFT and PolyPhen for amino acid changes and with NNSPLICE and Human
Splicing Finder for changes potentially affecting splicing. All identified mutations were
verified by Sanger sequencing in the starting genomic DNA and also in the cDNA for families
1, 2, 3 and 6. Histological analysis of muscle biopsies was performed for all patients. For five
patients (ARX30, AKY21, IM26, AHY58 and AHEG), we additionally analyzed the muscle

biopsy by electron microscopy.

Clinical and histological findings and mutation detection by exome sequencing

For patient ARX30 from family 1, polyhydramnios and fetal akinesia were diagnosed during
pregnancy and the patient presented with severe neonatal hypotonia, respiratory distress,
arthrogryposis, hip hyperlaxity, club feet and dysmorphic features. Through exome

sequencing, we identified two heterozygous mutations in NEB: the ¢.5574C>A (exon 46;



p.Tyr1858Stop) nonsense mutation on the maternal allele and the 1VS124+5G mutation on
the paternal allele, confirming autosomal recessive inheritance (Figure 1). A deltoid muscle
biopsy revealed nemaline rods, marked fiber size variability and type | fiber predominance
(Figure 2). Ultrastructural analysis confirmed the presence of numerous nemaline bodies, and
revealed mild disorganization of the myofibrillar structure and Z-band streaming (Figure 3).
These findings were consistent with the mutations in NEB found by exome sequencing. We
performed additional molecular analysis to confirm the impact of the mutations. The paternal
mutation was predicted to impair splicing of exon 124 and RNA reverse transcription and
cDNA sequencing confirmed major skipping of this in-frame exon (Figure 4). The nonsense
mutation was not seen on the cDNA sequence, suggesting degradation of the maternal allele

by nonsense-mediated mMRNA decay (NMD).

Patient ARX33 from family 2 presented with a severe muscle weakness at birth and deceased
in the following days due to cardio-respiratory arrest. We identified one NEB mutation on the
paternal allele (c.5783-5784delTA) in exon 47, involving a frameshift and a premature stop
codon (p.Tyr1928fsX2), and one NEB donor splice site mutation on the maternal allele
(IVS59+1G>A) (Figure 1). Gomori trichrome staining of a deltoid muscle biopsy revealed
nemaline rods, electron microscopy data were not available. The impact of the splice mutation
was verified by muscle mRNA analysis and demonstrated complete skipping of the in-frame
exon 59. The 2 nucleotides deletion was not seen on the cDNA sequence, suggesting

nonsense-mediated mMRNA decay of the paternal allele (Figure 4).

AKY21 and IM26 from family 3 deceased from a severe muscle disorder shortly after birth.
Pregnancy was normal and both had low Apgar scores, generalized hypotonia and respiratory
distress at birth. Cardiac examinations were normal. We detected three heterozygous RYR1

mutations in exons 25 (¢.3223C>T; p.Argl075Trp), 43 (c.7025A>G; p.Asn2342Ser), and 48
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(c.7645-7650dup; p.Ala2549-Leu2550dup). A DNA sample of the father was not available
and sequencing of the maternal DNA revealed the presence of the ¢.3223C>T mutation in the
absence of the other sequence aberrations, suggesting autosomal recessive inheritance with
compound heterozygosity (Figure 1). The ¢.7025A>G (p.Asn2342Ser) missense on the
paternal allele has been associated with malignant hyperthermia susceptibility(7)
(rs147213895), known to result from heterozygous RYR1 mutations. The deltoid muscle
biopsies of both patients revealed nuclear internalization, atrophy, fiber size variability, and
areas devoid of oxidative enzyme activity (Figure 2). Ultrastructural analysis of the biopsy of
the patients showed that the disorganized myofibrillar areas around the internalized nuclei
cover a large part of the fiber diameter. The longitudinal muscle section revealed prominent
Z-band streaming (Figure 3). These findings were suggestive of a myopathy with cores. As
RYR1 mutations mostly involve cores, the histopathological findings and the exome

sequencing results are in agreement.

AHY58 from family 4 was born with general amyotrophy, axial and peripheral hypotonia and
arthrogryposis after normal pregnancy. Although the health status slightly improved, the
patient had temporal respiratory distress and deglutition problems. We identified one
heterozygous RYR1 mutation on each parental allele, confirming autosomal recessive
inheritance (Figure 1). The paternal ¢.8953C>T (p.Arg2985Stop) mutation in exon 59 creates
a premature stop codon and the maternal ¢.9758T>C (p.11e3253Thr) involves a missense
substitution in exon 66, predicted to be deleterious. None of these mutations were listed in the
SNP databases. The deltoid muscle biopsy revealed nuclear internalization, atrophy, fiber size
variability, and areas devoid of oxidative enzyme activity corresponding to cores (Figure 2).
Ultrastructural analysis revealed atrophy, myofibrillar disarray and morphological alterations

of the Z-line (Figure 3). Previous studies reported RYR1 mutations associated with prominent



nuclear internalization and areas of myofibrillar disorganization(8, 9) as for AHY58. The

RYR1 mutations identified by exome sequencing are therefore likely to be disease-causing.

AGT66 and AGT67 from family 5 are now 45 and 31 years old and presented with neonatal
hypotonia without need for respiratory support. Motor milestones were delayed. Currently,
AGTG66 is wheelchair-bound and AGT67 is able to walk short distances. For both patients,
diffuse muscle weakness, facial weakness and ptosis were diagnosed. They have contractures
and absent reflexes. By comparing the exome sequencing data of both patients, we identified
common compound heterozygous RYR1 mutations, confirming autosomal recessive
inheritance (Figure 1). The ¢.325C>T (p.Arg109Trp) missense mutation in exon 4 on the
maternal allele has been reported to be associated (in combination with a second RYR1
mutation) with multi-minicore and central core disease(10, 11). The ¢.8140-8141delTA
deletion in exon 51 on the paternal allele has never been described and is predicted to induce a
frameshift and a premature TAA stop codon (p.Tyr2714fsX7). The biopsy of patients AGT66
and AGT67 revealed nuclear internalization, fiber size variability, type | fiber predominance,
and multiple dot-like areas devoid of oxidative enzyme activity, suggestive of multiminicore
disease (MmD) (Figure 2). MmD is a recessive disorder linked to mutations in RYRL, the

exome sequencing results are therefore in agreement with the histological data.

Patient AHEG6 from family 6 is a 35 year old male from a consanguineous family. Pregnancy
and motor development were normal. At the age of 30 he started to feel increased fatigability,
had walking difficulties and impaired manual capacities. Calf muscles were hypertrophic and
mild muscle weakness was only present in the upper limbs. Except for the ankles, deep tendon
reflexes were absent. CPK levels were elevated. We identified a homozygous RYR1 missense
mutation in exon 58 (¢.8888T>C; p.Leu2963Pro) in a homozygous 21.1 Mb region on

chromosome 19 encompassing the entire RYR1 gene (Table e-1) and predicted to be
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deleterious. Both parents were found to be heterozygous for the mutation, confirming
autosomal recessive inheritance (Figure 1). The mutation was not listed in the SNP databases
and was not found in 80 Turkish control chromosomes. The deltoid muscle biopsy of AHEG
revealed type I fiber predominance and core-like structures, suggestive of a core myopathy in
agreement with the exome sequencing results (Figure 2). In addition, aberrant nuclear
positioning, marked fiber size variation fibrosis and fatty infiltrations were observed. The
radial arrangements of sarcoplasmic strands (“spoke of a wheel”) and necklace fibers are
however untypical for core myopathies and are rather seen in centronuclear myopathy.
However, mutations in MTM1, BIN1 and DNM2 were excluded by Sanger sequencing. Major
findings by electron microscopy were nuclear internalization, fibrosis, massive fatty
infiltrations, myofibrillar disorganization, myofiber degeneration, and lipofuscin granules
(Figure 3). Summing up the histological and ultrastructural findings as well as the linkage
analysis and exome sequencing results, the RYR1 p.Leu2963Pro missense ist most probably

the disease-causing mutation.

Discussion

This study provides the evidence that exome sequencing — in combination with clinical and
histological analyses - is a fast, efficient, and reliable molecular diagnosis tool for congenital
myopathies. Using this integrated diagnosis strategy, we identified the pathogenic mutations
in eight patients from six families with different muscle phenotypes, including a fatal muscle
disorder with neonatal onset, a severe myopathy with neonatal onset, a slowly progressive

form with neonatal onset and a mild and slowly progressive myopathy with adult onset.
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Patients from families 1 and 2 died from a severe myopathy shortly after birth, and both were
found to harbour NEB mutations. NEB codes for the contractile unit scaffold protein nebulin
and mutations in NEB usually give rise to a mild childhood or adult onset myopathy, but also
rare fatal cases as for our patients have been reported(12-14). The patients from families 3, 4,
5 and 6 were all found to carry mutations in RYR1, although they were clinically different.
The patients from family 3 had a severe neonatal myopathy and deceased within a few days
after birth. The patient from family 4 had a severe, but not fatal neonatal myopathy. Both
patients from family 5 presented with a slowly progressive diffuse myopathy at birth and the
patient from family 6 had a mild and adult-onset muscle weakness. These findings emphasize
the phenotypic variability of RYR1-related disorders. Mutations in RYR1 have been associated
with different neuromuscular phenotypes including central core disease (CCD, MIM#
117000)(15, 16), multiminicore disease (MmD, MIM# 255320)(17), congenital myopathy
with central or internalized nuclei(8, 9), congenital fiber-type disproportion (CFTD, MIM#
255310)(18), foetal akinesia(19), benign Samaritan congenital myopathy(20), and malignant
hyperthermia susceptibility (MH, MIM# 145600)(21). RYR1 codes for the skeletal muscle

ryanodine receptor, a key player in skeletal muscle excitation-contraction coupling.

The integrated diagnosis strategy combining exome sequencing with clinical and histological
investigations is suitable for congenital myopathies for several reasons. First, congenital
myopathies are clinically heterogeneous and our and other studies have demonstrated that
especially the neonatal forms are often not clinically consistent, so that several candidate
genes can be considered. Second, congenital myopathies are also genetically heterogeneous
and mutations in several large genes account for a large number of cases. Protein aggregate
myopathy for instance is linked to mutations in 7 different genes to date (ACTAL, TPM2,
TPM3, TNN1, NEB, CFL2, KBTBD13). Third, congenital myopathies are classified based on

histological hallmarks, but the majority of patients present non-specific features(5). Some
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patient biopsies display a mix of several histological hallmarks as it is the case for our patient
from family 6, increasing the number of candidate genes. Massively parallel sequencing
therefore represents the most suitable molecular diagnosis approach, as it allows a fast testing
of all genes previously linked to a given disease, including the large genes. Importantly,
exome sequencing also covers new myopathy genes that will be discovered in the future.
Another advantage is the possibility to perform the analysis in a unique laboratory, while
Sanger sequencing is mostly performed in different diagnostic centers specialized for single
or a small number of genes. The dropping costs of exome sequencing pave the way for a
routine use in molecular diagnosis and are already far below the estimated expenses for
classical Sanger sequencing of all exons of large genes as RYR1 or NEB. However, it does not
detect intronic mutations and may generate a large list of variants of uncertain significance.
The validation of the disease-causing mutations therefore requires the synergistic combination
of the exome sequencing data with clinical and histological analyses. The results need to be
evaluated by specialized diagnostic centers and associated research laboratories with an

expertise on the underlying pathophysiological mechanisms.

In conclusion, exome sequencing or targeted massively parallel sequencing improves
molecular diagnosis of myopathies when combined with histopathology and molecular
validation, and can accelerate the patient’s access to a better healthcare and disease

management.
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Table 2: Statistical overview of the exome sequencing results
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B) Familial cases (non-consanguineous): AKY21/IM26, AGT66/AGT67
C) Sporadic case: AHY58

D) Sporadic case (consanguineous): AHEG
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Table e-1: Homozygosity mapping for AHEG

Figure Legends

Figure 1. Pedigrees and RYR1/NEB mutations in six families with different muscle disorders.
Patient ARX30 harbors the NEB ¢.5574C>G mutation on the maternal and the NEB
IVS124+5G mutation on the paternal allele. Patient ARX33 harbors the NEB IVS55+1G>A
mutation on the maternal and the NEB ¢.5783-5784delTA mutation on the paternal allele.
Patients AKY21 and IM26 carry the heterozygous ¢.3223C>T and ¢.7025A>G mutations in
RYRL1. The ¢.3223C>T mutation was found on the maternal allele, the father’s DNA was not
available. AHY58 harbors two heterozygous RYR1 mutations: ¢.8953C>T on the paternal
allele and ¢.9758T>C on the maternal allele. In patients AGT66 and AGT67 we identified the
heterozygous RYR1 mutations ¢.325C>T on the maternal and ¢.8140-8141delTA on the
paternal allele. Patient AHEG6 from a consanguineous family was found to harbor the

homozygous RYR1 ¢.8888T>C mutation, both parents were heterozygous.

Figure 2. Histological analysis of muscle biopsies from patients ARX30 and ARX33, IM26,
AHY58, AGT66/AGT67, and AHEG. The deltoid muscle biopsy of patient ARX30 was
performed 2 days after birth and revealed nemaline bodies, fiber size variability and type |
fiber predominance. Nemaline bodies were also found on the muscle biopsy of patient
ARX33. On the deltoid muscle biopsies from IM26 (shortly after birth), nuclear
centralization, atrophy, fiber size variability, and areas devoid of oxidative enzyme activity
became apparent. Analysis of the deltoid muscle biopsy of patient AHY58 (20 days)
demonstrated fiber size variability, atrophy, internal nuclei, and discrete areas of reduced
oxidative enzyme activity. Biceps brachii biopsy from AGT66 (8 years) and AGT67 (shortly
after birth) revealed nuclear internalization, fiber size variability, multiple minicores devoid of

oxidative enzyme activity and type | fiber predominance. Left deltoid muscle biopsy from
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patient AHEG6 (performed at 30 years) revealed internalized nuclei, fiber size variation, radial
arrangements of sarcoplasmic strands, necklace fibers, type | fiber predominance, core-like

structures, fibrosis and fatty infiltrations.

Figure 3. Ultrastructural analysis of muscle biopsies. Ultrastructural analysis of the biopsy
from patient ARX30 revealed myofibrillar disorganization, Z-line streaming of adjacent
sarcomeres (arrows), and prominent nemaline rods. The biopsy of patient IM26 showed large
disorganized areas around internalized nuclei, the longitudinal muscle section of AKY21
revealed prominent Z-band streaming. Analysis of the biopsy of AHY58 demonstrated
marked myofibrillar disorganization, fragmented Z-bands and internalized nuclei. The biopsy
of patient AHEG displayed nuclear centralization, myofibrillar disorganization, fibrosis,

lipofuscin granules and myofiber degeneration. R = nemaline rods, N = nuclei, L = lipids.

Figure 4. Analysis of the NEB splice mutations. (A) The ¢.5574C>A nonsense mutation
(exon 46, ARX30) and the ¢.5783-5784delTA deletion (exon 47, ARX33) most probably
involved NMD and did not have an effect on the cDNA amplicon size of exons 45-48 of the
allele not harboring these mutations. The splice mutation IVS59+1G>A (ARX33) resulted in
a shorter NEB cDNA amplicon (exons 58-61) compared to the control. The splice mutation
IVS124+5G (ARX30) involved a weak cDNA amplicon (exons 122-126) of normal size and a
strong amplicon of smaller size. (B) The NEB 1VS59+1G>A splice mutation (ARX33) causes
a complete skipping of the in-frame exon 59. The ¢.5783-5784delTA was not seen in the
cDNA, indicating mRNA degradation by NMD of the allele containing the deletion. (C) The
NEB cDNA amplicon of patient ARX30 (exons 122-126) did not contain the in-frame exon
124. The ¢.5574C>A mutation in exon 46 was not seen by cDNA sequencing, suggesting

nonsense-mediated mMRNA decay (NMD) of the allele harboring the nonsense mutation.
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Table 1: Phenotypic and molecular data

Family 1 Family 2 Family 3 Family 4 Family 5 Family 6
Patient ARX30 ARX33 AKY21 | IM26 AHY58 AGT66 | AGT67 AHEG
o?('jﬁgﬁg e Sporadic Sporadic 2 affected children Sporadic 2 affected children Sporadic (consanuineous)
Origin France France Greece/Morocco Antilles Germany Turkey
Myopathy Sev:rrtﬁ rgzcr’;;ézliswnh Severe neonatal Severe neonatal Severe neonatal Moderately progressive neonatal Slowly progressive
Onset Neonatal Neonatal Neonatal Neonatal Neonatal Neonatal Neonatal Adult onset
Age f"‘t ""!St Deceased at 10 days Deceased at 2 Deceased at 45 Deceased at 7 1 45 31 35
examination days days
. . . Mild muscle weakness of Diffuse muscle Diffuse muscle Mild muscle weakness of
. . . Generalized Generalized Generalized - . : f
Motor function Generalized hypotonia hvpotonia hvpotonia hvpotonia upper limbs, walking weakness, weakness, walks short upper limbs, walking
P yp yp difficulties wheelchair-bound distances difficulties
Respiration Abnormal Abnormal Abnormal Abnormal Abnormal Normal Normal Normal
Facial . Facial weakness, Facial weakness,
. n.d. n.d. n.d n.d. Amimic face . . No
involvement ptosis ptosis
. . . . Internal nuclei, type | fiber
' _ Nemaline bodies, fiber Inte_rnal nucle|, Inte_rnal nucle|, o ' Ir_lternal nucle_l, type | Ir_nernal nucle_|, type | predominance, fiber size
Histopathologic ) e . . fiber size fiber size Internal nuclei, fiber size fiber predominance, fiber predominance, . )
size variability, type | Nemaline bodies - - S ) . e ) . A variability, radial arrangements
al hallmarks fiber predominance variability, atrophy, | variability, atrophy, variability, atrophy, cores fiber size variability, fiber size variability, of sarcoplasmic strands
central cores central cores multi minicores multi minicores necklace fibers, central cores
Gene NEB NEB RYR1 RYR1 RYR1 RYR1
Protein Nebulin Nebulin Ryanodine receptor 1 Ryanodine receptor 1 Ryanodine receptor 1 Ryanodine receptor 1
. ¢.5574C>G; €.5783-5784delTA; €.3223C>T; ¢.7025A>G; (c.7645- . . .
Mutation IVS124+5G>A IVS59+1GSA 7650dup) €.8953C>T; ¢.9758T>C €.325C>T; ¢.8140-8141delTA €.8888T>C, homozygous
Predicted p.Tyr1858Stop; p.Tyr1928fsX2; p.Argl075Trp; p.Asn2342Ser; p.Arg2985Stop; .
protein impact Del exon 124 Del exon 59 (p.Ala2549-Leu2550dup) p.l1e3253Thr P-Arg109Trp; p.Tyr2714fsX7 p-Leu2963Pro

n.d. = not determined

For family 3, the (c.7645-7650dup) change is a potential modifier of the phenotype




Table 2: Statistical overview of the exome sequencing results

A) Sporadic cases (trio sequencing); paired-end 72nt ARX30 ARX33
Mean coverage 56 55
Coverage nt = 10x 86 % 87 %
Total SNVs 43 062 43733
SNVs spice sites 87 41
SNV nonsense 10 12
SNV missense 563 445
Total indels 6245 5838
Indels frameshift 595 329
Heterozygous SNVs splice shared with one parent 12 11
Heterozygous SNVs nonsense shared with one parent 3 2
Heterozygous SNVs missense shared with one parent 75 89
Heterozygous indels frameshift shared with one parent 17 16
Two het. SNVs/indels in same gene from distinct parents 2 1
Myopathy gene 1 (NEB) 1 (NEB)




B) Familial cases (non-consanguineous); paired-end 72 nt AKY21 IM26 AGT66 AGT67
Mean coverage 59 73 63 63
Coverage nt > 10x 90.0 % 90.7 % 90.2% 90.1 %
Total SNVs 26 897 29011 27 273 26 815
SNVs spice sites 164 174 138 110
SNV nonsense 24 16 15 9
SNV missense 3573 4083 3685 2623
Total indels 1838 2048 1864 1864
Indels frameshift 51 69 50 51
Common heterozygous SNVs splice 3 2
Common heterozygous SNVs nonsense 8 5
Common heterozygous SNVs missense 385 306
Common heterozygous indels frameshift 15 12
Two Common het. SNVs/indels in same gene 39 25
Myopathy gene 1 (RYR1) 1 (RYR1)

C) Sporadic case; paired-end 72nt AHY58
Mean coverage 59
Coverage nt > 10x 94%
Total SNVs 29182
SNVs spice sites 103
SNV nonsense 167
SNV missense 9480
Total indels 2381
Indels frameshift 155
Two heterozygous SNVs/indels in same gene 20
Myopathy gene 1 (RYR1)




D) Sporadic case (consanguineous); single read 72nt AHE6
Mean coverage 23
Coverage nt > 10x 75%
Total SNVs 35755
SNVs spice sites 238
SNV nonsense 31
SNV missense 4756
Total indels 3393
Indels frameshift 256
Linked homozygous SNVs splice 0
Linked homozygous SNVs nonsense 0
Linked homozygous SNVs missense 18
Linked homozygous indels frameshift 0
Total linked homozygous SNVs/indels 18

Myopathy gene

1 (RYR1)
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Figure 1. Pedigrees and RYR1/NEB mutations in six families with different muscle disorders
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Fig. 2. Histological muscle biopsy analysis of the patients
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Fig. 3. Ultrastructural analysis of muscle biopsies




Fig. 4. Impact of the NEB splice mutations
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SUPPLEMENTARY MATERIAL

Patients and Methods

Patients

Patients originated from France (ARX30 and ARX33), Greece/Morocco (IM26 and AKY21),
French West Indies (AHY58), Germany (AGT66, AGT67), and Turkey (AHEG6). Sample
collection was performed with informed consent from the patients according to the
declaration of Helsinki and experimentation was performed following institutional IRB-

accepted protocols.

Linkage analysis

For whole-genome analysis, the genomic DNA of patient AHE6 was hybridized on
Affymetrix SNP array 6.0 according to the manufacturer's instructions. Loss of heterozygosity
was analyzed with GeneChip DNA Analysis and Chromosome Copy Number Analysis

softwares (Affymetrix, Santa Clara, CA, USA).

Exome sequencing

Genomic DNA was prepared from peripheral blood by routine procedures and quality-
controlled. DNA was sheared using the Covaris E210 (KBioscience, Herts, UK) followed by
automatic library preparation with the SPRI-TE machine (Beckman Coulter Inc., Brea, CA,
USA). Exon capture was performed with the Agilent SureSelect Human all Exon 50 Mb Kit
(Agilent Technologies, Santa Clara, CA, USA). Enriched DNA fragments were sequenced on

an Illumina Genome Analyzer lIx to generate 72nt single reads for AHE6 and paired-end



reads for AGT66, AGT67, AHY58, AKY21 and IM26. For patients ARX30 and ARX33 we

performed “trio sequencing”, i.e. exome sequencing of the patient and both healthy parents.

Bioinformatic analysis

Sequence data were analyzed using Illumina Pipeline RTA (Real-Time Analysis) version 1.7
and aligned to the reference genome GRCh37/hgl19 using BWA(1). Variant calling and
filtering of reads sharing the same start position and strand was done with Samtools(2).
Variants were considered as heterozygous when present in 20 - 80 % of the reads and as
homozygous when present in >80 % of the reads. For SNP/indel annotation and filtering
SVA, Ensembl60 and dbSNP131, 1000 genomes, and NHLBI exome variant server were
used. Impact of variations were predicted using SIFT(3), PolyPhen V2(4), NNSPLICE(5) and

Human Splicing Finder(6).

Mutation characterization

Mutation confirmation and segregation analysis were performed by PCR and Sanger
sequencing of the RYR1/NEB exons harboring the mutations and the adjacent exon-intron
boundaries. The mutations were numbered according to GenBank NM_000540.2 and
NP_000531.2 (RYR1) and NM_001164507.1 and NP_001157979.1 (NEB). Nucleotide
position reflects cDNA numbering with +1 corresponding to the A of the ATG translation

initiation codon.

Muscle histology

For histochemical analyses, transverse sections (10 um) of the muscle biopsies were stained
with hematoxilin-eosin, Gomori trichrome, NADH tetrazolium reductase (NADH-TR) and
ATPase and assessed for nuclei position, fiber morphology, fiber type distribution, cores and

accumulation/infiltrations.



Electron microscopy

Muscle sections were fixed in 2.5% paraformaldehyde, 2.5% glutaraldehyde, and 50 mM
CaCl; in 0.1 M cacodylate buffer (pH 7.4), and post-fixed with 2% OsQ4, 0.8% KsFe(CN)g in
0.1 M cacodylate buffer (pH 7.4) for 2 h at 4°C and incubated with 5% uranyl acetate for 2 h
at 4°C. Samples were dehydrated in graded series of ethanol and embedded in Epon resin 812.
Ultrathin sections (70nm) were contrasted with uranyl and lead citrate and viewed at 70kv
with a Morgagni 268D electron microscope and a Mega View Il camera (Soft Imaging

System, Minster, Germany).

RNA

RNA was extracted from the deltoid muscle biopsy of patients ARX30, ARX33, IM26 and
AHEG6 using Tri reagent (Molecular Research Center Inc., Cincinnati, OH, USA), reverse
transcribed using the SuperScript® Il kit (Invitrogen, Carlsbad, CA, USA), and amplified

using RYR1 and NEB specific primers.



Table e-1: Homozygosity mapping for AHEG

Chromosome Homo?y.gousf regions Number of
(Positions in Mb) genes

33.9-43.5 238

60.4 - 86.4 325

1 95.9-120.1 423
193.6 - 196.0 12

236.6-240.5 54

97.0-99.7 59

2 207.8-227.4 316
239.3-244.0 87

3 459-73.4 479
0.7-30.6 439

4 182.5-190.0 128
10.3-33.7 259

5 54.0-67.4 186
163.0-169.8 63

38.8-58.0 339

6 62.0-71.0 56
153.8 - 166.0 146

7.5-254 210

7 61.0-67.0 190
105.8-111.9 63

9 129.8 - 135.0 171
74.0-174.0 526

1 126.8-132.2 74
1 4.2-18.1 434
39.7-44.2 66

40.8-44.7 64

13 54.0-64.1 49
80.2-91.0 57

42.3-89.7 790

14 98.2-107.0 450
16 48.5-535 556
72.5-77.5 57

17 3.6-12.6 247
68.0-73.0 64

19 3.0-24.0 664
32.5-53.6 803

20 1.9-15.5 212
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RESULTS

3-3-1- Trio sequencing for AHJ97

This patient was sequenced in the project of NGS for 2500 candidate genes and one interesting gene,
ZAK, was detected as a potential candidate for CNM. As all the genes were not sequenced in that
project, we decided to carry out exome sequencing for the affected person and his parents (Trio
sequencing). The NGS for parents was done in the BGI sequencing platform in China, using one lane
of lllumina HiSeq2000 sequencer, paired-end with 90bp length. NGS for the affected child was done
in IGBMC sequencing platform, using one lane of lllumina HiSeq2000 sequencer, paired-end with
100bp length. For DNA enrichment and capture Agilent SureSelect Human All Exon 50 Mb kit was
used in BGI whereas in IGBMC we tested three different capture kits: TruSeq Exome Enrichment kit
(v1.3.0) from lllumina, SeqCap EZ Human Exome Library (v2.0) from Nimblegen and Agilent
SureSelect Human All Exon 50 Mb kit (data was shown in materials and methods section). For trio
analysis, the NGS data for the affected child (AHJ97) after capturing by Agilent SureSelect Human All

Exon 50 Mb kit was compared to parents’ data.

The capture was done for covering 51756122 target nucleotides in AHJ97 and 51543125 and
51347872 target nucleotides in father and mother, respectively. Target regions herein refer to the
regions that are covered by the designed probes. Raw sequencing data was analyzed, using lllumina
Pipeline RTA (Real-Time Analysis) version 1.9 for AHJ97 and lllumina base-calling Software version 1.7
with default parameters for the parents. The alignment was done, using BWA version 0.5.9 and
aligned reads can contain up to 3 mismatches for AHJ97. For parents, SOAP aligner/SOAP2 was used
and reads can contain up to 3 mismatches. Number and percentage of input, mapped and duplicate
reads are shown in table 11.

Table 11- Statistics regarding NGS reads for trio sequencing.

AHJ97 13560(Father) 13561(Mother)
No. of input reads 470149014 81065438 78223218
No. of Mapped reads 447567387 69338784 69489550
Percentage of mapped reads 95,2 % 85,5% 85,8 %
Percentage of duplicate reads 50,5 % 12,25 % 8,82 %

Achieved nucleotide coverage is shown in table 12 and figure 25.

Table 12- Statistics regarding nucleotide sequencing coverage for trio sequencing.

AHJ97 13560(Father) 13561(Mother)
Mean of coverage 253 72,6 72,8
Percentage of reads with > 10x 95,5 % 89,3 % 89,2 %
Percentage of reads with = 20x 93,5% 80,91 % 81 %
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Figure 25: Sequence coverage for targeted nucleotides for AHJ97. As shown in graph the sequence

coverage is more than 200 for most of the nucleotides.

Variant calling and functional annotation were performed, using samtools, Sequence Variant

Analyzer (SVA) (http://www.svaproject.org/), Ensembl 60 and dbSNP135 for SNPs and 132 for Indels

for AHJ97, and SOAPsnp and GATK program for calling SNVs and Indels, respectively for parents.
Numbers of detected SNVs and Indels in three samples are shown in table 13.

Table 13- Statistics regarding detected SNVs and Indels.

AHJ97 13560(Father) 13561(Mother)
Number of detected SNVs 46739 99919 97186
Number of detected Indels 6802 7107 7123

After filtering out the variants in introns and UTR regions, synonymous variants, and variants present
in dbSNP, three different scenarios were checked in this family. As the affected child is from a
consanguineous family with healthy parents, three scenarios could be possible:

1- Recessive scenario, where the affected child has one homozygous variation and the same variation
in heterozygous status presents in each of parents. This is the most probable scenario as the affected

person is from a consanguineous marriage.
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2- Recessive scenario, where the affected child has two heterozygous variations in a gene (compound
heterozygous) and each of the parents has one of the two variations.
3- De novo scenario, where the child has either homozygous or heterozygous variations that are not

present in any of the parents.

3-3-1-1- Recessive scenario due to homozygous change

In this scenario, homozygous changes in the affected child would be listed if the same variation in
heterozygous status presented in each of parents. After filtering out the variants in introns and UTR
regions, synonymous variants, and variants present in dbSNP, two variants remained that are shown
in table14.

Table 14- Two homozygous variants detected in AHJ97.

PP2: PolyPhen2

EVS: NHLBI exome variant server

coordinate  Gene Chr Variation type Variation expression EVS PP2 SIFT
14533105 POTEC 18 NON_SYNONYMOUS_CODING NM_001137671.1(POTEC):c.1010C>G,  skeletal No probably tolerated
p.Ser337Cys muscle damaging
and testis
174055813 ZAK 2 CODING_DISRUPTED_FRAMESHIFT  NM_016653.2 (ZAK):c.490_491del, High in No
p.Met164ValfsX24 skeletal

muscle

Homozygosity mapping analysis revealed homozygous regions in chromosomes 2, 3, 4, 12, 14, 15 and
20 and the biggest homozygous region was in chromosome 2. Thus, the first variant in “POTE ankyrin
domain family, member C” gene which is located in chromosome 18 is not in a homozygous region.
The pathogenicity predictions by polyphen2 and SIFT for the NM_001137671.1 (POTEC): c.1010C>G,
p.Ser337Cys variation are contradictory, as polyphen2 predicts the effect of change is probably
damaging whereas SIFT prediction shows that the effect of change is benign.

The NM_016653.2 (ZAK): c.490_491del, p.Met164ValfsX24 variation is a deletion of two nucleotides
leading to a frameshift whereas the NM_001137671.1 (POTEC): c.1010C>G, p.Ser337Cys variation is a
missense change. In general, loss of function variations such as Indels leading to frameshifts, are
considered more damaging than missense changes. However, both genes are expressed highly in
skeletal muscle. All these data together suggest that the NM_016653.2 (ZAK): c.490_491del,
p.Met164ValfsX24 variation is ranked higher than NM_001137671.1 (POTEC): c¢.1010C>G,

p.Ser337Cys variation.

3-3-1-2- Recessive scenario due to compound heterozygous changes
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In this scenario, genes with at least two heterozygous variations in the affected child would be listed
if each of the parents had one of the two variations in heterozygous status. After filtering out the
variants in introns and UTR regions, synonymous variants, variants in “black genes”, and variants

present in dbSNP, no genes remained.

3-3-1-3- De novo scenario

In this scenario, homozygous or heterozygous variations that did not present in any of the parents
were listed. 2263 such variations were detected. We believed that most of these variations could be
false positives or were detected as de novo in the affected child because the same regions/genes
were not covered in any of parents.

In one hand, Sanger sequencing of the affected child and segregation analysis for this high number of
variations were not cost-effective for removing false positives or non-segregated variations. On the
other hand, this scenario is less likely to cause the disease in the affected child. Therefore the 2263

de novo variations were not verified by Sanger sequencing.

As a result, the best candidate in this patient was NM_016653.2 (ZAK): c.490_491del,
p.Met164ValfsX24 variation in ZAK, detected in “recessive scenario due to homozygous change” as a
potential CNM-causing mutation. Therefore, the panel of 100 patients with CNM was analyzed for all
of the 20 exons of ZAK by Sanger sequencing, in order to find at least another CNM patient with the
mutation in the same gene. Apart from one heterozygous in frame deletion of three nucleotides in
exon 19 that was detected in one patient, no other unknown variations were detected in other
patients.

Re-verifying the clinical and histological data of AHJ97 showed the atypical features for CNM in this
patient such as predominant affection of shoulder girdle with detachment of two scapulas, diffuse
amyotrophy (progressive wasting of muscle tissues) and high CK level (1334 U/I ).We tried to find
CNM patients with similar features and we identified three other patients. Sanger sequencing of all

20 exons of ZAK in these three patients did not reveal any mutations in ZAK.
3-3-2- Exome sequencing for centronuclear myopathy sporadic cases

Apart from samples where we found disease-causing mutations in RYR1, DNA from seven sporadic
CNM cases in different families was used for exome sequencing in different sequencing platforms.
The age of onset and severity of disorder as well as histological findings were not similar in all these
sporadic cases. In these samples different enrichment kits with different versions, different

sequencing machines and different length of reads were used. Although for the mapping and variant
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calling, several programs had been used in different sequencing platforms, as our final aim was
comparing all NGS data of these sporadic cases together, assuming that most of them have
mutations in the same gene, for having less bias, we repeated mapping and variant calling analyses
using BWA and samtools for all of these sporadic cases. The list of these DNAs is shown in table 15.
Table 15- Sporadic cases sequenced on different sequencing platforms.

'Otogenetics: http://www.otogenetics.com/

’DNA vision: http://www.dnavision.com/

3|GBMC: http://www-microarrays.u-strasbg.fr/

Li65 "Otogenetics Nimblegen SeqCap 2x100 Illumina HiSeq2000
exome library v.2.0
EO33 Otogenetics Nimblegen SeqCap 2x100 Illumina HiSeq2000
exome library v.2.0
G95-320 Otogenetics Nimblegen SeqCap 2x100 Illumina HiSeq2000
exome library v.2.0
AHY63 Otogenetics Nimblegen SeqCap 2x100 Illumina HiSeq2000
exome library v.2.0
ADES53 *|GBMC Agilent SureSelect 2x72 Illumina GAlIx
Human All Exon
AFZ87 IGBMC Agilent SureSelect 2x72 lllumina GAlIx
Human All Exon
AlZ36 ’DNA vision Agilent SureSelect 2x72 Illumina GAlIx
Human All Exon

The statistics regarding NGS reads, depth of coverage and called SNVs and Indels are shown in table
16.

Table 16- Statistics regarding NGS reads, depth of coverage and detected SNVs and Indels in CNM
sporadic cases.

Li65 EO33 G95-320 AHY63 ADES53 AFZ87 AlZ36
No. of input reads 49495670 44722808 58017626 50480008 68106720 46754200 124561494

No. of Mapped reads 41996704 38294338 51424984 42946999 67106411 45991794 123278510

Percentage of 84,8% 85,6% 88,6% 85% 98,5% 98,3% 98,9%
mapped reads

No. of multi-mapped 1926005 1706820 2120558 1860268 5101655 3677180 4668152
reads

Percentage of multi- 4,5% 4,4% 4,1% 4,3% 7,6% 7,9% 3,7%
mapped reads

Number of duplicate 7561036 8296650 12156336 8566608 4732346 3726020 66074382
reads

Percentage of 18% 21,6% 23,6% 19,9% 7% 8,1% 53,5%
duplicate reads

Number of remained 32509663 28290868 37148090 32520123 57272410 38588594 52535976

reads
Number of targeted 195031 195031 195031 195031 213240 213240 171599
regions
Number of non- 2232 2275 2181 2389 5984 6390 3507

covered regions

Number of covered 189397 188854 189540 189090 197997 195373 164767

regions
Mean of coverage 32,6 27,2 35,6 31 47,3 31 58,2
Percentage of reads 97,8% 97,7% 97,9% 97,7% 96,3% 95,9% 97,6%
with 2 1x
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Percentage of reads 87,8% 84,8% 89,2% 87,3% 86,8% 82,7% 93%
with 2 10x
Percentage of reads 67,3% 58,5% 72,4% 65,6% 76,6% 64,44% 86,4%
with 2 20x
Number of detected 37614 37892 36275 37058 43276 42652 43060
SNVs
Number of detected 3740 3567 3919 3712 5934 5552 3632
Indels

Each of these sporadic cases was analyzed separately for different scenarios based on mode of
inheritance and a lot of candidates were detected in each of those scenarios. As distinguishing
between the disease-causing mutation and individual rare variations was difficult by sequencing a
single sporadic case in each family, we decided to overlap the NGS data from multiple unrelated
individuals with similar disorder and to prioritize the common genes, assuming that the genetic
heterogeneity is absent in this disorder.

The depth of coverage was not similar for all sporadic cases. The number and location of non-
covered regions were different as well, which may lead to miss real variations. The heterogeneity in
clinical and histological data in all these sporadic cases was also an important issue to be consider.
However, we decided to overlap the NGS data of these seven samples in order to detect the common
genes with loss of function variations (nonsense, splice sites or Indels leading to frameshift). Data are

shown in table 17.

Table 17- Common genes with different variations in at least four CNM sporadic samples.

No. of patients Gene Complete Expressed Variations patient
with different name of the tissues showing
variations gene the
variation
4 RPIL1 retinitis 8 Visual 8_10467467_10467470_DEL_GCCC EO33
p'glrj“lﬁ(':cl’sa system 8_10467472_10467473_DEL_TC AIZ36
8 10467517_10467518_DEL_CC AlZ36
8 10467527_10467527_DEL_C EO33
8 10467546_10467547_INS_A G95
8 10467673_10467682_DEL_* Li65
4 KRTAP keratin 21 Thyroid 21 32127550_32127551_INS_C Ahy63-
21-1 associated Li65
protein 21-1 21 32127573_32127574_INS_C EO33
21_32127604_32127605_INS_C G95
21 32127606_32127607_INS_A Ahy63-
Li65

As shown in table 17, the two genes with different loss of function variations in at least four out of
seven patients do not express in muscle so it is less likely that the variations detected in these two
genes are CNM-causing mutations.

TTN gene was present in almost all of the patients with several variations. This gene has important

roles in skeletal muscle but it is a large gene that accumulates numerous variations listed in different
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databases such as 1000 genomes and known as “black gene” in literature. The verification of
detected TTN variations in our CNM patients is ongoing to see whether these changes are
sequencing errors or real variations.

As mentioned above, due to different depth of coverage, different covered and non-covered regions,
different number of detected SNVs and Indels and clinical and histological heterogeneities in seven

patients, overlapping NGS data did not lead to promising result.

3-3-3- Exome sequencing for ABJ family

A CNM male patient (ABJ79) with reduced muscle tone at birth, delayed motor milestones, general
muscle weakness and difficulties in climbing the stairs and his sister (ABJ75) from a big, non-
consanguineous family were selected for exome sequencing in Integragen sequencing platform,
using Agilent Sureselect liquid capture-whole exome kit version 1 for enrichment followed by NGS,
using one lane of Illumina GAllx sequencer, paired-end with 75bp length. The pedigree of this family

is shown in figure 26.

ABJ67 ABJ68

=L ¥ Jele

Figure 26: Pedigree of ABJ family. The affected patients are shown in bleu.

ABJ69 70 7 72 73 78 79

The capture was performed for 171599 non-overlapping regions, covering 38925539 target
nucleotides. Raw sequencing data was analyzed, using Illlumina Pipeline RTA (Real-Time Analysis)
version 1.9, and the alignment was carried out, using BWA version 0.5.9. Indels of 50nt were allowed
and aligned reads can contain up to 3 mismatches. Number and percentage of input, mapped,
duplicate and multi-mapped reads are shown in table 18.

Table 18- Statistics regarding NGS reads for ABJ79 and ABJ75.

ABJ75 ABJ79

No. of input reads 74369792 83009418
No. of Mapped reads 73298474 80873292
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Percentage of mapped reads 98,5% 97,4%
No. of multi-mapped reads 4212233 4630358
Percentage of multi-mapped reads 5,7% 5,7%
Number of duplicate reads 6235286 6080746
Percentage of duplicate reads 8,5% 7,5%
Number of remained reads after filtration 62850955 70162188

Achieved nucleotide coverage is shown in table 19 and figure 27.

Table 19- Statistics regarding nucleotide coverage for ABJ79 and ABJ75.

ABJ75 AB79

Mean of coverage 63,1% 69,2%
Median of coverage 51 54
Percentage of reads with > 1x 96,6% 96,7%
Percentage of reads with 2 10x 86% 85,3%
Percentage of reads with > 20x 75,7% 75%
Percentage of reads with 2> 40x 58,7% 59,2%
Number of targeted region 171599 171599
Number of non-covered regions 4573 4296
Number of totally covered regions 159976 159814
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Figure 27: Sequence coverage for targeted nucleotides in ABJ75 and ABJ79. Most of the nucleotides

have depth of coverage more than 60 times in both samples.

After variant calling and functional annotation, using samtools, Sequence Variant Analyzer (SVA)

(http://www.svaproject.org/), Ensembl 60 and dbSNP134 for SNVs and dbSNP132 for Indels, SNVs

and Indels were detected. Number of called SNVs and Indels are shown in table 20.
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Table 20- Statistics regarding detected SNVs and Indels.

ABJ75 ABJ79

Number of detected SNVs 45870 53715
Number of detected Indels 5336 5559

After filtering out the variants in introns and UTR regions, synonymous variants, and variants with Rs
number (variants which could be potentially polymorphisms), variants that were present in both
samples were detected and were analyzed in different scenarios.

The two affected patients are from a non-consanguineous family, thus the most probable scenario in
this family was compound heterozygous variations in recessive mode of inheritance. The common
genes in both affected patients with more than one variation were detected.

The common homozygous variations in both affected as “recessive scenario due to homozygous
variations” was also checked. The linkage analysis in this family had revealed the linked regions in
chromosome 2 and 9 but the Lod scores were about 2 which is not considered high enough. Thus,
variations in these two chromosomes as well as variations in other chromosomes were checked in

both scenarios.

3-3-3-1- Recessive scenario due to compound heterozygous changes

The most probable scenario in this family was compound heterozygous changes in a gene in both
affected patients and each parent with one of the two variations in heterozygous status.

After filtering out the variants in introns and UTR regions, synonymous variants, and variants with Rs
number, common genes with more than one variation in both samples were extracted and were
Sanger sequenced to remove false positive changes due to sequencing or mapping errors. After
removing false positives, for other variations, direct sequencing of parents and other siblings were

performed to verify the segregation of changes in the family. These data are shown in table 21.
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Table 21- Compound heterozygous variations in ABJ75 and ABJ79. Each gene with two or three
changes is shown with different colors. After Sanger sequencing of variants for ABJ75 and AB79, if

the variants were not false positives, they would check in parents as well as other siblings by direct

sequencing. The reasons of filtering out the variations are listed in the last column.

Chr Exon with Variation; codon; amino acid Sanger result Reason of filtering
[LELE
NBPF14 1 22 Missense; TCASTTA; S>L Not detected False+
NBPF14 1 22 Missense; GTC>ATC; V>| Not detected False+
CFTR 7 10 Deletion AAAGC- frameshift Not detected False+
CFTR 7 10 Deletion ATTA- frameshift Not detected False+
PNPLAS 7 7 Missense; CAT>ATT; H>N Detected Seen in several
unaffected in family
PNPLAS 7 7 Missense; ATA>GTA; I>V Detected Seen in several
unaffected in family
PPIF 10 4 Insertion C- frameshift Detected Seen in several
unaffected in family
PPIF 10 6 Deletion TG- frameshift Detected Seen in several
unaffected in family
XIRP2 2 9 Missense; CGG>CAG; R>Q Detected All three changes from
unaffected father
XIRP2 2 9 Missense; ATG>ATT; M>| Detected All three changes from
unaffected father
XIRP2 2 11 Missense; AGA>ACA ; R>T Detected All three changes from
unaffected father
NCKAP1 2 25 Deletion A- frameshift Detected Seen in several
unaffected in family
NCKAP1 2 6 Insertion A- frameshift Detected Seen in several
unaffected in family
AGAP4 10 7 Missense; CGC>TGC; R>C Detected Parents have same
variation & No more in
compound
heterozygous scenario
AGAP4 10 7 Missense; CGC>TGC; R>C Not detected False+
LGALS9C 17 6 Missense; GTG>ATG; V>M Detected Two changes from
unaffected father
LGALS9C 17 11 Missense; TTG>TTC; L>F Detected Two changes from
unaffected father
NCOR1 17 15 Missense; TCA>STTA; S>L Not detected False+
NCOR1 17 21 Missense; GAC>AAC ; D/N Detected No more in compound
heterozygous scenario
PDE4DIP 1 25 Missense; GCT>ACT; A>T Detected Seen in one unaffected
in family
PDE4DIP 1 40 Missense; GGC>AGC; G>S Detected Seen in one unaffected
in family
CTBP2 10 3 Deletion T- frameshift Not detected False+
CTBP2 10 11 Deletion A- frameshift Not detected False+
GFI1B 9 4 Missense; TCC>CCC; S>P Not detected False+
GFI1B 9 4 Missense; ACC>CCC ; T>P Not detected False+

As it is shown in table 21, all candidates were filtered out due to different reasons such as being false
positive or one change was false positive and the other one was detected by Sanger sequencing
therefore, the gene could not be in compound heterozygous scenario anymore. The other reason
could be that both variations in a gene were detected in several non-affected sisters/brothers or
both variations were detected in one of the non-affected parent. Among these genes, variations in
the PDE4DIP gene were detected only in one non-affected sister (ABJ74). Thus, we were wondering

whether the DNA that we had for this sister was not contaminated or mixed with the other affected
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sister who died after birth and we did not receive her DNA. Unfortunately, we could not have a new

batch of DNA or blood or saliva samples from ABJ74 to re-sequence it.

The variations in PDE4DIP gene detected by exome sequencing, Sanger sequencing and segregation

in family are shown in figure 28 and figure 29.
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€.6544G>A-p.Gly2182Ser

€.3733G>A-p.Ala1245Thr

The variations in PDE4DIP gene detected by exome sequencing. The c¢.3733G>A-

Figure 28

p.Ala1245Thr variation in exon 25 of PDE4DIP (panel a) and c.6544G>A-p.Gly2182Ser variation in

exon 40 of PDE4DIP (panel b) in AB75 (upper panel) and ABJ79 (lower panel), detected by exome

sequencing and depicted by IGV tool. Sanger sequencing confirmed the detected variations in both

patients which are shown at the bottom of the picture, using Chromas software. The gene is in the

reverse strand so the nucleotides shown by IGV and Chromas are reverse, complement.
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x25:G x25: G/A
x40: G/A ABJ67 ABJ68 x40: G
ABJ69 70 71 72 73 74 75 76 77 78 79
x25:G/A  x25:G/A  x25:G x25:G  X25:G/A  x25:G/A x25: G/A x25:G/A x25: G/A
x40: G x40: G x40: G/A  x40:G  x40:G/A  x40:G/A x40: G x40:G  x40:G/A

Figure 29: PDE4DIP variations segregation in ABJ family. The c.3733G>A-p.Alal245Thr variation in
exon 25 and ¢.6544G>A-p.Gly2182Ser variation in exon 40 of PDE4DIP were verified in parents and all
sisters and brothers of affected patients with available DNA. The wild type allele is shown in green
and the changed allele is shown in red. ABJ74 who does not show any sign of the disease until now
has both changes, similar to ABJ75 and ABJ79, the two affected patients in this family. Each parent

has one of the two changes. For AB69 and ABJ77, enough DNAs were not available.

The ¢.3733G>A-p.Ala1245Thr variation in exon 25 of PDE4DIP and ¢.6544G>A-p.Gly2182Ser variation
in exon 40 of PDE4DIP were checked in Exome Variant Server, NHLBI Exome Sequencing

(http://evs.gs.washington.edu/EVS/), to see whether these changes were detected in other exome

datasets and with which frequency. As shown in table 22 both changes have Rs number and were
detected in several controls in new version of the Exome Variant Server database. Thus, these
changes cannot be CNM-causing mutations in this family.

Table 22- Variations in PDE4DIP detected and shown in new version of Exome variant Server. As
shown in the table both changes have Rs number and were detected in several controls. “EA” in

column four means “European American” and “AA” in column five means “African American”.

Avg.

Sample GVS
SNP Pos rs ID Alleles EAAllele# AAAllele#t AllAllele # Genes -
- - d —  Function

Depth

Amino
Acid

1:144881463 rs147815016 TIC T=43/C=8549 T=6/C=4400 T=49/C=12949 181 PDE4DIP missense THRALA

1:144856941 rs150294397 TIC T=385/C=8197 T=41/C=4365 T=426/C=12562 45 PDE4DIP missense SER,GLY

3-3-3-2- Recessive scenario due to homozygous change

Another less probable scenario was a common homozygous change in both affected patients (ABJ75

and ABJ79) which was not detected in non-affected parents and siblings in homozygous status. After
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filtering out the variants in introns and UTR regions, synonymous variants, and variants with Rs
number, common homozygous variations in both samples were extracted and were Sanger
sequenced to remove false positives due to sequencing or mapping errors. After these filtration
steps, no variation remained.

Since no promising data was achieved by exome sequencing of the two affected patients in ABJ
family, we decided to carry out whole genome sequencing of one affected (ABJ79) and mother

(ABJ68), as we did not have enough DNA from the other affected patient (ABJ75).

3-4-Whole genome sequencing

Two members of the ABJ family, affected child (ABJ79) and his mother (ABJ68), and three members
of the AIZ family, affected child (AlZ36) and his healthy parents (APX27/mother & APX28/father)

were selected for whole genome sequencing at the Complete genomics sequencing platform.

3-4-1- Whole genome sequencing for ABJ family

In this family, the affected child (ABJ79) and his mother (ABJ68) were sequenced. The statistics
regarding genome and exome coverages are shown in table 23 and statistics regarding numbers of
detected variations are shown in table 24.

Table 23- Statistics regarding genome and exome coverages for ABJ79 and ABJ68.

ABJ79 ABJ68

Fully called genome 96% 95,9%
Partially called genome 0% 0%

No-called genome 1% 1%

Fully called exome 98,2% 98,1%
Partially called exome 0% 0%

No-called exome 1,8% 1,9%
Genome Coverage >= 5x 98,7% 98,9%
Genome Coverage >= 10x 96,5% 97,1%
Genome Coverage >= 20x 88,1% 90,5%
Genome Coverage >= 40x 59,5% 63,3%
Exome Coverage >= 5x 99,6% 99,6%
Exome Coverage >= 10x 98,8% 98,8%
Exome Coverage >= 20x 94,7% 94,7%
Exome Coverage >= 40x 74,1% 72,6%
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Table 24- Statistics regarding numbers of detected variations in ABJ79 and ABJ68.

Genome/Exome AB75 AB79
Genome SNP total count 3424591 3452421
Genome Homozygous SNP count 1225958 1267124
Genome Heterozygous SNP count 2022384 2078676
Genome SNP novel 5,6% 5,7%
Genome Homozygous SNP novel 0,5% 0,5%
Genome Heterozygous SNP novel 8,4% 8,6%
Genome SNP heterozygous/homozygous ratio 1,65 1,64
Genome SNP transitions/transversions ratio 2,121 2,118
Genome INS total count 272294 280097
Genome INS novel 29,7% 30,2%
Genome INS heterozygous/homozygous ratio 2,194 2,216
Genome DEL total count 266907 273614
Genome DEL novel 26,3% 26,7%
Genome DEL heterozygous/homozygous ratio 2,033 2,035
Genome SUB total count 94223 94959
Genome SUB novel 42,7% 42,9%
Genome SUB heterozygous/homozygous ratio 2,81 2,803
Exome SNP total count 22191 22602
Exome Homozygous SNP count 7954 8028
Exome Heterozygous SNP count 13441 14021
Exome SNP novel 7,2% 7,6%
Exome Homozygous SNP novel 0,2% 0,3%
Exome Heterozygous SNP novel 11,3% 11,6%
Exome SNP heterozygous/homozygous ratio 1,69 1,747
Exome SNP transitions/transversions ratio 2,975 2,934
Exome INS total count 349 350
Exome INS novel 44,4% 45,8%
Exome INS heterozygous/homozygous ratio 1,833 1,714
Exome DEL total count 345 343
Exome DEL novel 48,7% 51%
Exome DEL heterozygous/homozygous ratio 2,987 3,051
Exome SUB total count 494 494
Exome SUB novel 50,9% 51,9%
Exome SUB heterozygous/homozygous ratio 4,069 5,394
Functional impact Synonymous SNP loci 10701 10802
Functional impact Non-synonymous SNP loci 10130 10426
Functional impact Missense SNP loci 9994 10294
Functional impact Nonsense SNP loci 103 95
Functional impact Nonstop SNP loci 11 12
Functional impact Misstart SNP loci 22 25
Functional impact  Disrupt SNP loci 90 91
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Functional impact Frame-shifting INS loci 166 160
Functional impact Frame-shifting DEL loci 144 167
Functional impact Frame-shifting SUB loci 34 32
Functional impact Frame-preserving INS loci 184 191
Functional impact Frame-preserving DEL loci 204 179
Functional impact Frame-preserving SUB loci 457 462

In this family the NGS data were analyzed for two possible scenarios: Firstly the recessive scenario
due to compound heterozygous changes where the affected child had more than one heterozygous
change in a gene and mother had one of the two or more changes. Secondly the recessive scenario
due to homozygous change where the affected child had a homozygous change and mother had

similar change in heterozygous status.

3-4-1-1- Recessive scenario due to compound heterozygous changes

After filtering out the variants in introns and UTR regions, synonymous variants, and variants with Rs
number in ABJ79 and ABJ68 data, genes with more than one heterozygous variation in affected child
(ABJ79) were selected and were crossed to mother’s data (ABJ68). Therefore, genes with more than
one heterozygous variation in ABJ79 and only one of the two or more heterozygous changes in AB68
were extracted. The selected variations were checked by Sanger sequencing to remove false
positives due to sequencing errors. If the variations were detected by Sanger sequencing,
segregation of the variations in another affected member (AB75) and the other members of family
would check. The data is shown in table 25.

Table 25- Compound heterozygous variations in ABJ75. Each gene with two or three variations is
shown in different colors. Following Sanger sequencing of variants in AB79, if the variants were not

false positives, they would check in ABJ75 as well as parents and other sisters and brothers by direct

sequencing. The reasons of filtering out the variations are listed in the last column.

Chr Exon with Variation; codon; amino acid Sanger result in Reason of filtering
change ABJ79
EPPK1 8 1 Substitution; GTC>CAT; D>M Not detected False+
EPPK1 8 1 Substitution; GCG> CGA; R>S Not detected False+
LOC389333 5 1 Missense ; CCC>CTC; P>L Not detected False+
LOC389333 5 1 Insertion T- frameshift Not detected False+
MTIF2 2 5 Missense; GCA>CCA; A>P Detected Not detected in ABJ75
(another affected
member)
MTIF2 2 12 Donor splice site mutation; GT>CT Detected Not detected in ABJ75
(another affected
member)
WNT6 2 2 Missense ; GAC>GAA; D>E Detected Not detected in ABJ75
(another affected
member)
WNT6 2 4 Substitution ; GAC>CCA; D>P Not detected False+
ARFGEF1 8 29 Missense; GAT>GTT; D>V Not detected False+
ARFGEF1 8 34 Missense; AGG>AAG; R>K Was not No more in compound
checked heterozygous scenario
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ARFGEF1 8 36 Missense; TCT>CCT ; S>P Not detected False+
CLSTN3 12 5 Missense ; TAT>CAT; Y>H Not detected False+
CLSTN3 12 11 Missense ; GAC>GTC; D>V Detected No more in compound
heterozygous scenario
CPNE2 16 2 Deletion T- frameshift Not detected False+
CPNE2 16 7 Change in +3; G>C Was not No more in compound
checked heterozygous scenario
IL17RD 3 1 Substitution ;TAC>TGT; Y>C Was not No more in compound
checked heterozygous scenario
in ABJ75
IL17RD 3 11 Missense; GCT>CCT; A>P Detected Not detected in ABJ75
(another affected
member)
PYROXD1 12 5 Substitution; ATT>AAA; I>X Not detected False+
PYROXD1 12 6 Donor splice site mutation; GT>AT Detected No more in compound

heterozygous scenario

As shown in table 25, all candidates were filtered out due to different reasons such as being false
positive. One change was false positive and the other one was detected by Sanger sequencing,
therefore the gene could not be in compound heterozygous scenario anymore, or both variations in a

gene were not detected in another affected member (ABJ75).

3-4-1-2- Recessive scenario due to homozygous change

Another possible scenario with low probability was a common homozygous change in affected child
(ABJ79) and similar change in heterozygous status in mother. After filtering out the variants in introns
and UTR regions, synonymous variants, and variants with Rs number, homozygous variations in
ABJ79 were extracted and were crossed to ABJ68 data to extract genes with homozygous variations
in ABJ79 and same variations in ABJ68 in heterozygous status. Only one homozygous deletion was
detected in the EIF3CL gene, and was confirmed by Sanger sequencing in ABJ79 and the other
affected member (ABJ75). Sanger sequencing of parents detected similar change in homozygous
status in both non-affected parents showing the non-pathogenicity of this variation.

Copy number variations (CNV) and structural variations (SV) listed by complete genomics were also
analyzed in this family. For being sure that these detected variations were correct and not due to
sequencing or mapping errors, these data were compared to similar data from a different family (AlZ,
described below). The comparison showed that the same structural or copy number variations were
detected in affected and non-affected members in both families suggesting that these variations
were detected due to sequencing or mapping errors. Thus, no candidates were detected by CNV or

SV analysis.

Therefore, no promising data was achieved by whole genome sequencing of one affected patient and

his mother in ABJ family.

77




RESULTS

3-4-2- Whole genome sequencing for AlZ family

In this family, the affected child (AlZ36) had sequenced in the project of exome sequencing of CNM
sporadic cases. Several candidates were detected in different scenarios and it was impossible to
distinguish between private, rare polymorphisms and disease-causing mutation. Therefore, we
decided to perform whole genome trio-sequencing for the affected child and his healthy parents
(APX27/mother & APX28/father).

This patient (AlZ36) is an American male, born in 2001 with centronuclear myopathy from a non-
consanguineous family. The age of onset was 15 months. He can walk and almost run. Histological
analysis showed type | fiber predominance, several small-rounded type | fibers with central nuclei
and very large type Il fibers with spiral shaped appearances which is an atypical feature in patients
with CNM.

The statistics regarding genome and exome coverages are shown in table 26 and statistics regarding
numbers of detected variations in three individuals are shown in table 27.

Table 26- Statistics regarding genome and exome coverages for AlZ family.

AlZ36 APX27 APX28
Fully called genome 96,4% 96,4% 95,9%
Partially called genome 0% 0% 0%
No-called genome 3.6% 3.6% 1%
Fully called exome 98,3% 98,3% 98,1%
Partially called exome 0% 0% 0%
No-called exome 1,7% 1,7% 1,9%
Genome Coverage >= 5x 98,9% 99,1% 98,7%
Genome Coverage >= 10x 97,1% 97,1% 96,3%
Genome Coverage >= 20x 89,8% 92% 87,5%
Genome Coverage >= 40x 61,7% 65,4% 58,7%
Exome Coverage >= 5x 99,7% 99,7% 99,6%
Exome Coverage >= 10x 99% 99% 98,7%
Exome Coverage >= 20x 95,3% 95,3% 94%
Exome Coverage >= 40x 74,1% 73,2% 72%

Table 27- Statistics regarding numbers of detected variations in AIZ family.

Genome/Exome AlZ36 APX27 APX28
Genome SNP total count 3435663 3474950 3436291
Genome Homozygous SNP count 1228685 1271940 1208863
Genome Heterozygous SNP count 2037803 2104029 2045757
Genome SNP novel 3,3% 5,6% 5,8%
Genome Homozygous SNP novel 0,5% 0,6% 0,5%
Genome Heterozygous SNP novel 8,4% 8,3% 8,6%

78




RESULTS

Genome SNP heterozygous/homozygous ratio 1,65 1,65 1,69
Genome SNP transitions/transversions ratio 2,119 2,119 2,115
Genome INS total count 285261 290376 279417
Genome INS novel 30,4% 31% 30,3%
Genome INS heterozygous/homozygous ratio 2,302 2,302 2,328
Genome DEL total count 276553 279315 272658
Genome DEL novel 26,5% 26,7% 26,6%
Genome DEL heterozygous/homozygous ratio 2,070 2,058 2,117
Genome SUB total count 94439 95495 95559
Genome SUB novel 42,2% 42,2% 43,5%
Genome SUB heterozygous/homozygous ratio 2,78 2,763 2,955
Exome SNP total count 22235 22506 22249
Exome Homozygous SNP count 7588 8117 7675
Exome Heterozygous SNP count 13917 13869 13721
Exome SNP novel 7% 7,3% 7,6%
Exome Homozygous SNP novel 0,2% 0,4% 0,2%
Exome Heterozygous SNP novel 10,6% 11,2% 11,6%
Exome SNP heterozygous/homozygous ratio 1,83 1,709 1,788
Exome SNP transitions/transversions ratio 2,958 2,944 2,908
Exome INS total count 342 366 369
Exome INS novel 43,3% 43% 47,7%
Exome INS heterozygous/homozygous ratio 1,897 2,009 1,991
Exome DEL total count 334 346 312
Exome DEL novel 47,6% 48,6% 48,1%
Exome DEL heterozygous/homozygous ratio 2,829 2,916 2,720
Exome SUB total count 465 445 513
Exome SUB novel 53,3% 53,1% 56%
Exome SUB heterozygous/homozygous ratio 6,863 4,091 6,793
Functional impact Synonymous SNP loci 10626 10818 10616
Functional impact Non-synonymous SNP loci 10264 10348 10282
Functional impact Missense SNP loci 10153 10214 10158
Functional impact Nonsense SNP loci 80 9104 95
Functional impact Nonstop SNP loci 13 11 12
Functional impact Misstart SNP loci 18 19 17
Functional impact Disrupt SNP loci 77 91 89
Functional impact Frame-shifting INS loci 162 165 187
Functional impact Frame-shifting DEL loci 151 152 129
Functional impact Frame-shifting SUB loci 35 29 45
Functional impact Frame-preserving INS loci 181 202 184
Functional impact Frame-preserving DEL loci 183 192 163
Functional impact Frame-preserving SUB loci 431 416 468
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In this family three scenarios were checked: Firstly the recessive scenario due to compound
heterozygous changes where the affected child had more than one heterozygous change in a gene
and each of the parents had one of the changes. Secondly the recessive scenario due to homozygous
changes where the affected child had a homozygous change and both of the parents had similar
change in heterozygous status. The last scenario was de novo scenario where the affected child had

variation which was absent in both parents.

3-4-2-1- Recessive scenario due to compound heterozygous changes

After filtering out the variants in introns and UTR regions, synonymous variants, and variants with Rs
number in three individuals, genes with more than one heterozygous variation in affected child
(AlIZ36) were selected and were crossed to parents data (APX27 & APX28), in order to extract genes
with more than one heterozygous variation in AlZ36 and only one of the two or more heterozygous
changes in each parent. The selected variations were checked by Sanger sequencing to remove false
positives due to sequencing errors. The data is shown in table 28.

Table 28- Compound heterozygous variations in AlZ36. Each gene with two or three changes is

shown with different colors. Sanger sequencing was performed for affected child as well as parents

for removing false positives.

Exon with Variation; codon; amino acid Sanger result in Sanger result in APX27
change AlZ36 & APX28
MYO5B 18 4 Missense; GCC>GGC; A>G Detected Detected in APX27
MYO5B 18 20 Missense; AAA>GAA; K>E Detected Detected in APX28
TN 2 42 Missense ; AAA>AGA; K>R Detected Detected in APX27
TN 2 168 Missense ; GTT>CTT; V>L Detected Detected in APX28
TN 2 192 Acceptor splice site mutation; AG>AA Detected Detected in APX27

As shown in table 28, the variations in MYO5B as well as variations in TTN were not false positives in
AlZ36 and they segregated in parents as well. It is important to note that the mother (APX27) had
two TTN variations out of three, thus one of these two variations is not pathogenic, since the mother
is not affected. Sanger sequencing data for the affected child as well as parents are shown in figure

30.
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Figure 30: Sanger sequencing results for MYO5B and TTN genes in AlZ36 and his parents. As shown,
two heterozygous variations in MYO5B and three variations in TTN were detected in this scenario.
Mother (APX27) has two TTN variations out of three in exons 42 and 192, thus one of these two
variations is not pathogenic, since the mother is not affected. The pictures are depicted, using

Chromas software.

The missense, GTT>CTT, Val>Leu change in exon 168 is the last nucleotide of this exon in all TTN
isoforms which prediction tools suggest the disruption of donor splice site due to this change. The
position of this change is shown in figure 31. The predictions showing the disruption of splice site are

shown in figure 32.
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Figure 31: Position of missense, GTT>CTT, V>L change in exon 168 of TTN. The red line shows the
position of change which is the last nucleotide of this exon leading to donor splice site disruption.

The picture is depicted, using ALAMUT software.
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IReference Sequence tAAAGGAAGAAGTTGTTCTGAAAAGCﬁBTATAGTATTTTTCAACCA
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L c ‘ R

| Mutated Sequence EAAAGGAAGAAGTTGTTCTGAAAAGCQ-bTATAGTATTTTTCAACCA

Figure 32: The predictions showing the disruption of donor splice site due to missense, GTT>CTT,
V>L change in exon 168 of TTN. The upper panel shows the normal splice site (bleu boxes) and the
given scores by MaxEntScan and Human Splicing Finder prediction tools. In the lower panel the
disruption of the donor splice site predicted by four different prediction tools is shown. The picture is

depicted, using ALAMUT software.

Since both of the genes were potential candidates in this scenario, more criteria were checked for
these changes which are listed in table 29.
Table 29- Muscle expression of the proteins and presence of variations in Exome Variant Server,

NHLBI Exome Sequencing (http://evs.gs.washington.edu/EVS/) for detected variations in MYO5B

and TTN.
Muscle Variation; codon; amino acid
expression
MYO5B 18 Yes but not Missense; GCC>GGC; A>G No
the highest
MYO5B 18 Missense; AAA>GAA; K>E G=4/A=10002
TN 2 Yes and it’s Missense ; AAA>AGA; K>R G=3/A=10755
the highest
TTN 2 Missense ; GTT>CTT; V>L No
TTN 2 Acceptor splice site mutation; AG>AA No

As mentioned above, the mother (APX27) had two TTN variations out of three, thus one of these two
variations is not pathogenic, since she is not affected. This non-pathogenic variation can be
missense ; AAA>AGA; K>R change, since it is present in Exome Variant Server, NHLBI Exome

Sequencing (http://evs.gs.washington.edu/EVS/) with very low frequency.
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In this scenario two candidate genes, TTN and MYO5B, were detected. NGS data of other CNM
patients without detected disease-causing mutations were checked to see whether these patients

had any unknown variations in these two genes.

TTN is a large gene with a lot of known and unknown variations, listed in different databases such as
1000 genomes or Exome Variant Server, and also it is listed as “black gene” in literature. However
this gene is expressed highly in skeletal muscle and has an important role in muscle fibers. Looking to
NGS data from several patients showed that almost in all of the patients this gene did not cover and
sequence completely, thus all of the variations in this gene were not detected. However, several
variations were detected in each patient. Whether these changes are real disease-causing mutations

or individual variations or false positives, needs to be verified.

Similar to TTN, by analyzing the NGS data from several CNM patients, some variations were detected
in MYO5B. However, in some patients this gene was not covered and sequenced completely.
Whether these changes are real disease-causing mutations or individual variations or false positives,

needs to be verified.

3-4-2-2- Recessive scenario due to homozygous change

In this scenario, genes with homozygous variation in the affected child (AlZ36) were selected and
crossed to data from the parents (APX27 & APX28), in order to extract genes with homozygous
variation in AlZ36 and similar variation in both parents in heterozygous status. After filtering out the
variants in introns and UTR regions, synonymous variants, and variants with rs number, no gene

remained.

3-4-2-3- De novo scenario

In this scenario, the NGS data of the affected child (AlZ36) were crossed to the parents’ data (APX27
& APX28), in order to extract the variations that were present in the affected child and absent in both
parents. After filtering out the variants in introns and UTR regions, synonymous variants, and variants
with Rs number, 153 genes were detected. The data of these 153 genes was compared to exome
data of AlZ36, in order to see whether the same variations were detected by exome sequencing. 7
genes were not covered by exome data and 3 genes were detected in exome data. These variations
were checked by Sanger sequencing and only one of the non-covered variations and one of the

detected variations by exome data were detected by Sanger sequencing and the rest were false
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positives. 30 genes among 143 remaining genes, detected by genome data and not detected by
exome data, were selected and analyzed by Sanger sequencing. This data showed that all of them
were false positives. Analysis of other genes with detected variations in genome and not-detected in
exome datasets showed that most of these changes were in GC rich regions of the genes where the
probability of being false positives due to mapping or sequencing errors is too high. Therefore, these
variations were most probably false positives and were not checked by Sanger sequencing.

Two genes with de novo variations in AlZ36 were detected: p.GIn1086His variation in exon 17 of CAP-
GLY domain containing linker protein 1 (CLIP1), and p.Gly376Cys variation in exon 5 of FLYWCH-type
zinc finger 1 (FLYWCH1). Both parents had wild type alleles for both variations. Sanger sequencing

data for the affected child as well as parents are shown in figure 33.
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Figure 33: Sanger sequencing results for CLIP1 and FLYWCH1 genes in AlZ36 and his parents. As
shown, one heterozygous variation in CLIP1 and one heterozygous variation in FLYWCH1 were

detected in affected child (AlZ36) that were absent in both parents in this scenario.

Variations in both genes were predicted to be deleterious, using polyphen2 and SIFT prediction tools
and both genes are expressed in skeletal muscle. Analysis of the NGS data from several CNM patients
without detected mutations showed that in some of the patients these two genes did not cover and
sequence completely, thus all of the variations in these two genes were not detected. However,
some variations were detected in each patient. Whether these changes are real disease-causing

mutations or individual variations or false positives, needs to be verified.
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Copy number variations (CNV) and structural variations (SV) listed by complete genomics were also
analyzed in this family. To ensure that these detected variations were correct and not due to
sequencing or mapping errors, this data was compared to similar data from other family (ABJ family).
The comparison showed that the same structural or copy number variations were detected in
affected and non-affected members in both families suggesting that these variations were detected

due to sequencing or mapping errors. Thus, no candidates were detected by CNV or SV analysis.

Therefore, two candidate genes, TTN and MYO5B, from recessive scenario due to compound
heterozygous variations, and two candidate genes, CLIP1 and FLYWCH1, from de novo scenario were

detected in this family.

Results for aim 2: Improving diagnostic of NMD using NGS

The second aim of my PhD project was to test if massively parallel sequencing can be used as routine
technique, in molecular diagnosis of neuromuscular disorders. This part of the project was published

as a paper.
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Next generation sequencing for molecular diagnosis of neuromuscular diseases
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Serge Vicaire, Nicolas Levy, Jamel Chelly, Jean-Louis Mandel, Valerie Biancalana, Jocelyn
Laporte
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A- Introduction

Inherited neuromuscular disorders (NMD) form a group of genetic diseases which result in chronic
long term disability posing a significant burden to the patients, their families and public health care.
NMD are often severe and include more than 200 monogenic disorders with a total incidence
exceeding 1 in 3000. Despite tremendous research and clinical efforts, the molecular causes of NMD

are still unknown for approximately half of patients.

B- Aim of study

The aim was to pilot an efficient screening strategy in an attempt to improve the clinical and

molecular investigations of neuromuscular diseases, from a very heterogeneous panel of patients.

C- Results

In this study we used targeted enrichment of 267 known NMD genes followed by NGS in patients
affected by different neuromuscular diseases with or without known mutations. DNA multiplexing
and blind variant ranking retrieved successfully different mutation types for diseases with different

segregations.

D- Conclusion

We conclude that our NMD-seq strategy could be implemented into a routine set-up in diagnosis

laboratories as a first and reliable screening approach. A faster molecular diagnosis of NMD will have

major impacts on patients as it will improve disease management and genetic counseling, and will

allow access to therapy or inclusion into therapeutic trials.
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Abstract Inherited neuromuscular disorders (NMD) are
chronic genetic diseases posing a significant burden on
patients and the health care system. Despite tremendous
research and clinical efforts, the molecular causes remain
unknown for nearly half of the patients, due to genetic
heterogeneity and conventional molecular diagnosis based
on a gene-by-gene approach. We aimed to test next
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generation sequencing (NGS) as an efficient and cost-
effective strategy to accelerate patient diagnosis. We
designed a capture library to target the coding and splice
site sequences of all known NMD genes and used NGS and
DNA multiplexing to retrieve the pathogenic mutations in
patients with heterogeneous NMD with or without known
mutations. We retrieved all known mutations, including
point mutations and small indels, intronic and exonic
mutations, and a large deletion in a patient with Duchenne
muscular dystrophy, validating the sensitivity and repro-
ducibility of this strategy on a heterogeneous subset of
NMD with different genetic inheritance. Most pathogenic
mutations were ranked on top in our blind bioinformatic
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pipeline. Following the same strategy, we characterized
probable TTN, RYRI and COL6A3 mutations in several
patients without previous molecular diagnosis. The cost
was less than conventional testing for a single large gene.
With appropriate adaptations, this strategy could be
implemented into a routine genetic diagnosis set-up as a
first screening approach to detect most kind of mutations,
potentially before the need of more invasive and specific
clinical investigations. An earlier genetic diagnosis should
provide improved disease management and higher quality
genetic counseling, and ease access to therapy or inclusion
into therapeutic trials.

Keywords Neuromuscular disorder - Sequencing -
Molecular diagnosis - DNA barcoding - Myopathy -
Neuropathy

Introduction

Inherited neuromuscular disorders (NMD) form a group of
genetic diseases which result in chronic long term disability
posing a significant burden to the patients, their families and
public health care. NMD are often severe and include more
than 200 monogenic disorders with a total incidence
exceeding 1 in 3,000 [3]. Despite tremendous research and
clinical efforts, the molecular causes of NMD are still
unknown for approximately half of patients. The precise
diagnosis of NMD requires an extensive clinical evaluation
in conjunction with targeted complementary tests. To date,
routine genetic diagnosis is mainly done on a gene-by-gene
basis, starting from the most pertinent one. Diagnostic
challenges in this group of diseases include genetic heter-
ogeneity in most of the disorders and lack of segregation
data in sporadic cases to orient the screening. As an
example, hereditary sensorimotor neuropathies (HSMN) are
due to mutations in nearly 50 genes, while congenital
myopathies implicate at least 14 different genes [21, 22].
Also, large genes, such as Titin (77TN) with 363 exons, are
not entirely sequenced even if previously linked to NMD
[1]. As a consequence, clinical tests are multiplied, DNA is
sent to different laboratories and patients are submitted to
thorough examination that includes sometimes invasive
investigations. Often genetic diagnosis is delayed, exposing
the patient to unnecessary investigations and treatments,
precluding the full benefit of a targeted approach to treat-
ment, and increasing recurrence risk in the families.
Current molecular diagnostic approaches are time-
consuming and expensive. Recently, massively parallel
sequencing using next generation sequencing (NGS) tech-
nologies has emerged as a successful approach to interrogate
multiple genes simultaneously and is currently mainly
used to identify novel disease genes in a research setting

@ Springer

[10, 18-20, 31]. A fewer studies reported the use of whole
genome (WGS) or whole exome (WES) sequencing for
genetic diagnosis of a given monogenic disease. Concerning
NMD, Lupski et al. [14] and Montenegro et al. [16],
respectively, used WGS and WES in patients with hereditary
sensorimotor neuropathies (HSMN) on a research setting. In
both cases, they analyzed a single family and focused their
variants ranking only on known HSMN genes. Targeted
resequencing of known disease genes appears more relevant
for routine diagnosis and until now was tested on a few
specific disease genes like 5 ataxia genes or 21 breast cancer
genes or a single large gene like DMD in very homogeneous
patient cohorts, or for carrier testing [6, 13, 30].

As no previous large scale sequencing study targeting
several NMD genes was reported, our aim here is to pilot an
efficient screening strategy in an attempt to improve the
clinical and molecular investigations of neuromuscular dis-
eases from a very heterogeneous panel of patients. We used
targeted enrichment of 267 known NMD genes followed by
NGS in patients affected by different neuromuscular diseases
with or without known mutations. DNA multiplexing and
blind variant ranking retrieved successfully different muta-
tion types for diseases with different segregations.

Patients and methods
Patients

Two groups of patients with various neuromuscular dis-
eases were selected: eight patients with pathogenic
mutations previously identified by conventional Sanger
sequencing of candidate genes (patients A to H), and eight
random patients without known mutations and different
clinical diagnosis encompassing myopathies and neuropa-
thies (patients I to P). Clinical and segregation data are
listed in the online resource data. DNA was extracted from
venous blood by three different methods: two manual
methods, FlexiGene DNA kit (Qiagen GmbH, Hilden,
Germany) and Bacc Nucleon 3 (Amersham-Bioscience),
and one automated method, the QIA symphony DNA midi
kit (Qiagen GmbH, Hilden, Germany). Informed consent
was obtained from all individuals, and the study was
approved by the comité de protection des personnes (DC-
2012-1497).

Targeted massively parallel sequencing

All the 267 NMD genes, known to be implicated in 16 dif-
ferent disease classes (online resource Table 1; http://www.
musclegenetable.org/[8]) were targeted for enrichment.
Capture design was done using the Agilent eArray (http://
earray.chem.agilent.com/earray/). In this pilot study, we


http://www.musclegenetable.org
http://www.musclegenetable.org
http://earray.chem.agilent.com/earray/
http://earray.chem.agilent.com/earray/

Acta Neuropathol (2012) 124:273-283

275

included the 267 genes because genetic heterogeneity exists
in all disease classes and several genes are implicated in
different classes (e.g. LMNA or DNM?2). Oligonucleotides
covered all coding exons and all intron—exon boundaries
including at least 50 intronic nucleotides. 5’ and 3’ UTRs and
deep intronic sequences were not targeted to avoid increasing
the sequence target size that would have strongly decreased
the mean sequence coverage. After masking the repetitive
elements, the 4,604 targeted exons represented 1.6 Mb
(online resource Table 2). A minimum of 3 pg of genomic
DNA was sheared to obtain a mean fragment size of 250 nt
using Covaris E210 (KBioscience, Herts, UK) followed by
automatic library preparation with the SPRI-TE Nucleic Acid
Extractor (Beckman Coulter Inc, Brea, CA) using the
SPRIworks fragment library cartridge (Beckman Coulter Inc,
Brea, CA) and Illumina adapters. Targeted regions were
captured using the Agilent SureSelect custom target enrich-
ment kit (Agilent Technologies, Santa Clara, CA) following
Agilent protocols. Enriched DNA fragments were barcoded
with the Illumina multiplexing sample preparation kit (Illu-
mina, San Diego, CA), pooled by 4, and sequenced on an
Illumina Genome Analyzer IIx to generate 72nt paired-end
reads for 4 DNAs per channel, following the manufacturer’s
protocols.

Bioinformatic analysis

The authors implicated in the sequencing and bioinformatic
analysis had no information on the patient data, except for
the disease class and potential segregation. The bioinfor-
matic analysis pipeline is depicted in Fig. 1. Image analysis
and base calling were performed using the Illumina Pipe-
line RTA (Real-Time Analysis) version 1.9. DNA
sequences were aligned to the reference genome GRCh37/
hg19 using BWA [11]. Insertions or deletions of up to 50nt
were allowed for the alignment to the genome. Reads that
mapped to several positions in the genome and reads
sharing the same start position and strand were filtered out
using Picard (http://picard.sourceforge.net/) and Samtools
[12]. From an average of 14 million mapped reads, about 4
million were uniquely mapped in targeted regions. Valid
variants had to be seen in both directions with at least 3 x
coverage and their calling was done using Samtools;
minimum mapping quality was 25, consensus quality was
20 and minimum SNV (single nucleotide variation)/indel
quality was 20. Variants were defined as homozygous, if
present in more than 80 % of the reads. For SNV/indel
annotation SVA (v1.02) [4] (http://www.svaproject.org/),
Ensembl60 and dbSNP134 were used, and validated non-
pathogenic variants present in dbSNP and 1000Genomes
databases were removed.

Variants filtering and ranking were done using the
VaRank program. Briefly, for each variant, VaRank used

(a) Mapping &
variant calling

(b) Filtration &
mutation detection

SNV & Indels
(VaRank)

\ 4
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Fig. 1 Bioinformatic filtering and ranking

the Alamut software (Interactive Biosoftware, Rouen,
France) to collect genomic annotations and different scores
such as the coding status, the nucleotide and amino acid
conservation scores and the effect of each change on the
protein and splice site, and then compiles them to rank
SNVs and indels starting from the most probable patho-
genic. The SNVs/indels are characterized using several
genomic or functional annotations that VaRank summa-
rizes into a score to produce a list of ranked variants
(manuscript in preparation). The probable mutations are
ranked starting from the most likely to be pathogenic
according to the following list: nonsense, frameshift,
essential splice site (affecting the conserved consensus
intronic positions), start loss, stop loss, missense, predicted
splice site mutation (outside of the consensus sites), in
frame indels, and synonymous coding. The scores are
modulated according to the genomic conservation based on
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the phastcons score [7] and to the SIFT [17] and PolyPhen
v2 [23] scores to assess the effect of amino acid change on
the protein function. Synonymous coding variants might
have an effect on the biosynthesis of the protein [28], and
their potential impact on splicing was also scored. Splicing
effect is assessed using three different softwares: Human
Splicing Finder [2], MaxEntScan [32] and NNSplice [24].
Scores of compound heterozygous mutations in the same
gene were added in case of a recessive segregation of the
disease to prioritize the best candidate genes. Clinical
significance was extracted from dbSNP134 and some of the
known mutations were confirmed using locus-specific
mutation data bases (LSDB-http://www.umd.be/). The
“Clinical significance” field from dbSNP highlights known
mutations with an “rs” identifier. Variants annotated as
“probably-pathogenic” or “pathogenic” usually corre-
sponded to reported mutations and were weighted to reach
a high VaRank score. Indeed, these variants were not fil-
tered as some healthy people are carriers of mutations. In
the next step, genes within the patient disease class(es)
were extracted and the mode of inheritance of the disease
in the family, if known, was matched to the known type of
transmission for every selected candidate genes.

In order to detect large deletions, a coverage-based method
was used where the number of reads in a sliding window of
20nt was computed across the genome for each patient and
coverage compared to three randomly selected patients.

Mutation validation

Sanger sequencing was performed to confirm sequence vari-
ants in the original DNA samples and to assess the segregation
in the families included in this study (GATC Biotech).

Results
Sequencing results

Following DNA barcoding and pooling by group of 4,
targeted sequencing of the 267 known NMD genes (online
resource Table 1) was performed in 8 individuals (A to H)
with different neuromuscular disorders and known muta-
tions. After alignment with the human reference genome,
mean coverage of the targeted exons was 138x and the
percentage of nucleotides with at least 10x coverage was
94 (Table 1, online resource Table 2). Average enrichment
for targeted exons was 1,410 fold. More than 97 % of the
targeted exons were fully covered, while 168 targeted
exons were covered <3x in at least half of the patients
(online resource Fig. 1 a and online resource Table 2).
Most low-covered exons were similar between patients and
coverage decreased with increasing GC content (online
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resource Fig. 1b). Similar findings were obtained in an
independent experiment with six of these DNA samples
sequenced individually, validating the multiplexing
approach (data not shown). DNAs prepared with different
extraction protocols gave similar results, supporting the use
of these different protocols on a routine diagnosis basis.
Reproducibility between different DNAs treated in the
same experiment was such that the coverage was similar
for given targeted exons (online resource Table 2 and
online resource Fig. 2; narrow distribution of the 95th
percentile close to the median). This allowed the detection
of the copy number to unambiguously determine the gen-
der of patients as a control for the experiment (Fig. 2a, b),
and the mapping of a large deletion (see below).

Variants identification and ranking

Variants were identified based on the bioinformatic anal-
ysis encompassing sequence mapping, variant calling and
filtering, and variant ranking (Fig. 1). On average, we
found 1,162 SNVs and 152 indels of which 341 were not
reported as SNP (Table 1). 125 variants affecting the
essential splice sites or predicted to change the amino acid
sequence were found on average in the 267 NMD genes.
For prioritization, these variants were ranked using a novel
scoring program (VaRank; see methods), then by extract-
ing the different genes fitting the disease class(es) based on
the general clinical phenotype of patients, and lastly based
on the segregation if known (Table 2 and online resource
Table 3). For patients with phenotypes that matched to
several disease classes, all genes fitting the different dis-
eases classes were considered.

Identification and confirmation of mutations

We retrieved all ten different known mutations in the eight
analyzed DNAs (Table 2; patients A—H). Sequencing data
sustaining the mutations are depicted in (Fig. 3a—d and
online resource Fig. 4). In particular, we detected homo-
zygous and heterozygous mutations validating the
detection of both alleles, point mutations or small insertion
or deletions, intronic and exonic mutations. Compound
heterozygous mutations in SETX were retrieved in the two
patients with ataxia (Fig. 3 and online resource Fig. 3).
Importantly, our VaRank scoring program blindly ranked
the known mutations and implicated genes first in the list
when taking into account the disease class and inheritance
for most patients (online resource Table 3). Although the
clinical data are important to define the disease class, we
did not prioritize genes within each disease class based on
more detailed pathological data (e.g. even if patient E had
myotubular myopathy, all congenital myopathy genes were
ranked), suggesting that this approach may be proposed for
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Table 1 Sequencing, coverage and variant statistics
Samples A B C D E F G H Average
Sequencing Sequenced nucleotides 1179572688 1143805104 749145888 1057816944 1281453552 921756240 912120912 913302000 1019871666
Sequence after filtering 399768120 392297112 314103240 246193344 355696416 351273528 404841528 210318840 334311516
(in nt)®
Sequence in target 316579968 321670656 249903072 193743144 271231344 274046688 220871448 169312104 252169803
regions (in nt)
Coverage  Mean coverage (x) 172 176 137 106 148 150 120 96 138
Median coverage (x) 165 162 126 105 145 144 113 91 131
% Base >3x 98 97 97 98 98 98 97 97 98
coverage
% Base >10x 95 94 92 94 95 94 93 93 94
coverage
Fully covered exons 4,477 4,445 4,396 4,443 4,484 4,445 4,429 4,425 4,443
Variants SNVs 1,097 1,096 1,015 1,148 1,374 1,315 1,127 1,120 1,162
Indels 208 148 127 139 168 153 127 146 152
Total heterozygotes 1,018 920 779 973 1,141 1,095 910 859 962
Total homozygotes 287 324 363 314 401 373 344 407 352
SNVs + indels 1,305 1,244 1,142 1,287 1,542 1,468 1,254 1,266 1,314
SNVs + indels 374 325 259 294 457 403 335 279 341
without rs number
Novel coding non- 111/0 109/0 93/0 99/0 145/0 155/1 116/0 94/1 115/n.a.°
synonymous®
Novel splice 10/0 6/0 4/0 4/1 17/0 6/0 5/1 2/0 Th.a®
site change®
Novel coding stop 3/0 4/1 0/0 0/0 0/0 1/0 1/0 1/0 I/na. ¢
(gained/lost)*
Novel coding 3/1 1/0 1/large 2/1 3/1 1/0 2/0 171 2/n.a.°
frameshift* deletion

Average enrichment is 1,410 fold
@ Before/after filtering and ranking
° After filtering duplicate reads and multiple genomic mapping

¢ Not applicable

patients prior to extensive histological investigations.
Moreover, the patients in our cohort were affected by
diverse diseases of different segregation (X-linked, auto-
somal recessive or dominant; Table 2), validating this
approach for a wide range of heterogeneous diseases and
mutation types.

The large deletion encompassing exons 18—44 of the
DMD gene was detected in a patient with Duchenne
Muscular Dystrophy by comparing the number of reads in
these regions with other sequenced DNA samples
(Fig. 2b). The mean coverage for exons 18—44 is 0 for this
patient and 177 for other patients (online resource Table 2,
DMD gene for patient C). Unexpectedly, off-target reads
from genomic DNA fragments not targeted for enrichment
and located in DMD introns allowed to restrict the areas
containing the upstream and downstream breakpoints from
27 to 11 Kb and 248 to 72 Kb, respectively (Fig. 2c¢). To
assess the accuracy of deletion breakpoints predicted
through off-target reads with the precise deleted positions,
we analyzed this DMD deletion using the custom-designed
oligonucleotides CGH-array previously described by Sail-
lour et al. [27] where oligonucleotide probes cover both

intronic and exonic DMD regions with an average tiling
interval of 50 bases. CGH-array indicated that the 3’
breakpoint maps between 32,187,417 (position of the non-
deleted probe) and 32,187,427 (position of the deleted
probe), and the 5" breakpoint maps between 32,538,435 and
32,538,443 (Fig. 2d). NGS data are coherent with CGH-
array as the off-target reads closer to the deletion mapped
at positions 32,072,428 and 32,547,130. The differences
between the precise positions based on CGH-array and
breakpoints found by NGS data are 115 kb for the 3’
breakpoint and 9 kb for the 5’ breakpoint. For a better
precision of NGS method for mapping intronic break-
points, targeting for enrichment of intronic sequences could
be a possibility, but will increase the total targeted
sequence length and thus decrease the overall coverage for
a given sequencing depth.

Following a similar strategy, we analyzed 8 DNAs (I to
P) from patients with heterogeneous neuromuscular disor-
ders without molecular characterization. These patients
were not selected based neither on the amount or quality of
clinical data nor on the availability of DNA from other
members of the family, to mimic the situation of routine
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diagnosis. There were no specific inclusion criteria. We
identified probable disease-causing mutations in several
patients. Sanger sequencing was used to validate the
presence of mutations in the original DNA and also con-
firmed disease segregation (Fig. 3e—f, Table 2, and online
resource Fig. 4). Sequencing, coverage and variant statis-
tics were similar to the previous experiment (online
resource Table 4). The identified mutations in RYRI, TTN
and COL6A3 genes were in agreement with the clinical
data (online resource data for patient descriptions).
Importantly, while variants ranking can be made without

Fig. 2 Detection of copy number and mapping of a deletion inp
patient C with DMD. a, b Gender determination: comparison of
sequence reads mapping to the X chromosome between two female
DNAs in (a) and a female (black) and a male (red) in (b). In b a
deletion of several exons is detected on the X chromosome for the
male (squared). ¢ Next generation sequencing data showing the
detection of a 27 exons deletion in patient C with DMD (middle
panel) compared to two other DNAs (top and bottom panels).
Random off-target reads allow a more precise mapping of the deletion
breakpoints. Off-target reads varied between two different experi-
ments. d CGH-array results showing the 5’ and 3’ breakpoints map
between 32,538,435 and 32,538,443 and between 32,187,417 and
32,187,427, respectively

Table 2 Mutations identified in patients with known mutations and probable mutations in patients without previous molecular characterization

Patient Gender Disease (segregation) Disease class Gene Mutation nucleotide (protein) Haplotype
A F Carrier for myotubular Congenital myopathies MTM1 Exon4: c.141-144delAAAG Heterozygous
myopathy (XL) (p.Glu48LeufsX24)
B M Centronuclear myopathy Congenital myopathies BINI Exon20: ¢.1717C > T Homozygous
(AR) (p.GIn573X)
C M Duchenne muscular Muscular dystrophies DMD Deletion ex18-44 Hemizygous
dystrophy (XL)
D F Ataxia ocular apraxia Hereditary ataxias SETX Exonl0: ¢.3213-3214insT Compound
(AR) (p.GIn1072SerfsX3); heterozygous
Int10: ¢.5275-1 G > A
E M Myotubular myopathy Congenital myopathies MTM1 Exon4: c.156-157insA Hemizygous
(XL) (p.Cys53MetfsX8)
F F Centronuclear myopathy Congenital myopathies DNM?2 Exonl4: c.1565G>A Heterozygous
(AD) (p-Arg522His)
G M Myotubular myopathy Congenital myopathies MTM1 Intll: c.1261-10A>G Hemizygous
(XL)
H F Ataxia ocular apraxia Hereditary ataxias SETX Exonl0: ¢.2967-2971delGAAAG Compound
(AR) (p-Arg989SerfsX5); Exon8: heterozygous
¢.994C>T (p.Arg332Trp)
1 M HMSN, demyelinating na. None
CMT neuropathy
(AR)*
J M Myopathy with All myopathies TTN® Exon292: ¢.68576C>T Heterozygous
cytoplasmic (p.Pro22859Leu)
aggregates
K F Bethlem dystrophy or Muscular dystrophies, other COL6A3* Exon27: c.6812G>A Heterozygous
myofibrillar myopathy myopathies (p-Arg2271Lys)
(AD)
L M Hereditary spastic Hereditary paraplegias None
paraplegia (sporadic)
M M Vacuolar myopathy Congenital myopathies, None
(sporadic) distal myopathies,
other myopathies
N M HMSN, axonal CMT Hereditary neuropathies None (LMNA) Exonl1: Compound
(AR) c.1928C>A heterozygous
(p.Thr643Asn);
¢.1930C>T
(p.Arg644Cys)®
(6] F Muscular dystrophy Muscular dystrophies TTN® Exonl8: ¢.3100G>A Compound
(AR) (p-Vall034Met); Exon240: heterozygous
¢.49243G>A (p.Alal6415Thr)
P M Muscular dystrophy and Muscular dystrophies, RYRI® Exon55: ¢.8554C>T Compound
arthrogryposis (AR) congenital myopathies, (p.Arg2852X); Exon81: heterozygous

other NMD diseases

c.11557G>A (p.Glu3853Lys)

# HMSN hereditary motor and sensory neuropathy, CMT Charcot-Marie-Tooth; patient I was later re-diagnosed as having a mitochondrial disease for which genes were not

targeted

b Previously reported as pathogenic; probable monoallelic compound heterozygous

¢ Confirmed by segregation analysis
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«Fig. 3 Detection of different types of mutations from patients with
previously known and unknown molecular diagnosis. Compound
heterozygous exonic point mutation (a) and heterozygous indel
mutation (b) in the SETX gene in patient H with ataxia. ¢ Homozygous
exonic point mutation in the BINI gene in patient B with centronu-
clear myopathy. d Intronic mutation in the MTM1 gene in patient G
with myotubular myopathy. e, f Novel compound heterozygous
mutations detected in patient P with muscular dystrophy and
arthrogryposis in the RYRI gene by next generation sequencing and
confirmed by Sanger sequencing. Displayed with the integrative
genomics viewer IGV [25]. The normal nucleotide and protein
sequences are depicted at the bottom

detailed clinical and histological data to suggest probable
mutated genes, such data are very valuable to validate the
molecular findings. For example, we identified compound
heterozygous mutations (including a nonsense mutation) in
the ryanodine receptor (RYR!) in patient P presenting with
muscular dystrophy and arthrogryposis (Fig. 3e—f). Indeed
RYRI mutations have previously been linked to several
congenital myopathies, [29] and also to severe neonatal
arthrogryposis [26]. The mutations were found in his
affected twin brother and each parent was found to be
heterozygous for one mutation. We also identified probable
mutations in the large TTN gene in patients J and O with
myopathy with cytoplasmic aggregates and limb girdle
muscular dystrophy, respectively, widening the clinical and
molecular spectra for this gene that is not routinely
sequenced on a diagnosis setting due to its large size.

We did not have false negative in the eight patients with
known mutations as we retrieved all mutations. We
checked the rate of false positive, i.e. variant not present in
the starting DNA, in patients with unknown mutations
where we found the probable disease-causing mutations.
We found that the probability of being false positive due to
sequencing or mapping errors is high when the percentage
of reads showing the change is less than 25 or when the
number of reads showing the change is less than 8. Even
with these cut-offs, 16.5 % of false positive variants were
found out of 40 variants tested, calling for validation of the
mutations by Sanger sequencing.

Discussion

In this study, we performed targeted sequencing of the
coding sequences and all intron—exon boundaries including
at least 50 intronic nucleotides of the known NMD genes
through massively parallel sequencing in a cohort of patients
with heterogeneous neuromuscular diseases. We were able
to retrieve all the known mutations in previously character-
ized patients and we identified several novel pathogenic
mutations in patients lacking molecular diagnosis.

We demonstrate that this strategy can detect several
types of mutations including intronic and exonic changes

as well as small indel and a large deletion. All mutations
were detected from the massively parallel sequencing and
analysis of a single proband, unlike previous studies where
comparative sequencing of several individual exomes was
used to retrieve the causative mutations in a family with
HSMN [16]. A main challenge in NGS data analysis is the
identification of the pathogenic change among the large list
of variants. Our blind analysis based on variant ranking and
disease class allowed the identification of all known
mutations. However, detailed clinical, histological and
molecular data were necessary for the confirmation steps,
i.e., matching the genetic data with the phenotype.

Such targeted parallel sequencing of all candidate genes
is especially suitable for diseases with high genetic heter-
ogeneity, as it is the case for NMD, and should ease the
identification of allelic diseases, i.e., different diseases
caused by mutations of the same gene. In addition, this
strategy allows the analysis of large genes, such as TTN,
that are routinely not fully tested by conventional Sanger
sequencing even if known to be implicated in diseases. For
example, our identification of a probable 77N mutation in a
patient with myopathy with cytoplasmic aggregates and
respiratory insufficiency widen the clinical spectrum
compared to previous studies [5].

We did not find disease-causing mutations among the
coding sequences of the NMD genes in four patients with
unknown genetic cause. Patient I was first clinically diag-
nosed with demyelinating polyneuropathy, but clinical and
biochemical re-analyses in parallel to NGS suggested he
had a mitochondrial disease which implicated genes are not
covered by our present design. Patient N showed two
missense changes in LMNA including the p.Arg644Cys
change, previously linked to various laminopathies. Both
changes are on the same allele, as they were always found
in the same reads/fragments (online resource Fig. 4e), and
thus cannot be the sole cause of the axonal neuropathy. We
did not have access to parent DNAs to investigate this
further. For the other two patients, who were previously
excluded for several candidate genes by Sanger sequenc-
ing, mutations were also missed by our approach. The
disease-causing mutation may be a deep intronic change,
repeat expansions or translocation for which detection has
not been tested in this study. Concerning specifically repeat
expansions, they cannot be mapped back to a reference
genome unambiguously due to their repetitive nature.
Alternatively, these patients may also be mutated in a gene
not linked to NMD at the time of our targeting library
design.

WGS or WES would in principle allow re-analysis of
variants list once newly discovered genes are identified,
while these genes should be added to update the NMD
capture library. However, these approaches have several
disadvantages for routine molecular diagnosis compared to
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the NMD-seq strategy described in this study, especially
concerning design, coverage, variant analysis and valida-
tion, incidental findings, and throughput and price. WES
capture library should also be updated to incorporate novel
gene and exon predictions, and cannot be customized to
increase the enrichment of specific exons difficult to cap-
ture or incorporate known intronic mutation hotspots.
NMD-seq has a higher coverage and leads to a smaller list
of variants as it focuses on a subset of genes, whereas the
sensitivity and heterozygosity assessment decrease fol-
lowing WGS or WES due to lower coverage [31].
Sequencing more genes at a lower coverage leads to an
increased risk of false negative and an increased number of
false positive variants that are time-consuming to validate.
Indeed, WES at 50x mean coverage results in about 20 %
of targeted regions covered less than 10 times, outputs not
suited for routine diagnosis. WES or WGS also potentiate
incidental finding, i.e. the discovery of an unrelated disease
not targeted by the diagnosis measure; this could be an
ethical issue. Moreover, WGS or WES have lower
throughput and a higher cost, both are important issues for
routine diagnosis. We validated DNA multiplexing for four
DNAs in one channel to increase throughput and decrease
the cost in comparison with conventional Sanger approa-
ches which is about 500—-1,000 € per sample for one gene
but can increase to 5,000 € or more depending on gene
size. Testing several candidates on a gene-by-gene basis
may exceed 8,000 € [9]. With recent developments in se-
quencers and DNA barcoding, we estimate the total cost of
NMD-seq from a pool of 12 barcoded DNAs to about 500 €
per patient for at least 140x coverage, while WES and
WGS cost about 1,500 € and 5,000 € for a 50x coverage,
respectively. It takes about 2 months to perform the NMD-
seq approach for 267 genes (excluding validation of the
data by Sanger sequencing), a similar turnaround time to
what is proposed by diagnosis laboratories to test a gene
with 20 exons under current routine diagnosis.

Major conditions for further use of the NMD-seq strategy
as a routine approach in genetic diagnostic labs are the
reproducibility, detection sensitivity and the study of heter-
ogeneous cohort of patients with sometimes incomplete
clinical characterization as it was the case in our study. After
validation of other types of mutations not tested in this study,
this strategy could be implemented as a first screening
approach, potentially before the need of more invasive and
time-consuming investigations such as biopsies.

Our strategy does not require the knowledge of detailed
clinical data for proposing candidate mutations; however,
this knowledge is necessary for the final validation of the
diagnosis that can only be performed matching both clin-
ical and genetic data. NGS will not replace clinical
investigations but rather direct clinicians towards the most
adequate investigations, while excluding unnecessary
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costly and time-consuming tests. As a general rule for all
NGS approaches, the targeted regions are not homoge-
neously covered. This point could most probably be
enhanced by increasing the amount of oligonucleotides
targeting regions more difficult to enrich. For an exclusion
diagnosis, conventional Sanger sequencing of specific
exons might be necessary if the best candidate genes for a
specific disorder are not well covered by NGS. In any case,
mutations found by NGS must be validated by Sanger
sequencing to rule out sequence errors introduced during
the NGS protocol, to provide a second independent con-
firmation and a basis for a simplified test for further
counseling within the family. Importantly, variant ranking
and confirmation depend on clinical data and knowledge on
NMD, and are thus probably not directly applicable for
direct-to-consumer testing.

A faster molecular diagnosis of NMD will have major
impacts on patients as it will improve disease management
and genetic counseling, and will allow access to therapy or
inclusion into therapeutic trials. As an example, the iden-
tification of RYRI mutations in patient P is of major
medical importance as the treatment of RYRI patients with
salbutamol has shown significant amelioration of muscle
weakness [15]. In conclusion, we provided the first proof-
of-principle that next generation sequencing could be apply
for molecular diagnosis of neuromuscular disorders.
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Online Resource data

Enrichment factor

Enrichment factor for the targeted NMD genes, following targeted capture and sequencing, was
calculated as the ratio between the total number of sequenced nucleotides related to the total size
of the human genome versus the total number of nucleotides on target regions related to the total
size of targeted regions.

Clinical and segregation data for patients I-P without previous molecular characterization

Online resource table 3 lists the sequencing data for all patients, the found mutations, the
predicted amino acid change effect and the rank of the mutation among all found variants.

Patient | is a 43 year old Algerian man, born from a consanguineous marriage, with an affected
sister. He first presented with polyneuropathy since he was 8 years old and he was diagnosed
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with recessive demyelinating Charcot-Marie-Tooth disease (CMT4). However, additional clinical
investigations showed he was affected by a mitochondrial disease. We did not find any probable
mutations in the NMD genes targeted by next generation sequencing, and genes implicated in
such diseases were not targeted by the NMD-seq capture library.

Patient J is a 56 years-old Portuguese man with isolated respiratory insufficiency since the age of
46. He had no muscle weakness, no muscle wasting, and no dysphagia. CK levels were normal.
He had a sister who also presented with isolated respiratory insufficiency. Muscle biopsy
demonstrated cytoplasmic body myopathy in both patients. Edstrom et al described patients with
similar clinical signs and an autosomal dominant mutation in the kinase domain of TTN [1, 2].
This myopathy was called hereditary myopathy with early respiratory failure (HMERF). In our
patient the probable mutation was in the TTN gene, thus in accordance with previous findings in
these other patients. However, in our patient the mutation is outside of the kinase domain and this
may explain the milder presentation of disease in this patient. In our patient, the respiratory
insufficiency appeared later in life, widening the clinical severity that can be associated to
dominant TTN mutation.

Patient K is a 35-year old French woman with a muscular dystrophy resembling either a limb
girdle muscular dystrophy or Bethlem/Ullrich syndrome. She developed progressive moderate
proximal and also distal muscle weakness since age 20. CK level is normal. Histological data
suggested myofibrillar myopathy. Her father is affected with a milder myopathy and her brother
also has difficulties to rise from a chair, that may be due to either a congenital hip dislocation or
to muscle weakness. This brother has two daughters showing congenital hip dislocation and a
very severe neonatal muscle weakness. Assuming they all share the same disease with different
clinical expression, none of the candidate genes in patient K were found similarly mutated in all
four other affected relatives. However, a probable heterozygous mutation in COL6A3 is common
to patient K, his father and his brother, all sharing similar age of onset and ambulation
difficulties. This variant is absent in the unaffected mother. Mutations in the COL6A3 gene have
been previously implicated in other patients with Bethlem/Ullrich syndrome. Based on our
sequencing findings, complementary clinical analyses are ongoing to determine whether the
different family members suffer from the same disease with strong clinical variability, or whether
two diseases segregate in the family.

Patient L is a 5-year old boy affected with familial spastic paraplegia. An affected cousin lives in
Turkey and could not be examined. He has walking problems, increased deep tendon reflexes and
bilateral Babinski’s sign. He also shows some signs of progressive muscle weakness and
amyotrophy. Cerebrospinal MRI and CK levels were normal. Muscle biopsy was refused by
parents. We couldn’t find any variations in genes known to be implicated in spastic paraplegias.

Patient M is a 47-year old French man with vacuolar myopathy. From 30 years old he showed
muscle weakness in his legs. He is a sporadic case. We excluded all candidate variants by
checking non-affected parents and sister.

Patient N is a 38-year old Algerian man from a consanguineous family. He has axonal hereditary
sensorimotor neuropathies (HSMN). One brother and two sisters are affected by the same
disease. Following our next generation sequencing and data analysis protocol, two probable
heterozygous variations were found in the Lamin A/C gene, including the p.Arg644Cys missense



previously reported as pathogenic in different laminopathies and never found in control
populations. However, both variants are on the same allele based on NGS data, as the two
changes were always found in the same reads/fragments (Online resource Fig 4e), we favor the
implication of a novel gene not targeted by the NMD-seq library. Parents DNAs were not
available to investigate this further.

Patient O is a 50-year old French woman with limb girdle muscular dystrophy. She has one
affected brother. She developed proximal upper and lower limbs weakness since age 35.
Symptoms are stable. We found two probable heterozygous mutations in the TTN gene by next
generation sequencing that were confirmed to be both present in her affected brother by Sanger
sequencing. Her mother was carrier of one of the changes in TTN, while DNA from the father
was not available.

Patient P is a French 13-year old boy with congenital muscular dystrophy and arthrogryposis. He
has an affected twin brother. He showed congenital muscle weakness, stiff ankles and knees,
feeding problems and respiratory distress at birth. He was never able to walk and later developed
severe scoliosis and chronic restrictive respiratory failure. Muscle biopsy showed extensive
muscle fiber degeneration and fibrosis, as well as numerous rod inclusions. We found two
probable heterozygous mutations in RYR1 in both twins, including a stop codon, and each parent
was heterozygous carrier of one of the variants.



Online resource figures:

Online resource Fig 1: Sequence coverage. a) Number of non-covered exons is depicted for 1
to all 16 patients tested. Non covered exons are exons with coverage less or equal to 2x. Most
non-covered exons are similar between samples and GC rich. A full list is found in online
resource table 2. b) Coverage depends on GC content as increasing percentage of GC parallels
with decreasing nucleotide coverage. Displays patient A data.
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Online resource Fig 2: Coverage in targeted exons

Distribution of average coverage within exons in autosomal chromosomes across all samples
tested. Coverage is not homogeneous across all regions; however, coverage is similar across
samples at a given position as shown by the narrow distribution. The median has been computed
based on the average coverage of all samples.
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Online resource Fig 3: Detection of different types of mutations. a) Detection of an exonic
heterozygous deletion in the MTML1 gene in a female carrier for X-linked myotubular myopathy
(patient A). The mutation in exon 4 is ¢.141-144delAAAG; p.Glu48fsX24. b) Detection of a
hemizygous small insertion in the MTM1 gene in a patient with X-linked myotubular myopathy
(patient E). The mutation in exon 4 is ¢.156insA; p.Cys53fsX8. ¢ and d) Detection of compound
heterozygous mutations in the SETX gene in a patient with autosomal recessive ataxia (patient D).
The mutations in exons 10 and 11 are ¢.3213 3214insT; p.Q1072fsX3 and c¢.5275-1G>A,
respectively. e) Detection of a heterozygous exonic point mutation in the DNM2 gene in a patient
with autosomal dominant centronuclear myopathy (patient F). The mutation in exon 14 is c.
1565G>A, p.Arg522His. Figures displayed with the integrative genomics viewer IGV. The
normal nucleotide and protein sequences are depicted at the bottom.



a MTMI: c.141-144delAAAG, p.Glu48LeufsX24 b MTMI: ¢.156-157insA, p.Cys53MetfsX8
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Online resource Fig 4: Detection of novel mutations. a) and b) Detection of compound
heterozygous mutations in the TTN gene in a patient with limb girdle muscular dystrophy (patient
0). The mutations in exons 18 and 240 are ¢.3100G>A, p.Vall034Met and c.49243G>A,
p.Alal6415Thr. c) Detection of a heterozygous mutation in the TTN gene in a patient with
myopathy with cytoplasmic aggregates (patient J). The mutations in exon 292 is ¢.68576C>T,
p.Pro22859Leu. d) Detection of an exonic heterozygous point mutation in the COL6A3 gene in a
patient with autosomal dominant Bethlem/Ullrich syndrome (patient K). The mutation in exon 27
IS C.6812G>A, p.Arg2271Lys. e) Detection of monoallelic heterozygous variations in the LMNA
gene in a patient with axonal neuropathy (patient N). The variations in exon 11 are ¢.1928C>A,
p.Thr643Asn and ¢.1930C>T, p.Arg644Cys. The p.Arg644Cys change was previously reported
as pathogenic in laminopathies. Figures displayed with the integrative genomics viewer IGV. The
normal nucleotide and protein sequences are depicted at the bottom.



a TTN: ¢.3100G>A, p.Vall034Met b TTN: ¢.49243G>A, p.Alal6415Thr
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Online resource Table 1: List of the 267 targeted neuromuscular disease genes and associated
diseases.

Online resource Table 2: Coordinates, GC content and mean coverage of targeted exons in each
patient.

Online resource Table 3: Variants ranking, conservation scores and amino acid change scores.

Online resource Table 4: Sequencing, coverage and variant statistics for patients with previously
unknown mutations.
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Supplementary Table 1: List of the 267 targeted neuromuscular disease genes and associated diseases

CHROMOSOM.
DISEASE CLASS DISEASE NAME OMIM No. GENE NAME LOCATION INHERITANCE MU {[e]\]
1.Muscular dystrophies Duchenne Muscular Dystrophy 310200 DMD Xp21.2 XR truncation, deletions, substitution mutation, frameshifts
1.Muscular dystrophies Becker Muscular Dystrophy 300376 DMD Xp21.2 XR deletions, substitution, nonsense mutations
1.Muscular dystrophies Emery-Dreifuss muscular dystrophy X-linked , type 1 310300 EMD Xqg28 XR insertion, deletions, frameshifts
1.Muscular dystrophies Emery-Dreifuss muscular dystrophy, X-linked , type 2 300696 FHL1 Xq27.2 XR subtitution mutation, frameshift
1.Muscular dystrophies Emery-Dreifuss muscular dystrophy 181350 LMNA 1021.2 AD deletion, substitution mutations
1.Muscular dystrophies Emery-Dreifuss Autosomal recessive 181350 LMNA 1021.2 AR substitution mutations
1.Muscular dystrophies Emery-Dreifuss with nesprin-1 defect 612998 SYNEL 6025 AD substitution mutations, splice site mutation/premature stop
1.Muscular dystrophies Emery-Dreifuss with nesprin-2 defect 612999 SYNE2 14q23 AD substitution mutations
q Generalized lipodystrophy, congenital, with muscular insertion, deletion/premature truncation, duplication
1.Muscular dystrophies dystrophy type 4 613327 PTRF 17g21 AD i
1.Muscular dystrophies Muscular dystrophy,Limb-Girdle, type 1A 159000 MYOT 5031 AD substitution mutations
1.Muscular dystrophies Muscular dystrophy,Limb-Girdle, type 1B 159001 LMNA 1021.2 AD substitution mutations, premature truncation
1.Muscular dystrophies Muscular dystrophy, Limb-Girdle, type 1C 607801 CAV3 3p25 AD missense, substitution mutations, microdeletion
1.Muscular dystrophies Muscular dystrophy, Limb-Girdle, type 2A 253600 CAPN3 15015.1-g21.1 AR SIS (6] ?:::)":’ i €Y
1.Muscular dystrophies Muscular dystrophy, Limb-Girdle, type 2B 253601 DYSF 2p13.3-p13.1 AR substitution, missense mutations, deletions, insertions
q q q 1 mutations, mutation,
1.Muscular dystrophies Muscular dystrophy, Limb-Girdle, type 2C 253700 SGCG 13q12 AR e ey e
1.Muscular dystrophies Muscular dystrophy, Limb-Girdle, type 2D 608099 SGCA 17q12-g21.33 AR substitution mutations
. . . nonsense, substitution mutations, del etion/protein truncation,
1.Muscular dystrophies Muscular dystrophy, Limb-Girdle, type 2E 604286 SGCB 4q12 AR insertion, duplicalion, duplication/premeture truncation
1.Muscular dystrophies Muscular dystrophy, Limb-Girdle, type 2F 601287 SGCD 5033 AR substitution mutations, deletion/premature truncation
1.Muscular dystrophies Muscular dystrophy, Limb-Girdle, type 2G 601954 TCAP 17q12 AR truncating mutation, deletion
1.Muscular dystrophies Muscular dystrophy, Limb-Girdle, type 2H 254110 TRIM32 9931-g34.1 AR missense, gﬂ:g:g:s v
1.Muscular dystrophies MR Gy "gﬁ:g'(’y: an")mhy FrREs - 607155 FKRP 19q13.3 AR substitution mutations, insertions
1.Muscular dystrophies Muscular dystrophy, Limb-Girdle, type 2J 608807 TTN 2q31 AR defetion/insertion
1.Muscular dystrophies e G }g{;’:gtlype} 2K) ASEE (UL 609308 POMT1 9034.1 AR substitution mutation
1.Muscular dystrophies Muscular dystrophy, Limb-Girdle, type 2L 611307 ANO5 11p14.3 AR frameshift, substitution mutations
1.Muscular dystrophies MR G "é‘i’f;'e"%;pe’m;M")mhy"ype ERC 611588 FKTN 931 AR substitution mutations, deletions, insertion
1.Muscular dystrophies Muscular dystrwhygﬁglyype 2N) hy.type C2 (Limb- 613158 POMT2 14q24.3 AR substitution mutation
1.Muscular dystrophies MR G "g’i{:ﬁm’m;o")mhy FreE - 613157 POMGNTL 1p34-p33 AR substitution mutation
1.Muscular dystrophies Muscular dystrophy, Limb-Girdle, type Q 613723 PLEC1 8024 AR deletion
1.Muscular dystrophies Miyoshi muscular dystrophy 3 613319 ANO5 11p14.3 AR substituion mutations
2. Congenital muscular dystrophies Congenital muscular dystrophy, LMNA-related 613205 LMNA 1021.2 substitution, missense mutations
substitution, nonsense mutations, deletions,
2. Congenital muscular dystrophies Congenital muscular dystrophy with merosin deficiency 607855 LAMA2 6022-023 AR deletion/frameshift, splice site mutation/deletion,
subtituti incation
Congenital muscular dystrophy-dystroglycanopathy, type ameshi
2. Congenital muscular dystrophies A1 (Walker-Warburg syndrome or muscle-eye-brain 236670 POMT1 9q34.1 AR deletion/fr ift, insertion/frameshift,
di POMTL-related) duplication/frameshift, substitution mutations
Congenital muscular dystrophy-dystroglycanopathy, type A frn q q
2. Congenital muscular dystrophies A2 (Walker-Warburg syndrome or muscle-eye-brain 613150 POMT2 14q24.3 AR S, LA mm:;(;;g: G SEE E R
disease POMT2-rel ated)
Congenital muscular dystrophy-dystroglycanopathy, type
2. Congenital muscular dystrophies A3 (Walker-Warburg syndrome or muscle-eye-brain 253280 POMGNTL 1p34-p33 AR R '::;ﬁsﬁ :1' ?l’t:;;’n;’i?e“;:r;mg?;ms
disease POMGNT1-rel ated) ' "
2. Congenital muscular dystrophies ey dysrmh:j‘:ﬁ:zi\{z"mhé( 3 GAE] D 613161 POMGNT1 1p34-p33 AR Missense, Nonsense & Frameshift
ment; ). type B,
2. Congenital muscular dystrophies Congenital muscular dysro:gy—dysrogymnopaxhy, type 613154 LARGE 20123131 AR deletion, frmﬂ\fl,mbr:ul:;lilg: mutation, substitution
" A Congenital muscular dystrophy-dystroglycanopathy, type P e q
2. Congenital muscular dystrophies B1 (with congenital ol retardation) 613155 POMT1 9034.1 AR substitution, splice site mutations
2. Congenital muscular dystrophies me‘fzrxﬁjgn‘;:gpﬁgﬁ?;ﬁmhy‘ ype 613156 POMT2 14q24.3 AR substitution mutations, premature truncation
" A Congenital muscular dystrophy-dystroglycanopathy, type P e q
2. Congenital muscular dystrophies B3 (with congenital ol retardation) 613151 POMGNT1 1p34-p33 AR substitution, splice site mutations
2. Congenital muscular dystrophies Congenital muscular dysrogl;yrdysrugycanopathy‘ ype 606612 FKRP 19q13.3 AR missense, nonsense, substitution mutations
2. Congenital muscular dystrophies | Congenitdl musaular dys"‘g’gy'dys“’gyw"mhy' type 608840 LARGE 22q123131 AR substitution,insertion/frameshift
Muscle dystrophy dystroglycanopathy, congenital, type 4A, 380 transposonal insertion, deletions, insertions, nonsense,
2 Congenital muscular dystrophies (Fukuyama congenital muscular dystrophy) = FKTN 9931 AR substitution mutations, frameshifts
2. Congenital muscular dystrophies e dysrmggﬂ?;‘igg mos;lhy, CEEiiED 613152 FKTN 9031 AR substitution mutation and deletion
2. Congenital muscular dystrophies Musde zﬁgﬂémﬁrﬁ;{aﬁ;ﬂwm’ 611588 FKTN 9031 AR insertions, deletions, substitution mutations, frameshifts
2. Congenital muscular dystrophies Walker-Warburg syndrome FKTN 9031 AR subtitution mutation, deletion
2. Congenital muscular dystrophies Walker-Warburg syndrome FKRP 19q13.3 AR substitution mutation
2. Congenital muscular dystrophies Muscle-eye-brain disease 613153 FKRP 19913.3 AR substitution mutation
Rigid spine muscular dystrophy 1 (minicore myopathy,
2. Congenital muscular dystrophies sevf(;;d z:llfr?;z;elj w;‘;;ﬁ;x‘l th ma’l I;!Srvy eLZg:C 602771 SEPN1 1p36-p35 AR substitution mutations, deletion, stop codon mutation
included)
2. Congenital muscular dystrophies Ullrich syndrome 254090 COL6AL 21g22.3 AR subtitution mutations, deletions, frameshifts
2. Congenital muscular dystrophies Ullrich syndrome 254090 COL6AL 21q22.3 AD deletions, substitution mutations
2. Congenital muscular dystrophies Ullrich syndrome 254090 COL6A2 21g22.3 AR IERIETEE 2 TS su;:::il!g,fram&uﬂ, lezel
2. Congenital muscular dystrophies Ullrich syndrome 254090 COL6A2 21q22.3 AD deletions, substitution mutations
2. Congenital muscular dystrophies Ullrich syndrome 254090 COLBA3 2037 AR nonsense,splice site mutations
2. Congenital muscular dystrophies Ullrich syndrome 254090 COL6A3 2037 AD splice site mutation
2. Congenital muscular dystrophies Bethlem myopathy 158810 COL6AL 21g22.3 AD missense, substitution mutations,deletions
2. Congenital muscular dystrophies Bethlem myopathy 158810 COL6A2 21q22.3 AD missense, substitution mutations




2. Congenital muscular dystrophies Bethlem myopathy 158810 COL6A3 21q22.3 AD substitution mutations
2. Congenital muscular dystrophies Myosclerosis 255600 COL6A2 21q22.3 AR substitution mutation
2. Congenital muscular dystrophies Congenital muscular dystrophy with integrin defect 613204 ITGA7 12q13 AR insertion, frameshift deletions
3. Congenital myopathies Nemaline myopathyl 609284 TPM3 1022-q23 AD substitutions.
3. Congenital myopathies Nemaline myopathyl TPM3 1022-q23 AR deletion
3. Congenital myopathies Nemaline myopathy2 256030 NEB 2022 AR deletions, duplication/insertion, substitution
3. Congenital myopathies Nemaline myopathy3 161800 ACTAL 1g42.1 AD substitutions:
3. Congenital myopathies Nemaline myopathy4 609285 TPM2 9p13.2-p13.1 AD substitutions, deletions
3. Congenital myopathies Nemaline myopathy5 605355 TNNTL 19q13.4 AR transversion
3. Congenital myopathies Nemaline myopathy7 610687 CFL2 14q12 AR substituion mutations
3. Congenital myopathies Myopathy, congenital, with fiber-type disproportion 255310 ACTAL 1g42.1 AD substitution mutations
3. Congenital myopathies Myopathy, congenital, with fiber-type disproportion SEPN1 1p36-p35 AD substitution mutation
3. Congenital myopathies Myopathy congenital with cores ACTAL 1g42.1 AD substitution mutation
3. Congenital myopathies Myopathy congenital with cores TPM3 1022-q23 AR substituion mutations
3. Congenital myopathies Myopathy, congenital, with excess of thin myophilaments 161800 ACTAL 1g42.1 AD substitutions.
3. Congenital myopathies Myotubular myopathy 310400 MTM1 Xq28 XR substitution, missense mutations, frameshifts,deletions, splice
site mutations
3. Congenital myopathies Centronuclear myopathy 160150 DNM2 19p13.2 AD substitution mutations
3. Congenital myopathies Centronuclear myopathy 255200 BIN1 2q14 AR substitution mutations
3. Congenital myopathies Centronuclear myopathy 160150 MTMR14 3p25.3 AD substitution mutations
3. Congenital myopathies Centronuclear myopathy RYR1 19q13.1 AR substitution mutation
. . Central core disease (congenital neuromuscular disease substitution mutations, deleti ons-insertions/substitution,
3. Congenital myopathies with uriform type 4 fiber indluded) 117000 RYR1 19q13.1 AD oniTsertion) . p———
N Central core disease, recessive (transient multiminicore
3. Congenital myopathies ry) 117000 RYR1 19g13.1 AR substitution mutations
. . substitution, splice site mutations, insertion-
3. Congenital external ophtalmopegia 255320 RYR1 19q13.1 AR transition/frameshift
3. Congenital myopathies Myosin storage my azh_y (Hyaline body 608358 MYH7 14q12 AD substitution mutation
myopathy,dominant)
3. Congenital myopathies Cap myopathy 609285 TPM2 9p13.2-p13.1 AD deletions, substitution mutations
3. Congenital myopathies Cap myopathy 609284 TPM3 1022-q23 AD substitution mutations
3. Congenital myopathies Cap myopathy 161800 ACTAL 1g42.1 AD substitution mutation
3. Congenital myopathies Myopathy, early onset with fatal cardiomyopathy 611705 TTN 2031 AR deletions
3. Congenital myopathies Congenital lethal myopathy 612540 CNTN1 12q11-q12 AR duplication
4. Distal myopathies Distal recessive myopathy (Miyoshi myopathy) 254130 DYSF 2p13.3-p13.1 AR substitution, missense mutations
4. Distal myopathies Tibial muscular dystrophy (Udd myopathy) 600334 TN 2031 AD deletion/insertion, substitution mutations
4. Distal myopathies Inclusion body myopathy 600737 GNE 9p13.3 AR missense, substitution mutations
4. Distal myopathies Inclusion body myopathy 3 605637 MYH2 17p13.1 AD substitution mutation
4. Distal myopathies Nonaka myopathy, (distal, with rimmed vacuol es) 605820 GNE 9p13.3 AR substitution mutations
4. Distal myopathies Distal myopathy 1 (Laing distal myopathy) 160500 MYH7 14q12 AD substitution mutations, deletions
4. Distal myopathies Distal myopathy 2(with vocal cord and pharynged! 606070 MATR3 5G31.2 AD missense mutations
dysfunction)
4. Distal myopathies Distal myopathy with caveolin defect CAV3 3p25 AD substitution mutation
5. Other myopathies Myofibrillar myopathy, alpha-B crystallin related 608810 CRYAB 11¢22.3-q23.1 AD deletion, substitution mutations
5. Other myopathies Myofibrillar myopathy, desmin-related myopathy 601419 DES 2q35 AD subtitution mutations, frameshifts, deltions
5. Other myopathies Myopathy myofibrillar, ZASP related 609452 LDB3 10g22.2-23.3 AD substitution mutations
5. Other myopathies Myotilinopathy 609200 MYOT 5031 AD substitution mutations
5. Other myopathies Spheroid body myopathy 182920 MYOT 5q31 AD substitution mutations
5. Other myopathies Myofibrillar myopathy, filamin-C related 609524 FLNC 70932 AD substitution mutation, deletion
5. Other myopathies Myofibrillar myopathy with BAG3 defect 612954 BAG3 10025.2-G26.2 AD subdtitution mutations
. . deletior ift, inserti ift, insertions,
5. Other myopathies Danon disease (Glycogen storage 11B) 300257 LAMP2 Xg24 XD subdiitution mutations
5. Other myopathies Myopathy with excessive autophagia 310440 VMA21L Xq28 XR
5. Other myopathies Oculopharyngeal muscular dystrophy 164300 PABPN1 14q11.2-q13 AD expansions, substitution mutation
Hereditary myopathy with early respiratory failure
5. Other myopathies (Edstrom myopathy) 603689 TTN 2q31 AD substitution mutation
5. Other myopathies ErtiEbsliies i’;;”:zhy el 226670 PLECL 8p24 AR deletions, insertion, deletion/frameshift, substitution
5. Other myopathies Muscle hypertrophy MSTN 20q32.2 AR splice site mutation
5. Other myopathies Fibrodysplasia ossificans progressiva 135100 ACVRL 2023-q24 AD substitution mutation
5. Other myopathies Hyperckemia, idiopathic 123320 CAV3 3p25 AD substitution mutation, missense mutation
5. Other myopathies X-linked myopathy with postural muscle atrophy 300696 FHL1 Xq27.2 XR substitution mutations, insertions, premature truncation
5. Other myopathies Reducing body myopathy 300717-300718 FHL1 Xq27.2 XL-D substitution mutations, deletions
5. Other myopathies Scapul operoneal myopathy 300695 FHL1 Xq27.2 XD substitution mutation
Inclusion body myopathy associated with Paget disease of
5. Other myopathies bone and frontotemporal dementia 167320 VCP 9p13-p12 AD substitution mutations
5. Other myopathies Myopathy with exercise intolerance, Swedish type 255125 Iscu 12q24.1 AR e wgﬁﬁjgﬁ YEET, NI
5. Other myopathies SCAD deficiency 201470 ACADS 12q22-qter AR substitution mutations, deletion
5. Other myopathies SHRE n s’lng;n e TR 601559 LIFR 5p13.1 AR insertion/premature stop, deletion/premature stop
5. Other myopathies Hypertrophic cardiomyopathy 115197 MYBPC2 19913.33 frameshift deletion/protein truncation
5. Other myopathies Congenital insensitivity to pain with anhidrosis 256800 NTRK1 1g21-g22 AR CEEIFEER trunpalm, deiethn. SRR,
nonsense, missense mutations
5. Other myopathies Cerebellar ataxia PLEKHG4 16q22.1 AD transition mutation
5. Other myopathies Waardenburg-Shah syndrome, type 4C 613266 SOX10 22913 AD deletion/insertion, deletions, missense, truncating mutations
5. Other myopathies Waardenburg-Shah syndrome, type 2E 611584 SOX10 22913 AD truncating, substitution mutations
Peripheral demyelinating neuropathy, central a q a o
5. Other myop Jination, Wanderburg syndrome and Hirschsprung 609136 SOX10 22913 AD I a”re"“m"ﬂmru"m' I EXEEIITED
disease
5. Other myopathies X-linked infantile spinal muscular atrophy 301830 UBA1 Xp11.23 X’leﬁﬁz;ﬁ;) y substitution mutations
5. Other myopathies Adrenoleukodystrophy 300100 ABCDL Xq28 X-LINKED R D T"]Su;isme s"” S
5. Other myopathies Leukodystrophy hypomyelinating 4 612233 HSPD1 2033.1 AR substitution mutation
5. Other myopathies Chanarin-Dorfman syndrome 275630 ABHD5 3p21 AR splice mutation
5. Other myopathies Multiple acyl-co deher genas deficiency, MADD 231680 ETFA 15q23-g25 AR substitution mutations, deletions
(glutaric acidurialla)
. Multiple acyl ydrog MADD o . .
5. Other myopathies (dutaric adiduria lib) 231680 ETFB 19q13.3 AR substitution mutations, deletions
5. Other myopathies Multiple acyl-co dehycrog deficiency, MADD 231680 ETFDH 4q32-gter AR transition, deletion/framshift, substitution mutations

(glutaric aciduria llc)




5. Other myopathies VLCAD deficiency 201475 ACADVL 17p13 AR deletions, missense, fraeshift, mutations
5. Other myopathies Scapul operoneal myopathy, MYH?7 related 181430 MYH7 14q12 AD substitution mutations
5. Other myopathies RYR1 19913.1
6. Myotonic syndromes Myotonic, dystrophy (Steinert) 160900 DMPK 19913.2-q13.3 AD expansion
6. Myotonic syndromes Myotonic dystrophy type 2 602668 CNBP 3q13.3g24 AD expansion
6. Myotonic syndromes Rippling muscle disease 606072 CAV3 3p25 AD missense, substitution mutations
6. Myotonic syndromes Rippling muscle disease 606072 CAV3 3p25 AR substitution mutations
. frameshift/protein truncation, truncating mutations, exon
6. Myotonic syndromes Schwartz-Jampel syndrome 255800 HSPG2 1p36.1 AR fusion mutations, deletions
6. Myotonic syndromes Brody disease 601003 ATP2A1 16p12 AR (AD in one family) substitutions, splice mutations, deletions
7. lon channel muscle diseases Myotonia congenita (Thomsen) 160800 CLCN1 7035 AD substitution mutations
7. lon channel muscle diseases Myotonia (Becker) 255700 CLCN1 7035 AR substitution mutations, insertions, deletions
7. lon channel muscle diseases Normokalemic periodic paralysis type 170600 SCN4A 17¢23.1-25.3 AD substitution mutations
7. lon channel muscle diseases Hypokalemic periodic paralysis type 170500 SCN4A 17¢23.1-925.3 AD substitution mutations
7. lon channel muscle diseases Hypokalemic periodic paralysis type 2 613345 SCN4A 17¢23.1-g25.3 AD substitution mutations
7. lon channel muscle diseases Paramyotonia congenita of Von Eulenburg 168300 SCN4A 17¢23.1-g25.3 AD substitution mutations
7. lon channel muscle diseases Potassium aggravated myotonia SCN4A 17¢23.1-g25.3 AD substitution mutations
7. lon channel muscle diseases Hypokal aemic periodic paralysis type 1 170400 CACNA1S 1932 AD substitution mutations
7. lon channel muscle diseases Episodic ataxia type-2 108500 CACNAIA 19p13 AD frameshifts, splice site, deletions, duplications
7. lon channel muscle diseases Hypokalemic periodic paralysis type 3 KCNE3 11q13-q14 AD substitution mutations
7. lon channel muscle diseases Hypokalemic periodic paralysis type 3 KCNE3 11g13-q14 AD substitution mutations
" Periodic paralysis, potassium-sensitive cardiodysrhythmic y P . . .
7. lon channel muscle diseases Andersen- Tawil syndrome (Long QT syndrome 7) 170390 KCNJ2 17023.1-24.2 AD subtitution, missense mutations, deletions
" deletion-i p stop, ire stop,
7. lon channel muscle diseases Jervell and Lange-Nielsen cardioauditory syndrome 1 220400 KCNQ1 11p15.5 AR insertion/pr ure stop, substitution, missense mutations
7. lon channel muscle diseases Jervell and Lange-Nielsen cardioauditory syndrome 2 612347 KCNEL 21022.1-g22.2 AR substitution mutations
8. Malignant hyperthermia Malignant hyperthermia susceptibility 1 145600 RYRL 19q13.1 AD substitution mutations
8. Malignant hyperthermia Malignant hyperthermia susceptibility 5 601887 CACNA1S 1032 AD substitution mutation
8. Malignant hyperthermia Susceptibility to thyrotoxic periodic paralysis 188580 CACNA1S 1032 AD polymorphisms
9. Metabolic myopathies Glycogen storage disease Type Il (Pompe), infantile form 232300 GAA 1725.2-925.3 AR substitution mutations, deletions
9. Metabolic myopathies Glycogen storage disease Type Il (Pompe), adult form 232300 GAA 17925.2-925.3 AR substitution mutations, deletions
9. Metabolic myopathies Glycogen storage disease type Illa 232400 AGL 1p21 AR insertions,del etions, substitution mutations
substitution mutations, deletions, insertion/premature
9. Metabolic myopathies Glycogen storage disease type IV 232500 GBE1L 3p12 AR truncation, fr ift
9. Metabolic myopathies Glycogen storage disease Type V (McArdle) 232600 PYGM 11913 AR CHESHNEER, TR (;:eions CHlERelBm LTS
9. Metabolic myopathies Glycogen storage disease Type VII (Tarui) 232800 PFKM 12q13.3 AR expansion
9. Metabolic myopathies Glycogen storage disease type O 611556 GYSL 19913.3 AR stop codon mutation
9. Metabolic myopathies Glycogen storage disease of heart, lethal congenital 261740 PRKAG2 7936 AD substitution mutation
9. Metabolic myopathies Phosphoglycerate kinase deficiency 300653 PGK1 Xq13 XR substitution, splice site mutations, deletions
9. Metabolic myopathies Glycogen storage X (phosphoglycerate mutase deficiency) 261670 PGAM2 7p13-p12.3 AR substitution mutations
9. Metabolic myopathies Craleaes “d;é:;ya;me CEITTErES 612033 LDHA 11p154 AR deletion/premature truncation, substitution mutation
9. Metabolic myopathies Glycogen disease XIII 612932 ENO3 17pter-p12 AD substitution mutations
A n Carnitine pal mitoyl-transferase |1 deficiency, infantile o .
9. Metabolic myopathies with s I Ty ) 255110 CPT2 1p32 AR substituion mutations
9. Metabolic myopathies Carnitine pal mitoyl-transferase Il deficiency, adult onset 600649 CPT2 1p32 AR substitution mutations, deletions
9. Metabolic myopathies CoIS pdm"""'"i‘;z;“ e (i) 608836 cPT2 1p32 AR insertion/deletion, substitution, splice ite mutations
10. Hereditary cardiomyopathies Familial hypertrophic cardiomyopathy, 1 192600 MYH7 14q12 AD subtitution, missense mutations, deletion
10. Hereditary cardiomyopathies Familial hypertrophic cardiomyopathy, 2 115195 TNNT2 1032 AD substitution, missense mutations
10. Hereditary cardiomyopathies Familial hypertrophic cardiomyopathy, 3 115196 TPM1 15q22.1 AD substitution mutations
" " . Familial hypertrophic cardiomyopathy, 6 (with Wolff- g - " . .
10. Hereditary cardiomyopathies Parkinson -whyte syndrome) 600858 PRKAG2 7036 AD missense, substitution mutations, insertion
10. Hereditary cardiomyopathies Familial hypertrophic cardiomyopathy, 7 613690 TNNI3 19q13.4 AD missense, substitution mutations, deletion
10. Hereditary cardiomyopathies Familial hypertrophic cardiomyopathy, 8 608751 MYL3 3p AD substitution mutations
10. Hereditary cardiomyopathies Familial hypertrophic cardiomyopathy, 9 613765 TTN 2031 AD substitution mutation
10. Hereditary cardiomyopathies Familial hypertrophic cardiomyopathy, 10 608758 MYL2 12q23-g24.3 AD substitution mutations
10. Hereditary cardiomyopathies Familial hypertrophic cardiomyopathy, 11 612098 ACTCL 15q11-g14 AD substitution mutation
10. Hereditary cardiomyopathies Familial hypertrophic cardiomyopathy, 12 612124 CSRP3 11p15.1 AD substitution mutation
10. Hereditary cardiomyopathies Familial hypertrophic cardiomyopathy, 13 613243 TNNC1 3p21.3-14.3 AD substitution mutations
10. Hereditary cardiomyopathies Familial hypertrophic cardiomyopathy, 14 613251 MYH6 14q12 AD substitution mutations
10. Hereditary cardiomyopathies Familial hypertrophic cardiomyopathy 15 613255 VCL 10q22.1-g23 substitution mutations
10. Hereditary cardiomyopathies Hypertrophic cardiomyopathy 192600 MYLK2 20q13.3 AD substitution mutations
10. Hereditary cardiomyopathies Hypertrophic cardiomyopathy 192600 CAV3 3p25 AD substitution mutations
10. Hereditary cardi i Hypertrophic cardi Wy, early-onset fatal COX15 10q24 AR deletion, substitution mutations
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1A 115200 LMNA 1g21.2 AD substitution mutations, insertion
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1AA 612158 ACTN2 1g42-g43 AD substitution mutation
10. Hereditary cardiomyopathies Dilated cardiomy hy, 1C with left ventricular 601493 LDB3 10¢22.2-23.3 AD substitution mutations
noncompaction
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1D 601494 TNNT2 1q32 AD ‘substitution mutations,deletion
10. Hereditary cardiomyopathies Dilated carciomy hy;rlr;vhvrlrl‘:\acondumm disorder and 601154 SCN5A 3p21 AD substitution mutations, insertion/premature truncation
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1G 604145 TIN 2031 AD BT EED frnoaion, ssenss Sl
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1! 604765 DES 2035 AD substitution mutation
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1J 605362 EYA4 6023 AD deletion/frameshift
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1L 606685 SGCD 5033 AD deletion, ddetloprrenr::;rlzl::nnanm‘ substitution
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1M 607482 CSRP3 11p15.1 AD missense, substitution mitations
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1N 607487 TCAP 17q12 AD substitution mutation
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 10 608569 ABCC9 12p12.1 AD insertion/del etion, substitution mutations
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1P 609909 PLN 6022.1 AD substitution mutations, deletion
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1R 613424 ACTCL 15q11-q14 AD missense mutations
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1S 613426 MYH7 14q12 AD substitution, missense mutations
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1T 613740 TMPO 12q22 AD substitution mutation
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1W 611407 VCL 10q22.1-g23 AD deletion
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 1Y 611878 TPM1 15q22.1 AD substitution mutation
10. Hereditary cardiomyopathies Dilated cardiomyopathy, 17 611879 TNNC1 3p21.3-14.3 AD substitution mutation
10. Hereditary cardiomyopathies Dilated cardiomyopathy 1X, due to fukutin defect 611615 FKTN 9p31 AR retrotransposon insertion, substitution mutation




10. Hereditary cardiomyopathies Dilated cardiomyopathy 2A 611880 TNNI3 19q13.4 AR substitution mutation
10. Hereditary cardiomyopathies Dilated cardiomyopathy 3A 300069 TAZ X028 XR deletion/premature stop
10. Hereditary cardiomyopathies Dilated cardiomyopathy 111B, due to dystrophin defect 302045 DMD Xp21.2 XR substitution mutations, deletions, splice site mutations
10. Hereditary cardiomyopathies Dilated cardiomyopathy due to laminin-alpha4 defect LAMA4 6021 AD nonsense, missense mutations
10. Hereditary cardiomyopathies Dilated cardiomy hy dc;u;o integrin-linked kinase ILK 11p15.5-p15.4 AD point mutations
10. Hereditary cardiomyopathies Dilated cardiomyopathy due to myopalladin defect MYPN 10g21.3 AD substitution mutations
10. Hereditary cardiomyopathies Dilated cardiomyopathy 1DD 613172 RBM20 10925.2 AD substitution mutations
10. Hereditary cardiomyopathies Rlascal o iy que DETERELAG ANKRD1 10g23.31 AD missense mutations
protein defect
10. Hereditary cardiomyopathies Dilated cardiomyopathy 1FF 613286 TNNI3 19q13.4 AD substitution mutations
10. Hereditary cardiomyopathies Dilated cardiomyopathy 1EE 613252 MYH6 14q12 AD substitution mutations
10. Hereditary car P Dilated pathy with woolly hair and keratoderma 605676 DsP 6p24 AR deletion
10. Hereditary cardiomyopathies Retrictive cardiomyopathy, 1 115210 TNNI3 19q13.4 AD substitution mutations
" " . Cardioskeletal myopathy with neutropenia and abnormal insertion/premature stop, substitution, splicing, missense
10. Hereditary cardiomyopathies mitochondria (Barth syndrome) 302060 TAZ X28 XR mutations, deletion
10. Hereditary cardiomyopathies O ":‘:{‘:‘g P dupty 604169 DTNA 1812.1-12.2 AD substitution mutation
10. Hereditary cardiomyopathies Cardiovalvular dy aszy;;g;xf (Myxomatous valvular 314400 FLNA X28 XR substitution mutations, deletions
10. Hereditary cardiomyopathies Arrhythmogenic right ventricular dysplasia, 1 107970 TGFB3 14q24 AD transition mutations
10. Hereditary cardiomyopathies Arrhythmogenic right ventricular dysplasia, 2 600996 RYR2 1042.1-g43 AD missense mutations
10. Hereditary cardiomyopathies Arrhythmogenic right ventricular dysplasia, 5 604400 TMEM43 3p25 AD substitution mutation
10. Hereditary cardiomyopathies Arrhythmogenic right ventricular dysplasia, 8 607450 DsP 6p24 AD substitution, missense mutations
10. Hereditary cardiomyopathies Arrhythmogenic right ventricular dysplasia, 9 609040 PKP2 12p11 AD splice site, stop codon mutations
10. Hereditary cardiomyopathies Arrhythmogenic right ventricular dysplasia, 10 610193 DSG2 18g12.1-q12.2 AD substitution mutations
10. Hereditary cardiomyopathies Arrhythmogenic right ventricular dysplasia, 11 610476 DSC2 18g12.1 AD insertion, deletion, splice site mutation
10. Hereditary cardiomyopathies Arrhythmogenic right ventricular dysplasia, 12 611528 JuP 17g21 AD insertion
10. Hereditary cardiomyopathies Ventricular tachycardia, catecholaminergic polymorphic 604772 RYR2 1042.1-g43 AD missense, substitution mutations
10. Hereditary cardiomyopathies Ventricular lachyca’d\a.rcalech\ia'nmaglc polymorphic, 611938 CASQ2 1p13.3-p1l AR missense mutations, deletions
10. Hereditary cardiomyopathies Naxos disease 601214 JUP 17g21 AR deletion/frameshift
deletions, substitution, missense, splice site mutations,
10. Hereditary cardiomyopathies Long QT syndrome 1 (Romano-Ward syndrome) 192500 KCNQ1 11p15.5 AD substitution/pr ure truncation
10. Hereditary cardiomyopathies Long QT syndrome 2 613688 KCNH2 7035-036 AD substitution mutations, deletions
10. Hereditary cardiomyopathies Long QT syndrome 3 603830 SCN5A 3p21 AD deletion, insertion, substitution, missense mutations
10. Hereditary cardiomyopathies Long QT syndrome 4 600919 ANK2 4q25-927 AD substitution mutations
10. Hereditary cardiomyopathies Long QT syndrome 5 613695 KCNE1 21g22.1-q22.2 AD substitution mutations
10. Hereditary cardiomyopathies Long QT syndrome 6 613693 KCNE2 22q22.1 AD substitution mutations
10. Hereditary cardiomyopathies Long QT syndrome 8 (Timothy syndrome) 601005 CACNAIC 12p13.3 AD substitution mutations
10. Hereditary cardiomyopathies Long QT syndrome 9 611818 CAV3 3p25 AD missense mutations
10. Hereditary cardiomyopathies Short QT syndrome 1 609620 KCNH2 7935-936 AD substitution mutations
10. Hereditary cardiomyopathies Short QT syndrome 2 609621 KCNQ1 11p15.5 AD substitution mutation
10. Hereditary cardiomyopathies Short QT syndrome 3 609622 KCNJ2 17¢23.1-24.2 AD substitution mutation
10. Hereditary cardiomyopathies Atrial fibrillation, 3 607554 KCNQ1 11p15.5 AD substitution mutation
10. Hereditary cardiomyopathies Atridl fibrillation, 4 611493 KCNE2 22q22.1 AD missense mutations
10. Hereditary cardiomyopathies Atrial fibrillation, 6 612201 NNPPA 1p36.2 AD deletion/fusion protein generation
10. Hereditary cardiomyopathies Atrid fibrillation, 7 612240 KCNAS 12p13 AD subsitution mutations
10. Hereditary cardiomyopathies Atrid fibrillation 614049 GJAS 19211 AD substitution mutation
10. Hereditary cardiomyopathies Atria standstill GJAS 1g21.1 AD substitution mutation
10. Hereditary cardiomyopathies Atrial standstill 614022 SCN5A 3p21 AD substitution mutation
10. Hereditary cardiomyopathies Brugada syndrome 2 611777 GPD1L 3p22.3 AD substitution mutations
10. Hereditary cardiomyopathies Brugada syndrome 3 611875 CACNA1C 12p13.3 AD substitution mutations
10. Hereditary cardiomyopathies Brugada syndrome 4 611876 CACNB2 10p12 AD missense mutation
10. Hereditary cardiomyopathies Brugada syndrome 6 613119 KCNE3 11q13-q14 AD substitution mutation
10. Hereditary cardiomyopathies Sick sinus syndrome 163800 HCN4 15024-q25 AD missense, substitution mutations, deletion/frameshift
10. Hereditary cardiomyopathies Sick sinus syndrome 608567 SCN5A 3p21 AR substitution mutations
11. Congenital myasthenic syndromes Slow channel syndromes 601462 CHRNAL 2g24-932 AD substitution mutations
11. Congenital myasthenic syndromes Slow channel syndromes 601462 CHRNB1 17p12-p11 AD substitution mutations
11. Congenital myasthenic syndromes Slow channel syndromes 601462 CHRND 2g33-934 AD substitution mutations
11. Congenital myasthenic syndromes Slow channel syndromes 601462 CHRNE 17p13-p12 AD substitution mutations
11. Congenital myasthenic syndromes Slow channel syndromes 601462 CHRNE 17p13-p12 AR substitution mutations
11. Congenital myasthenic syndromes Fast channel syndrome 608930 CHRNA1 2024-q32 AR substitution and null mutations
11. Congenital myasthenic syndromes Fast channel syndrome 608930 CHRND 2g33-934 AR substitution mutation and deletion
11. Congenital myasthenic syndromes Fast channel syndrome 608930 CHRNE 17p13-p12 AD null mutations
11. Congenital myasthenic syndromes Fast channel syndrome 608930 CHRNE 17p13-p12 AR null mutations
11. Congenital myasthenic syndromes | Con9erital mystenic sf"g;fmh acstylcholinereceptor|  gpgqq) CHRNB1 17p12-p11 AR deletions
11. Congenital myasthenic syndromes Congenital mystenic syng;olrgemvgth acetylchaline receptor 608931 CHRNE 17p13-p12 AR substitution, transition mutations, deletions, insertions
11. Congenital myasthenic syndromes | Congenital h with rapsyn 608931 RAPSN 11p11.2-p11.1 AR substitution mustations
11. Congenital myasthenic syndromes Congenital myasthenic syndrome with choline 254210 CHAT 10q11.2 AR missense, substitution mutations
acetyltransferase deficiency
. . End-plate acetyl cholin-esterase deficiency(Congenital . I - . .
11. Congenital myasthenic syndromes myesthenic yndrame Engel type) 603034 COoLQ 3p25 AR deletion, splice site, substitution mutations,frameshifts
11. Congenital myasthenic syndromes | Congenital myasthenic syndrome with MuSK deficiency 608931 MUSK 9q31.3-32 AR substitution mutations, i nsertion/frameshift
11. Congenital myasthenic syndromes Familial limb-girdle myasthenia 254300 DOK7 4p16.2 AR frameshift,nonsense, splice site, missense mutations, del etions|
11. Congenital myasthenic syndromes Myasthenic syndrome due to mutation in SCN4A SCN4A 17923.1-q25.3 AR substitution mutation
11. Congenital myasthenic syndromes Escobar syndrome (multiple pterygium syndrome) 265000 CHRNG 2033.34 AR substitution, nonsense mutations
. . . duplication/premature truncation, deletion/premature stop,
12. Spinal muscular atrophies Spinal muscular atrophy , type | (Werdnig-Hoffman ) 253300 SMN1 5012.2-13.3 AR missense, subsitution mutations, frameshift deletion
" . . . " substitution, missense,nonsense mutations, frameshift
12. Spinal muscular atrophies Spinal muscular atrophy, type |1 (intermediate) 253550 SMN1 5012.2-13.3 AR o R
12. Spinal muscular atrophies Spinal muscular atrophy, type 111 (Kugel berg-Welander) 253400 SMN1 5(12.2-13.3 AR substitution, mlﬁg:eé?;" ddalrgﬂmauons frameshift
12. Spinal muscular atrophies Spinal muscular atrophy, type 1V, adult form 271150 SMN1 5(12.2-13.3 AR frameshift deletion




Spinal muscular atrophy, distal autosomal recessive 1 (

substitution mutations, transversions, substitution/frameshift,

12. Spinal muscular atrophies with respiratory distress) 604320 IGHMBP2 11q13.2-q13.4 AR frameshift/nonsense mutation
12. Spinal muscular atrophies CEIE) ISLES armhyi S 46 el 611067 PLEKHG5 1p36 AR substitution mutations
with respiratory distress)
12. Spinal muscular atrophies Neuronopathy, distal hereditary motor, type lIA, juvenile 158590 HSPB8 12q24 AD substitution mutations
12. Spinal muscular atrophies e dEE] h;;‘::ialz T 2l 608634 HSPB1 7911.23 AD substitution mutations
12. Spinal muscular atrophies Distal hereditary motor neuropathy type V (HMN5) 600794 GARS 7p15 AD substitution mutations
12. Spinal muscular atrophies Distal spinal muscular atrophy type V 600794 BSCL2 11g13 AD transition mutation
12. Spinal muscular atrophies Neuroparhy, distal hereditary motor type VIIB 607641 DCTN1 2p13 AD substitution mutation
12. Spinal muscular atrophies ibility to amyotrophic |ateral sclerosis. 105400 DCTN1 2p13 AD substitution mutations
12. Spinal muscular atrophies Familial amyotrophic lateral sclerosis 1 105400 SOD1 21g22.1 AD substitution, splicing, truncating mutations, deletion
12. Spinal muscular atrophies Familial amyotrophic lateral sclerosis 1 105400 SOD1 21g22.1 AR substitution mutations
12. Spinal muscular atrophies Familial amyotrophic lateral sclerosis 1 VAPB 20g13.3 substitution mutation
12. Spinal muscular atrophies Amyotrophic lateral sclerosis 2, juvenile 205100 ALS2 2q33.1 AR deletions
12. Spinal muscular atrophies Familial amyotrophic lateral sclerosis 4 602433 SETX 9q34 AD substitution, missense mutations
12. Spinal muscular atrophies Familial amyotrophic lateral sclerosis 6 608030 FUS 16p11.2 AD substitution mutation
12. Spinal muscular atrophies Familial amyotrophic lateral sclerosis 8 608627 VAPB 20g13.3 AD substitution mutation
12. Spinal muscular atrophies Familial amyotrophic |ateral sclerosis. 611895 ANG 14011.1-q11.2 AD substitution mutations
Familial amyotrophic lateral sclerosis 10 (with or without
12. Spinal muscular atrophies frontotemporal d tiawith TDP43 indusions) 612069 TARDBP 1p36.2 AD substitution mutations
12. Spinal muscular atrophies Amyotrophic lateral sclerosis 11 612577 FIG4 6021 AD substitution mutations, premature truncation
12. Spinal muscular atrophies Spinal and bulbar muscular atrophy (kennedy disease) 313200 AR Xql1-q12 XR expansion
12. Spinal muscular atrophies Lethal Congenital Contracture Syndrome 1 253310 GLEL 934 AR substitution/insertion,substitution mutations
12. Spinal muscular atrophies Lethal Congenital Contracture Syndrome 2 607598 ERBB3 12q13 AR substitution mutation
12. Spinal muscular atrophies Lethal Congenital Contracture Syndrome 3 611369 PIP5K1C 19p13.3 AR substitution mutation
12. Spinal muscular atrophies Spinal muscular atrophy with pontocerebellar hypoplasia 607596 VRK1 14932 AR substitution mutation
12. Spinal muscular atrophies Spinal muscular atrophy proximal, |ate onset (Finkel type) 182980 VAPB 20q13.3 AD substitution mutation
13. Hereditary ataxias Spinocerebellar ataxia 1 601556 ATXN1 6p23 AD expansion
13. Hereditary ataxias Spinocerebellar ataxia 2 183090 ATXN2 12q24 AD expansion
13. Hereditary ataxias Spinocerebellar ataxia 3 (Machado-Joseph disease) 109150 ATXN3 14924.3-g31 AD expansion
13. Hereditary ataxias Spinocerebellar ataxia 5 600224 SPTBN2 11g13 AD deletions, substitution mutation
13. Hereditary ataxias Spinocerebellar ataxia 6 183086 CACNA1A 19p13 AD expansion
13. Hereditary ataxias Spinocerebellar ataxia 7 (olivopontocerebellar atrophy 111) 164500 ATXN7 3p21.1-p12 AD expansion
13. Hereditary ataxias Spinocerebellar ataxia 10 603516 ATXN10 22q13 AD expansion
13. Hereditary ataxias Spinocerebellar ataxia 11 604432 TTBK2 15q15.2 AD insertion/p stop, frameshift ion/pi stop
13. Hereditary ataxias Spinocerebellar ataxia 12 604326 PPP2R2B 5031-933 AD expansion
13. Hereditary ataxias Spinocerebellar ataxia 13 605259 KCNC3 19913.3-q13.4 AD substitution mutations
13. Hereditary ataxias Spinocerebellar ataxia 14 605361 PRKCG 19q13.4 AD missense, s’bg'"""ong';‘;l? deletion/subitution,
13. Hereditary ataxias Spinocerebellar ataxia 15 606658 ITPRL 3p26-p25 AD deletion, substitution mutation
13. Hereditary ataxias Spinocerebellar ataxia 17 (Huntington disease-like) 607136 TBP 6027 AD expansion
13. Hereditary ataxias Spinocerebellar ataxia 27 609307 FGF14 1334 AD deletion, substitution mutation
13. Hereditary ataxias Episodic ataxiatype-1, with myokimia 160120 KCNAL 12p13 AD missense, substitution mutations
13. Hereditary ataxias Familial hemiplegic migraine 141500 CACNA1A 19p13 AD missense mutations, deletions
13. Hereditary ataxias Episodic ataxia type-5 613855 CACNB4 2g22-q23 AD missense mutations
13. Hereditary ataxias Episodic ataxia type-6 612656 SLCIA3 5p13 AD substitution mutations
13. Hereditary ataxias Friedreich ataxia 1 229300 FXN 9q13 AR expansions,frameshifts, substitution mutations
13. Hereditary ataxias Friedreich ataxia 1 with retained reflexes 229300 FXN 9q13 AR expansion
13. Hereditary ataxias Friedreich ataxia with selective vitamin E deficiency 277460 TTPA 8013.1-13.3 AR deletion/premature stop, insertion/pr ure stop,
substitution, splicing mutations
Mitochondrial DNA depletion syndrome 7
13. Hereditary ataxias (Hepatocerebral type) 271245 C10orf2 1024 AR substitution mutations
13. Hereditary ataxias Mitochondrial DNA depletion syndrome 4A (Alpers type) 203700 POLG 15q25 AR substitution mutations
13. Hereditary ataxias Mitochondrial DNA depletion syndrome 4B (Mingie type) 613662 POLG 15¢25 AR substitution mutations
. . Ataxia, early onset, with oculomotor apraxia and . . . — .
13. Hereditary ataxias hypoalbuminemia (EAOH) 208920 APTX 9q13.3 AR deletions, insertions, splice site, substitution mutations
13. Hereditary ataxias Autosomal recessive spinocerebellar ataxia, 1 SETX 934 AR () S AR d::?;](?s Rl
13. Hereditary ataxias Autosomal recessive spinocerebel lar ataxia, 8 610743 SYNE1 6025 AR deletion/premature truncation, truncating, splicing,nonsense,
substitution mutations
13, Hereditary ataxias (T 'ecesubil;’ji e alaad=al 612016 ADCK3 1042.2 AR missense,splice site,insertion/deletion, substitution mutations
13. Hereditary ataxias Spinocerebellar ataxiawith axonal neuropathy 607250 TDPL 14g31-g32 AR missense mutation
A A Marinesco-Sj6gren syndrome (cerebellar ataxia with 8300 splice site, substitution, nonsense, stop codon mutations,
B (e T LD cataract and myopathy) 2 €l il A3 duplication/premature truncation, deletion
13. Hereditary ataxias Sensory ataxic neuropathy, dysarthria and ophtalmoparesis| 258450 POLG 15g25 AR substitution mutations
(spinocerebellar ataxia with epilepsy included)
13. Hereditary ataxias Ataxiatelangiectasia 208900 ATM 11q22.3 AR deletions, insertions, splice site, substitution mutations
13. Hereditary ataxias Ataxiatelangiectasia-like disorder 604391 MREL1A 11g21 AR substitution mutations
deletions, deletion/frameshift, del etion/preature truncation,
13. Hereditary ataxias Spastic ataxia, Charlevoix-Saguenay type 270550 SACS 13g12 AR insertions/pl Ire tri ion, inserti nift,
substitution mutations
13, Hereditary ataxias Refsum disease-1 (adlult) 266500 PHYH 10pter-p1L2 AR deletions, insertion, drdmi;“;r eshift, subsitution
. . . trunceting mutations, substitution-duplication/frameshift,
13. Hereditary ataxias Refsum disease-2 (adult) 266500 PEX7 6022-q24 AR ST oS
substitution, missense, splice site mutations,
13. Hereditary ataxias Abetalipoproteinemia MTTP 4q22-g24 AR frameshift/premature truncation, deletions
14. Hereditary motor and sensory . R — - .
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 1A, demyelinating 118220 PMP22 17p11.2 AD duplication, substitution mutations
14. Hereditary motor and sensory
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 1A, demyelinating 118220 PMP22 17p11.2 AR substitution mutation
14. Hereditary motor and sensory . P - . . .
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 1B, demyelinating 118200 MPZ 1022 AD substitution mutations,del etions,transversion
14. Hereditary motor and sensory Y g .
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 1C 601098 LITAF 16p13.3-p12 AD substitution mutations
14. Hereditary motor and sensory N y o q
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 1D 607678 EGR2 10g21.1-g22.1 AD substitution mutations
14. Hereditary motor and sensory
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy and deafness (Type 1E) 118300 PMP22 17p11.2 AD substitution mutations, deletion
U Ry LTy | Ty Charcot-Marie-Tooth neuropathy Type 1F 607734 NEFL g2l AD substitution mutations, deletion

neuropathies (HMSN)




-
=

. Hereditary motor and sensory

deletions, insertion/frameshft, deltion/premature truncation,

neuropathies (HMSN) Hereditary neuropathy with liability to pressure palsies 162500 PMP22 17p11.2 AD substitution mutations
14. Hereditary motor and sensory Charcot-Marie-Tooth disease with foot deformity and T q
neuropathies (HMSN) S i) (i 192950 HOXD10 2031-932 AD substitution mutation
14. Hereditary motor and sensory Slowed nerve conduction velocity 608236 ARHGEF10 8p23 AD transition mutation
neuropathies (HMSN)
14. Hereditary m_olur and sensory Charcot-Marie-Tooth neuropathy, dominant intermediate 606482 DNM2 19p13.2 AD substitution mutations, deletions
neuropathies (HMSN) B
14. Hereditary molor and sensory Charcot-Marie-Tooth neuropathy, dominant intermediate 608323 YARS 1p35 AD missense mulations, ddetion
neuropathies (HMSN) C
14. Hereditary molur and sensory Charcot-Marie-Tooth neuropathy, dominant intermediate 607791 MPZ 122 AD TR D
neuropathies (HMSN) D
14. Hereditary motor and sensory . .
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 4A 214400 GDAPL 8g13-g21.1 AR nonsense, substitution mutations, premature truncation
14. Hereditary motor and sensory . substitution mutations, substitution/deletion, deletion-
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 4B1 601382 MTMR2 11g22 AR — Jift -
14. Hereditary motor and sensory g
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 4B2 604563 SBF2 11p15 AR deletion, nonsense mutati ons/premature truncation
14. Hereditary motor and sensory A q q
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 4C 601569 SH3TC2 5032 AR nonsense, 1 mutations, p stop
14. Hereditary motor and sensory Charcot-Marie-Tooth neuropathy Type 4D (HMSN Lom, .
neuropathies (HMSN) with deafness 601455 NDRG1 8g24.3 AR nonsense, substitution mutations
14. Hereditary motor and sensory Charcot-Marie-Tooth neuropathy Type 4E (congenital o q
neuropathies (HMSN) inating hy) 605253 EGR2 10021.1-g22.1 AD substitution mutations
14. Hereditary motor and sensory Charcot-Marie-Tooth neuropathy Type 4E (congenital y .
neuropathies (HMSN) hypomyslinating myopathy) 605253 EGR2 10921.1-g22.1 AR substitution mutations
14. Hereditary motor and sensory Charcot-Marie-Tooth neuropathy Type 4E (congenital NN q q
neuropathies (HMSN) inating ny) 605253 MPZ 1022 AD subtitutions,insertion/deletion
14. Hereditary motor and sensory g ~
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 4F 145900 PRX 19913.1-q13.2 AR insertion, deletion/frameshift, nonsense mutation
14. Hereditary motor and sensory IYVI S . . .
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 4H 609311 FGD4 12p11.2 AR nonsense, substitution mutation, deletion/frameshift
14. Hereditary motor and sensory g
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 4J 611228 FIG4 6021 AR subtitution, frameshifts, deletions
14. Hereditary motor and sensory A A q q q
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy X-linked 1 302800 GJB1 Xq13.1 XD 1 mutations, ifts, deletions.
14. Hereditary molor and sensory Charcot-Marie-Tooth neuropathy X-linked 5 (with hearing 311070 PRPSL Xq22-q24 XR substitution mutations
neuropathies (HMSN) loss and optic neuropathy)
14. Hereditary motor and sensory Feh q - . .
neuropathies (HMSN) Déjerine-Sottas hypertrophic neuropathy 145900 PMP22 17p11.2 AD substitution mutation, deletions
14. Hereditary motor and sensory .
neuropathies (HMSN) Dé§jerine-Sottas hypertrophic neuropathy 145900 PMP22 17p11.2 AR substitution mutation, deletions
14. Hereditary motor and sensory Feh q - .
neuropathies (HMSN) Déjerine-Sottas hypertrophic neuropathy 145900 MPZ 1022 AD substitution mutations
14. Hereditary motor and sensory .
neuropathies (HMSN) Dé§erine-Sottas hypertrophic neuropathy 145900 MPZ 1022 AR deletion
14. Hereditary motor and sensory Feh q » - "
neuropathies (HMSN) Déjerine-Sottas hypertrophic neuropathy 145900 EGR2 10g21.1-q22.1 AD substitution mutation
14. Hereditary motor and sensory . ~
neuropathies (HMSN) Dé§jerine-Sottas hypertrophic neuropathy 145900 EGR2 10g21.1-g22.1 AR substitution mutation
14. Hereditary motor and sensory Feh q p - "
neuropathies (HMSN) Déjerine-Sottas hypertrophic neuropathy GJB1 10g21.1-q22.1 AD substitution mutation
14. Hereditary motor and sensory . ~
neuropathies (HMSN) Dé§erine-Sottas hypertrophic neuropathy GJB1 10g21.1-g22.1 AR substitution mutation
14. Hereditary motor and sensory P A e q q
neuropathies (HMSN) Dé§jerine-Sottas hypertrophic neuropathy 145900 PRX 19913.1-q13.2 AR substitution, nonsense mutations, deletions/frameshifts
14. Hereditary motor and sensory g
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 2A1 118210 KIF1B 1p36 AD substitution mutation
14. Hereditary motor and sensory Vs P . .
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 2A2 609260 MFN2 1p36.2 AD substitution, missense mutations
14. Hereditary motor and sensory g
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 2B 600882 RAB7A 3021 AD substitution, missense mutations
14. Hereditary motor and sensory IYVI - .
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 2D 601472 GARS 7p15 AD substitution mutations
14. Hereditary motor and sensory g
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 2E 607684 NEFL 8p21 AD subtitution mutations, duplication/insertion
14. Hereditary motor and sensory Vs - "
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 2F 606595 HSPB1 7q11.23 AD substitution mutations
14. Hereditary motor and sensory . _— .
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 2! (late onset) 607677 MPZ 1022 AD missense, substitution mutations
14. Hereditary motor and sensory Charcot-Marie-Tooth neuropathy Type 2J (with hearing o q
neuropathies (HMSN) loss and pupillary abnormality) EAIES Mz a2 A SERTIE OIS
14. Hereditary motor and sensory g
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 2K 607831 GDAPL 8g13-g21.1 AD substitution mutations
14. Hereditary motor and sensory IYVI - .
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 2K 607831 GDAPL 8g13-g21.1 AR substitution mutations
14. Hereditary motor and sensory g
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy Type 2L 608673 HSPB8 12q24 AD substitution mutations
14. Hereditary motor and sensory q epedive i 5 " oo e i "
neuropathies (HMSN) Charcot-Marie-Tooth neuropathy recessive intermediate A 608340 GDAPL 8g13-g21.1 AR substituion, splice site mutations, insertion
14. Hereditary motor and sensory Charcot-Marie-Tooth neuropathy Autosomal recessive .
neuropathies (HMSN) CMT28B1 605588 LMNA 1g21.2 AR substitution mutation
14. Hereditary m_olur and sensory Charcot Marie-Tooth neuropalhy, axonal, with vocal cord 607706 GDAPL 8q13-q2L1 AR substitution mutations, Insertlon/frameshift
neuropathies (HMSN) paresis
14. Hereditary motor and sensory . .
neuropathies (HMSN) Hereditary sensory (and autonomic) neuropathy type | 162400 SPTLC1 9022.1-22.3 AD substitution mutations
14. Hereditary motor and sensory . " deletior incation, insertions/p
neuropathies (HMSN) e ey e e L ol 201300 AR 2012 R truncation, substitution/premature truncation, deletion
14. Hereditary motor and sensory Hereditary sensory and autonomic neuropathy type |11 ) . —
neuropathies (HMSN) (Familial dysautonomia, Riley-Day syndrome) 223900 IKBKAP 9031 AR splice site mutation/del etion, substitution mutation
14. Hereditary motor and sensory Heredit den v 54 NGE AR bstitut tat et
neuropathies (HMSN) lereditary sensory and autonomic neuropathy type 6086 substitution mutations,deletion
14. Hereditary motor and sensory
neuropathies (HMSN) Distal hereditary motor neuropathy type IlIA 158590 HSPB8 12q24 AD substitution mutations
14. Hereditary motor and sensory 3 P q
neuropathies (HMSN) Hereditary motor and sensory neuropathy, type VI 601152 MFN2 1p36.2 AD substitution mutations
14. Hereditary motor and sensory Agenesis of the corpus call osum with peripheral 800 deletion/premature truncation, del etion-insertion/premature
neuropathies (HMSN) neuropathy (Charlevoix disease) 2 SLCI2A6 15q13-q14 AR truncation, substitution mutations
14. Hereditary motor and sensory 9 P .
neuropathies (HMSN) Giant axonal neuropathy 256850 GAN 16024.1 AR substitution and nonsense mutations
14. Hereditary motor and sensory
neuropathies (HMSN) Congenital cataracts, facial dysmorphism and neuropathy 604168 CTDP1 18g23 AR insertion
14. Hereditary motor and sensory " ey
neuropathies (HMSN) Roussy-Levy syndrome 180800 PMP22 17p11.2 AD duplication
15. Hereditary paraplegias Spastic paraplegia 3 (Strumpell disease) 182600 SPG3A or ATL1 14q11-g21 AD substitution mutations, insertion/premature stop, deletions
substitution, truncating, splicing/frameshift, missense
15. Hereditary paraplegias Spastic paraplegia 4 182601 SPAST 2p22-p21 AD mutations, insertion/premature truncation, deletions,
duplication
15. Hereditary paraplegias Spastic paraplegia 6 600363 NIPAL 15q11.1 AD substitution mutations
" N . . 1 mutations, ion/pi incation,
15. Hereditary paraplegias Spastic paraplegia 7 607259 SPG7 16024.3 AR insertion-deletion/pr ure truncation, deletions
15. Hereditary paraplegias Spastic paraplegia8 603563 KIAA0196 8024.13 AD substitution mutations
15. Hereditary paraplegias Spastic paraplegia 10 604187 KIF5A 12q13 AD substitution mutations
" N deletion/premature truncation,substitution, trunceting, splice
15. Hereditary paraplegias Spastic paraplegia 11 604360 SPG11 15021.1 AR site mutations, duplication/pr ure truncation
15. Hereditary paraplegias Spastic paraplegia 13 605280 HSPD1 2033.1 AD substitution mutation




substitution, splice site mutations, deletion/premature

15. Hereditary paraplegias Spastic paraplegia 15 (Kjellin syndrome) 270700 ZFYVE26 14q24.1 AR truncation
15. Hereditary paraplegias Spastic paraplegia 17 (Silver) 270685 BSCL2 11g13 AD transition mutation
15. Hereditary paraplegias Spastic paraplegia 20 (Troyer) 275900 SPG20 13q12.3 AR del etions/premature truncation
15. Hereditary paraplegias Spastic paraplegia 21 (Mast) 248900 SPG21 15q21-g22 AR insertion/prematute truncation
15. Hereditary paraplegias Spastic paraplegia 31 610250 REEP1 2pl1.2 AD deletion, splice site, substitution mutation
15. Hereditary paraplegias Spastic paraplegia 33 610244 ZFYVE27 10q24.2 AD substitution mutation
15. Hereditary paraplegias Spastic paraplegia 39 612020 PNPLAG 19p13:3 AR mi “ﬂfﬁﬁ;ﬂ;ﬂa‘:zﬁ:@:&m'm
15. Herediitary paraplegias S=ie p“‘"egag”mzm) SREkeEr 270200 ALDH3A2 17p11.2 AR insertions, deletions, substitution mutations
15. Hereditary paraplegias Infantile-onset ascending spastic paraplegia 607225 ALS2 2g33.1 AR deletions, substitution mutations
15. Hereditary paraplegias Spastic paraplegias, X-linked type 1 (MASA syndrome) 303350 LICAM X028 XR deletions, substitution mutations
15. Hereditary paraplegias Spastic paraplegias, X-linked type 2 312920 PLP1 Xq22 XR substitution mutations
15. Hereditary paraplegias (ETE] R s"es:f CERCGIEIRER: 270550 SACS 13q12 AR ;mm;’x@w b
16. Other neuromuscular disorders Torsion dystonia, early onset 128100 TORIA 934 AD substitution mutations, deletions
16. Other neuromuscular disorders Myocl onus-dystonia syndrome 159900 SGCE 7021 AD ddalere::]g{:?;ﬁg;i:;ﬁg: ;g:leg:e LT
16. Other neuromuscular disorders Amylodosis, hereditary, transthyrene-related 105210 TTR 18q11.2-12-1 AD substitution mutations, deletion
16. Other neuromuscular disorders Congenital fibrosis of the extraocular muscles 1 135700 KIF21A 12q12 AD substitution mutations
16. Other neuromuscular disorders Congenital fibrosis of the extraocular muscles 3B 135700 KIF21A 12q12 AD substitution mutations
16. Other neuromuscular disorders Congenital fibrosis of the extraocular muscles 602078 PHOX2A 11g13.3-13.4 AR splice site, substitution mutations
16. Other neuromuscular disorders Distal arthrogryposis type 1 108120 TPM2 9p13.2-p13.1 AD substitution mutations
16. Other neuromuscular disorders | Distal arthrogryposis type 2A, Freeman-Sheldon syndrome| 193700 MYH3 17p13.1 AD subsitution mutations
16. Other neuromuscular disorders Distal arthrogryposis type 2B, Sheldon-Hall syndrome 601680 TNNI2 11p15.5 AD deletions
16. Other neuromuscular disorders Distal arthrogryposis type 2B, Sheldon-Hall syndrome 601680 TNNT3 11p15.5 AD substitution mutation
16. Other neuromuscular disorders Distal arthrogryposis type 2B, Sheldon-Hall syndrome 601680 MYH3 17p13.1 AD deletion,substitution mutations
16. Other neuromuscular disorders Distal arthrogryposis type 2B, Sheldon-Hall syndrome 601680 TPM2 9p13.2-p13.1 AD substituion mutations
16. Other neuromuscular disorders Trismus- pseudocamptodactyly syndrome 158300 MYH8 17p13.1 AD substitution mutation
16. Other neuromuscular disorders H'ogeﬁ'\Siidgfdn:i$2t$m:;v':::ﬂfid1mdriaj 157640 POLG 15¢25 AD substitution mutations
16. Other neuromuscular disorders H'ogrv;az;ilﬂh;m;ve\gnx?chmdnd 258450 POLG 15¢25 AR substitution mutations
16. Other neuromuscular disorders H'ogeﬁ'\Siidgfdn:i$2t$m:;v':::ﬂgd1mdriaj 609283 SLC25A4 4p35 AD substitution mutations
16. Other neuromuscular disorders H'ogr\[/)i‘e:l;n;ﬁglzm:;vx:ﬂzchmdnd 609286 C10orf2 10024 AD substitution mutations, duplication
16. Other neuromuscular disorders P‘”[?N“:m?’u"‘: $m5imh£"§$§lm 610131 POLG2 17023024 AD substitution mutation
16. Other neuromuscular disorders H'ogr\[/)i‘e:l;n;ﬁglzm:;vx:ﬂﬁchmdnd 613077 RRM2B 8q23.1 AD substitution mutations/premature truncation
16. Other neuromuscular disorders Mitochondrial DNA depletion syndrome 2 609560 TK2 16G22 AR substitution mutations
16. Other neuromuscular disorders Mitmond:i;’:@ﬁ?ﬂamn syndmm;dl ria) 612073 SUCLA2 13q12.2-q13 AR insertion/deletion, trunceting, substitution mutations
16. Other neuromuscular disorders (e&ﬂma’:mﬁﬂmﬁmﬁm 612075 RRM2B 8g23.1 AR Sty :‘:::l::;m Sl LIS
16. Other neuromuscular disorders Mitochondrial DNA depletion syndrome 8B (Mngie type) 612075 RRM2B 8g23.1 AR substitution mutations
16. Other neuromuscular disorders Rt ?;m fwiin ‘fiﬁwww 125250 OPAL 3028-q29 AD substitution mutations, del etion/premature truncation
16. Other neuromuscular disorders Amyloid polyneuropathy-nephropathy, lowa type 105200 APOAL 11923 AD substitution mutations
16. Other neuromuscular disorders Apolipoproteins A-I and C-l11, combined deficiency APOAVAPOC3 11g23 AD inversion and fusion of the two genes
16. Other neuromuscular disorders Apolipoprotein A-I deficiency APOAL 11g23 AD nonsense mutation
16. Other neuromuscular disorders Hypoal phalipoproteinemia, primary 604091 APOAL 11923 AD insertion
16. Other neuromuscular disorders Congenital generalized lipodystrophy 269700 BSCL2 11913 AR frameshifts,substituitions,del etion/insertion, deletions
16. Other neuromuscular disorders Familial lipodystrophy type 2, partial 151660 LMNA 1021.2 AD splicing, substitution mutations
16. Other neuromuscular disorders Coenzyme Q(10) deficiency 607426 ADCK3 1g42.2 AR substitution mutations, insertions
16. Other neuromuscular disorders Multiple pterygium syndrome 253290 CHRNA1 2024-q32 AR duplication
16. Other neuromuscular disorders Multiple pterygium syndrome 253290 CHRND 2033-q34 AR substitution, nonsense, missense mutations
16. Other neuromuscular disorders Multiple pterygium syndrome 253290 CHRNG 2033-q34 AR missense mutations, deletions
16. Other neuromuscular disorders | Ossification of the posterior longitudinal ligament of spine| 602475 COL6AL 219223 AR SNP
16. Other neuromuscular disorders scapul operenal syndrome neurogenic, Kaeser type 181400 DES 2035 AD substitution mutation
16. Other neuromuscular disorders lethal arthrogryposis with anterior horn cell disease 611890 GLE1 934 substitution/insertion, missense mutations
16. Other neuromuscular disorders Amyloidosis, familial, finnish-type 105120 GSN 9q34 AD substitution mutations
16. Other neuromuscular disorders X-linked hydrocephalus 307000 L1CAM Xq28 XR i“ﬂiw‘:fﬁ;‘;‘:js‘;‘:;ﬁ?gf;mi deletions,
16. Other neuromuscular disorders Mandibuloacral dysplasiawith type A lipodystrophy 248370 LMNA 1g21.2 AD substitution mutations
16. Other neuromuscular disorders Heart-hand syndrome, slovenian type 610140 LMNA 1g21.2 AD frameshift/premature truncation
16. Other neuromuscular disorders Hutchinson-Gilford progeria syndrome 176670 LMNA 10g21.2 AD subtitution mutations, substitution/deletion
16. Other neuromuscular disorders Pelizaeus-Merzbacher disease 312080 PLP1 Xq22 XR substitution, splicing mutations, duplication/insertion
16. Other neuromuscular disorders Neutral lipid storage disease with myopathy 610717 PNPLA2 11p15.5 deletions/frameshifts, missense, substitution mutations
16. Other neuromuscular disorders Fetal akinesia deformation sequence 208150 RAPSN 11p11.2-p11.1 AR deletions, substitution mutations
16. Other neuromuscular disorders Carnitine deficiency systemic primary 212140 SLC22A5 50311 AR m;ﬂﬁ n;&;‘:gﬂ?;};gg‘;g‘;um onlp;'ev'n aIurt; ac;p "
16. Other neuromuscular disorders Carnitine-acylcarnitine transl ocase deficiency 212138 SLC25A20 3p21.31 AR subsitution, splicing mutations, insertion, deletion/premature

stop, stop codon mutation




Supplementary Table 2: Coor dinates, GC content and mean cover age of targeted exonsin each patient

‘ Chr Start End Gene GC% A B C D E F G H | J K L M N (e} P
chrl 100316519| 100316759 AGL 0,34 [ 241 | 278 | 181 | 152 | 202 | 213 | 181 | 124 | 265 [ 253 | 236 | 222 | 232 | 225 | 256 | 195
chrl 100326968| 100327328 AGL 032 | 273 | 321 | 243 | 151 | 214 | 255 | 212 | 159 | 283 | 290 | 303 | 248 | 289 | 313 | 318 | 203
chrl 100327715| 100328075 AGL 0,33 | 261 | 282 | 211 | 152 | 220 | 220 | 194 | 127 | 276 | 255 | 260 | 217 | 253 | 270 | 272 | 204
chrl 100329863 100330223| AGL 0,33 | 333 | 366 | 289 | 191 | 257 | 284 | 249 | 169 | 362 | 367 | 357 | 278 | 360 | 344 | 387 | 254
chrl 100335866| 100336226 AGL 0,34 | 291 | 305 | 223 | 172 | 226 | 225 | 195 | 135 | 306 | 310 | 284 | 236 | 295 | 300 | 302 | 230
chrl 100336249 100336489| AGL 028 | 216 | 261 | 176 | 132 | 191 | 198 | 164 | 120 | 258 | 242 | 223 | 208 | 239 | 252 | 240 | 173
chrl 100340184 | 100340424 AGL 0,32 [ 229 | 252 | 201 | 160 | 200 | 219 | 172 | 126 | 261 [ 239 | 250 | 211 | 240 | 244 | 265 | 175
chrl 100340640| 100341082 AGL 0,33 | 260 | 300 | 211 | 163 | 218 | 216 | 187 | 140 | 294 | 274 | 261 | 224 | 279 | 267 | 267 | 198
chrl 100342009| 100342225 AGL 0,37 | 226 | 233 | 180 | 135 | 183 | 195 | 154 | 125 | 221 | 238 | 233 | 208 | 227 | 215 | 220 | 177
chrl 100343110( 100343470| AGL 0,36 | 276 | 283 | 221 | 144 | 219 | 227 | 196 | 134 | 296 | 280 | 254 | 228 | 251 | 267 | 289 | 203
chrl 100345420| 100345660 AGL 035 | 255 | 272 | 209 | 136 | 206 | 195 | 176 | 123 | 281 | 252 | 224 | 201 | 238 | 241 | 279 | 202
chrl 100346089( 100346449|  AGL 0,36 | 304 | 328 | 253 | 168 | 247 | 264 | 209 | 156 | 333 | 320 | 284 | 256 | 307 | 319 | 321 | 229
chrl 100346562| 100347276 AGL 0,37 | 319 | 336 | 249 | 164 | 253 | 259 | 230 | 153 | 320 [ 334 | 322 | 268 | 309 | 329 | 354 | 229
chrl 100349601| 100350311 AGL 0,32 | 315 | 363 | 261 | 174 | 241 | 266 | 235 | 158 | 335 | 336 | 332 | 281 | 339 | 337 | 347 | 233
chrl 100353478| 100353718 AGL 0,39 | 227 | 243 | 168 | 121 | 173 | 194 | 155 | 120 | 246 | 234 | 228 | 190 | 222 | 242 | 239 | 175
chrl 100356723 100356963| AGL 0,35 | 221 | 262 | 183 | 150 | 196 | 190 | 167 | 124 | 257 | 232 | 224 | 187 | 230 | 220 | 240 | 190
chrl 100357108| 100357348 AGL 0,37 | 285 | 309 | 243 | 153 | 229 | 248 | 207 | 142 | 364 | 314 | 290 | 245 | 307 | 306 | 313 | 224
chrl 100357895( 100358255|  AGL 0,33 | 282 331 | 244 | 163 | 230 | 260 | 217 | 140 | 324 | 315| 299 | 251 | 298 | 298 | 332 | 246
chrl 100361772| 100362012 AGL 0,37 | 188 | 193 | 162 | 127 | 176 | 168 | 136 | 97 | 218 [ 195 | 198 | 166 | 210 | 193 | 212 | 157
chrl 100366124| 100366484 AGL 0,37 | 243 | 272 | 238 | 149 | 220 | 221 | 179 | 120 | 297 | 262 | 265 | 207 | 256 | 261 | 271 | 207
chrl 100368174| 100368414 AGL 0,37 | 183 | 202 | 145 113 | 178 | 154 | 145 98 | 235 | 205 | 202 | 162 | 179 | 183 | 190 | 155
chrl 100376231| 100376471 AGL 0,33 | 176 | 194 | 147 | 106 | 164 | 172 | 133 | 111 | 226 | 183 | 197 | 168 [ 198 | 190 | 175 | 152
chrl 100377896| 100378136 AGL 0,33 | 219 | 231 | 167 | 118 | 180 | 182 | 134 | 116 | 208 | 205 | 215 | 170 | 209 | 219 | 198 | 157
chrl 100379008 100379368| AGL 0,35 | 276 | 325 | 224 | 159 | 219 | 236 | 194 | 137 | 306 | 303 | 284 | 241 | 289 | 287 | 314 | 213
chrl 100380873| 100381113 AGL 0,33 | 246 | 253 | 201 | 140 | 214 | 215 | 190 | 126 | 268 | 251 | 259 | 219 | 270 | 263 | 257 | 173
chrl 100381886| 100382366 AGL 0,30 | 300 | 332 | 247 | 174 | 229 | 246 | 217 | 159 | 327 | 282 | 306 | 263 | 297 | 299 | 316 | 227
chrl 100387028| 100387268 AGL 0,33 | 257 | 252 | 199 | 138 | 194 | 227 | 180 | 133 | 280 | 252 | 274 | 227 | 251 | 249 | 253 | 202
chrl 10292319 | 10292559 | KIF1B | 042 | 176 | 176 | 157 | 98 | 168 | 160 | 142 | 100 | 197 | 166 | 185 | 160 | 193 | 171 | 174 | 127
chrl 10316222 | 10316462 KIF1B 0,39 | 310 | 326 | 254 | 175 | 260 | 254 | 230 | 142 | 312 | 308 | 320 | 259 | 315 | 288 | 328 | 238
chrl 10318460 | 10318820 | KIF1B | 0,35 | 276 | 310 | 221 | 158 | 213 | 222 | 203 | 133 | 282 | 287 | 268 | 226 | 279 | 250 | 302 | 227
chrl 10321875 | 10322115 KIF1B 0,41 | 265 | 280 | 217 | 165 | 232 | 252 | 185 | 136 | 282 | 255 | 262 | 234 | 278 | 263 | 278 | 205
chrl 10327370 | 10327706 | KIF1B | 044 | 168 | 193 | 154 [ 125 | 171 | 148 | 135 | 102 | 208 | 180 | 196 | 166 | 181 | 183 | 189 | 166
chrl 10328145 | 10328385 KIF1B 0,43 | 166 | 169 | 118 | 107 | 158 ( 170 | 119 | 85 | 178 [ 149 | 163 | 130 | 174 | 167 | 175 | 140
chrl 10331473 | 10331689 | KIF1B | 0,37 | 235 | 238 | 181 | 130 | 202 | 179 | 166 | 125 | 233 | 234 | 225 | 201 | 212 | 213 | 222 | 184
chrl 10332211 | 10332451 KIF1B 0,32 | 228 | 257 | 191 | 131 | 194 | 195 | 172 | 121 | 271 | 236 | 238 | 200 | 255 | 241 | 230 | 180
chrl 10335403 | 10335643 | KIF1B | 0,33 | 206 | 217 | 155 | 128 | 146 | 183 | 152 | 117 | 219 | 223 | 223 | 174 | 198 | 201 | 207 | 162
chrl 10336297 | 10336537 KIF1B 0,38 | 256 | 273 | 224 | 152 | 213 | 234 | 177 | 126 | 294 | 263 | 271 | 216 | 270 | 264 | 248 | 198
chrl 10337934 | 10338294 | KIF1B | 0,35 | 257 | 301 | 214 | 148 | 212 | 207 | 203 | 135 | 277 | 244 | 254 | 208 | 259 | 259 | 280 | 189
chrl 10342393 | 10342633 KIF1B 0,46 | 215 | 224 | 184 | 131 | 204 | 189 | 151 | 121 | 244 | 205 | 213 | 196 | 213 | 198 | 223 | 169
chrl 10351059 | 10351299 | KIF1B | 0,37 | 180 | 212 | 147 | 107 | 168 | 141 | 130 | 90 | 190 | 189 | 186 | 152 | 166 | 174 | 172 | 147
chrl 10352022 | 10352262 KIF1B 0,39 | 145| 137 | 108 | 89 | 125| 124 | 99 | 76 | 144 | 128 | 138 | 104 | 141 | 122 | 146 | 121
chrl 10355063 | 10355303 | KIF1B | 0,41 | 286 | 306 | 223 | 144 | 236 | 245 | 197 | 154 | 325 | 317 | 290 | 233 | 329 | 278 | 311 | 212
chrl 10355650 | 10355890 KIF1B 046 | 84 | 87 | 60 [ 55| 84 | 79 | 62 | 55 | 99| 85 | 90 | 8 | 77 | 77 | 78 | 75
chrl 10356561 | 10356801 | KIF1B | 0,44 | 140 | 128 | 106 [ 90 | 127 | 111 | 86 | 79 | 168 | 124 | 136 | 122 | 132 | 128 | 129 | 115
chrl 10356923 | 10357379 KIF1B 0,42 | 226 | 243 | 176 | 134 | 220 | 190 | 162 | 117 | 267 | 227 | 231 | 194 | 230 | 224 | 238 | 189
chrl 10363204 | 10364764 | KIF1B | 0,46 | 196 | 200 | 157 [ 121 | 186 | 170 | 144 | 110 | 223 | 192 | 206 | 176 | 202 | 207 | 203 | 167
chrl 10380098 | 10380290 KIF1B 039 |105| 109| 75 | 76 | 110| 105| 77 | 63 | 110| 106 | 106 | 90 | 103 | 111 | 105 | 87
chrl 10381660 | 10382020 | KIF1B | 045 | 169 | 177 | 136 | 100 | 163 | 139 | 131 | 98 | 187 | 184 | 164 | 141 | 161 | 170 | 171 | 136
chrl 10383850 | 10384210 KIF1B 0,43 | 267 | 284 | 250 | 161 | 265 | 262 | 213 | 134 | 319 | 306 | 295 | 250 | 294 | 284 | 314 | 227
chrl 10384764 | 10385004 KIF1B 041 (122|127 78 | 75 [ 125( 100 86 | 69 | 131 | 111 | 132 | 105 120 | 116 | 112 | 104
chrl 10386112 | 10386472 KIF1B 0,55 [ 167 | 163 | 130 | 109 | 145 | 142 | 119 | 84 | 187 | 154 | 153 | 148 | 161 | 169 | 174 | 136
chrl 10394516 | 10394756 | KIF1B | 050 | 113 | 124 | 99 | 82 [ 123 | 115| 80 | 65 | 140 | 119 | 132 | 114 | 105| 107 | 119 | 89
chrl 10396637 | 10396877 KIF1B 0,41 [ 225 | 265 | 190 | 144 | 216 | 216 | 172 | 123 | 284 | 246 | 246 | 201 | 249 | 233 | 255 | 187
chrl 10397076 | 10397316 | KIF1B |