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ABSTRACT 

Early-onset muscle disease includes three major entities that present generally at or before birth: 

congenital myopathies, congenital muscular dystrophies and congenital myasthenic syndromes. 

Almost exclusively there is weakness and hypotonia, although cases manifesting hypertonia are 

increasingly being recognised. These diseases display a wide phenotypic and genetic heterogeneity, 

with the uptake of next generation sequencing resulting in an unparalleled extension of the 

phenotype-genotype correlations and “diagnosis by sequencing” due to unbiased sequencing. 

Perhaps now more than ever, detailed clinical evaluations are necessary to guide the genetic 

diagnosis; with arrival at a molecular diagnosis frequently occurring following dialogue between 

the molecular geneticist, the referring clinician and the pathologist. There is an ever-increasing 

blurring of the boundaries between the congenital myopathies, dystrophies and myasthenic 

syndromes. In addition, many novel disease genes have been described and new insights have been 

gained into skeletal muscle development and function. Despite the advances made, a significant 

percentage of patients remain without a molecular diagnosis, suggesting that there are many more 

human disease genes and mechanisms to identify.  

 

It is now technically- and clinically-feasible to perform next generation sequencing for severe 

diseases on a population-wide scale, such that preconception-carrier screening can occur. Newborn 

screening for selected early-onset muscle diseases is also technically and ethically-achievable, with 

benefits to the patient and family from early management of these diseases and should also be 

implemented.  
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The need for world-wide Reference Centres to meticulously curate polymorphisms and mutations 

within a particular gene is becoming increasingly apparent, particularly for interpretation of variants 

in the large genes which cause early-onset myopathies: NEB, RYR1 and TTN. Functional validation 

of candidate disease variants is crucial for accurate interpretation of next generation sequencing and 

appropriate genetic counseling. Many published “pathogenic” variants are too frequent in control 

populations and are thus likely rare polymorphisms. Mechanisms need to be put in place to 

systematically update the classification of variants such that accurate interpretation of variants 

occurs. 

 

In this review, we highlight the recent advances made and the challenges ahead for the molecular 

diagnosis of early-onset muscle diseases.  
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1.1 INTRODUCTION 

Early-onset muscle disease includes three major entities that present generally at or before birth: 

congenital myopathies1, congenital muscular dystrophies2 and congenital myasthenic syndromes3. 

Almost exclusively there is weakness and hypotonia, although cases manifesting hypertonia are 

increasingly being recognised4. Fetal akinesia, lethal congenital contracture syndromes and 

arthrogryposis multiplex congenita may be allelic to early-onset myopathies5. Early-onset 

myopathies can also overlap clinically limb-girdle muscular dystrophies, congenital metabolic 

myopathies, early spinal muscular atrophies and Prader-Willi syndrome [reviewed in6]. 

 

Next generation sequencing has ushered in a new era in both disease gene discovery and molecular 

diagnostics of early onset muscle disease. In this update, we focus on breakthroughs and current and 

future challenges in this new era. 

 

1.2 BREAKTHROUGHS IN GENE DISCOVERY 
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Most recent breakthroughs in early onset muscle disease have come from the application of next 

generation sequencing in disease gene discovery. In the following we summarise recent gene 

discovery in congenital myopathy, congenital muscular dystrophy, congenital myasthenic syndrome 

and other entities with early onset.  

 

1.2.1 Congenital myopathies  

The congenital myopathies are typically characterised clinically by hypotonia and weakness and 

pathologically by distinctive structural lesions within muscle such as central nuclei, cores, and 

nemaline bodies or fibre type disproportion. In recent years, with the implementation of massively 

parallel sequencing in molecular diagnostics, overlap in the genetics of the traditional subtypes of 

the congenital myopathies is increasingly recognised, blurring the boundaries between what were 

previously considered discrete entities. In addition, a variety of structural lesions may be seen 

within an individual muscle biopsy, suggesting that these “pathological hallmarks” may represent a 

continuum rather than belonging to separate entities7. It is also now recognised that cases arising 

from mutations in genes traditionally associated with congenital myopathy can lead to a congenital 

muscular dystrophy phenotype8,9. Thus even the distinction between severe congenital muscular 

dystrophies and myopathies is becoming blurred. Due to this clinicopathogenic overlap, the 

grouping of entities by the causative disease gene is becoming increasing utilised, e.g. ACTA1-

disease, RYR1-related diseases, and titinopathies. Mutation of RYR1 is currently considered the 

most common cause of congenital myopathy10-12. 

  

1.2.1.1 Centronuclear myopathies (CNM) 

The centronuclear myopathies are characterised by an elevated number of myofibres with centrally- 

or internally-located nuclei. Traditionally the centronuclear myopathies have included X-linked 

centronuclear myopathy (CNMX, OMIM 310400) due to myotubularin gene (MTM1, OMIM 

300415) mutation13 and typically milder forms due to autosomal dominant mutations of dynamin 2 

(DNM2, CNM1, OMIM 160150)14 or autosomal recessive mutation of amphiphysin 2 (BIN1, 

CNM2, OMIM 601248)15. Mutations of a related gene (MTMR14, OMIM 611089) cause a 

myopathy in fish and may cause a CNM in humans, although the evidence for the latter is 

incomplete16.  

 

Koutsopoulos et al. described a single family with a recurrent lethal contracture syndrome and fetal 

akinesia with a homozygous missense mutation in DNM217. Further families need to be ascertained 

to confirm this association.  

 



 5 

Recent novel genes 

Majczenko et al. described a large pedigree with an early-onset autosomal dominant myopathy with 

internal nuclei and atypical cores (CNM4, OMIM 614807)18.  A combination of linkage analysis 

and exome sequencing identified a splice-acceptor variant in the gene encoding the coiled-coil 

domain-containing protein 78 (CCDC78, OMIM 614666). Additional cases with myopathy due to 

CCDC78 mutations need to be identified to confirm this link.   

 

In 2014, Agrawal and colleagues identified three families with centronuclear myopathy and dilated 

cardiomyopathy due to recessive mutations of the striated muscle preferentially expressed kinase 

gene (SPEG) (OMIM 615950). Four of the six affected individuals died within the neonatal 

period19. SPEG interacts with MTM1 and is present in both skeletal and cardiac muscle, likely 

contributing to the combined skeletal and cardiac muscle phenotype19.  

 

Autosomal recessive mutations of RYR1, which encodes the skeletal muscle ryanodine receptor, are 

a frequent cause of centronuclear myopathy. There is usually compound heterozygosity for one 

missense mutation and one mutation that results in reduced protein abundance20-22. RYR1 disease 

due to autosomal recessive mutations (usually including at least one null allele) can also present in 

utero with fetal akinesia and associated clinical features and dystrophic or non-specific features on 

biopsy9,23. A case with centronuclear myopathy due to a de novo dominant mutation of RYR1 has 

also been identified24. Patients with congenital myopathy, ptosis, external ophthalmoplegia and 

prominent internal nuclei in addition to other structural lesions on muscle biopsy, are highly 

suggestive of RYR1 disease. In some cases the missense mutation can be associated with autosomal 

dominant malignant hyperthermia (MH). In such families, both the patient and the asymptomatic 

carrier of the MH-susceptible allele need to be managed clinically as MH-susceptible [reviewed 

in25].  

 

Ceyhan-Birsoy et al. presented a series of 29 patients with centronuclear myopathy that did not 

have mutations of BIN1, DNM2 or MTM1. By next generation sequencing they identified five 

patients with recessive truncating mutations of TTN (OMIM 188840)26. This study extended the 

array of CNM genes, which classically all involved excitation-contraction coupling, to include a 

sarcomeric protein. Although TTN mutations were first associated with cardiomyopathy, tibial 

muscular dystrophy (OMIM 600334) and LGMD type 2J (OMIM 608807), the phenotypic 

spectrum of the titinopathies continues to widen27. TTN mutations of exon 434 affecting the A-band 

region of titin protein cause hereditary myopathy with early respiratory failure (HMERF)28,29. More 

recently, three unrelated patients presenting between three and 10 years of age with limb girdle 
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weakness and early-onset joint contractures without cardiomyopathy were found to have recessive 

mutations within the Mex3 domain of TTN30. Within an arthrogryposis cohort, AR null mutations of 

TTN were identified in one case31. The biopsies in all cases showed rimmed vacuoles, dystrophic 

features and absence of calpain 3 protein, as reported previously for patients with two dominant 

tibial muscular dystrophy TTN mutations32. 

 

Myotonic dystrophy 1 (DM1, OMIM 160900) is the most common adult muscular dystrophy. 

Severe cases, which can present in utero with fetal akinesia and non-immune hydrops, show central 

nuclei. Myotonic dystrophy should therefore always be considered in the differential diagnosis of 

centronuclear myopathy, especially since DM1 is such a common disease [reviewed in33].  

 

1.2.1.2 Core myopathies 

The core myopathies collectively represent more cases of congenital myopathies than any other 

group and include central core disease, multiminicore disease and atypical cores. The key histologic 

feature are “cores”, which are regions devoid of mitochondria that contain disordered sarcomeric 

proteins. Cores within myofibres thus are negative on oxidative enzyme stains.   

 

Central core disease:  

Central core disease is diagnosed by muscle weakness (often profound) and histologically by the 

presence of large, well-demarcated, central cores within numerous myofibres. It is suggested that 

more than 90% of central core disease is due to mutations in RYR134,35. Dominantly inherited, de 

novo dominant or recessive RYR1-diseases occur36. As discussed above [Centronuclear 

myopathies, Section 1.2.1.1], patients and carriers with certain missense mutataions in RYR1 are at 

risk of malignant hyperthermia and need to be managed accordingly. 

 

Multiminicore disease:  

Multiminicore disease is typically recessively inherited. It is diagnosed by muscle weakness and the 

presence of multiples cores within a myofibre cross section. Often these minicores are not 

particularly well demarcated and the muscle can have a “moth-eaten” appearance. The two major 

causes of multiminicore disease are mutations in the genes encoding selenoprotein N (SEPN1, 

OMIM 606210) and RYR1. SEPN1-related myopathy follows an autosomal inheritance pattern and 

also includes congenital fibre-type disproportion (OMIM 255310) and rigid spine muscular 

dystrophy (OMIM 602771). The classic clinical features with SEPN1-disease include spinal 

rigidity, early scoliosis and respiratory impairment. In a recent Italian study, mutations of SEPN1 

represented 6% of congenital muscular dystrophies37. Recessive mutations in RYR1 are associated 
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with a broader range of symptoms, including external ophthalmoplegia, distal weakness and hip 

girdle involvement resembling central core disease. With RYR1-disease, there may be a continuum 

between the histopathology of multiminicore and central core diseases, reflecting their shared 

genetic background. As discussed above [Centronuclear myopathies, Section 1.2.1.1], patients and 

carriers with certain missense mutataions in RYR1 are at risk of malignant hyperthermia and need to 

be managed accordingly. 

 

Other genetic causes of core myopathy are autosomal dominant mutations in slow β-myosin gene 

(MYH7, OMIM 160760)38,39 and autosomal recessive mutations of TTN40,41. Recessive mutations of 

a satellite cell gene (MEGF10, OMIM 612453) are also implicated in core myopathy42 and present 

with early-onset myopathy, areflexia, respiratory distress and dysphagia (EMARDD, OMIM 

614399)43. 

 

Most recently, Hunter et al.44 described a single case with a severe congenital myopathy and 

ophthalmoplegia and recessive variants in the gene encoding the alpha-1 subunit of the 

dihydropyridine receptor (CACNA1S, OMIM 114208). Muscle biopsy showed marked variation in 

fibre size, fibre atrophy and occasional internal nuclei.  Dominant mutations of CACNA1S are 

associated with hypokalemic periodic paralysis45 and malignant hyperthermia46. No functional 

studies were performed by Hunter et al., therefore additional investigations and cases are required 

to clarify the role of CACNA1S in congenital myopathy.  

 

1.2.1.3 Nemaline myopathies 

Nemaline myopathy is characterised by the presence of electron-dense rod-like aggregates within 

the myofibres and in rare cases within the myonuclei47. Mutations of a number of genes encoding 

skeletal muscle thin filament or associated proteins cause nemaline myopathy, including skeletal 

muscle α-actin (ACTA1), cofilin-2 (CFL2), β-tropomyosin (TPM2), α-tropomyosinslow (TPM3), 

slow muscle troponin-T (TNNT1) and nebulin (NEB). Overall, mutations of NEB account for ~50% 

of cases and ACTA1 for ~25% of cases48. 

 

Updates on known genes 

In recent years, additional phenotypes have been added to ACTA1-related disease. Zukosky et al. 

described a large family with an autosomal dominant disease presenting with progressive 

scapuloperoneal and distal weakness. Muscle biopsies demonstrated atrophy, nemaline bodies were 

not observed. Linkage and exome sequencing identified a novel ACTA1 mutation (p.Glu197Asp)49. 

Mutations of ACTA1 have also been identified in a patient presenting with a severe congenital 
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myopathy with myofibrillar features on biopsy50, a limb limb-girdle muscular dystrophy case 

(p.Ala156Val)51, a consanguineous family with autosomal recessive congenital muscular dystrophy 

with rigid spine (p.Val154Leu)8 and in zebra body myopathy52. 

 

TNNT1 nemaline myopathy was for many years only known in the old order Amish population but 

has recently been identified in other populations53-55.  

 

Mutations in three Kelch-BTB proteins have now been implicated in nemaline myopathy. 

Mutations of KBTBD13 were identified in families presenting with autosomal dominant nemaline 

myopathy and cores56. KBTBD13 has since been shown to act as a E3 ubiquitin ligase in vitro, but 

little is known about its role in skeletal muscle57.  

 

Recent novel genes 

Through large international next generation sequencing collaborations, autosomal recessive 

mutations were identified in two further muscle-specific Kelch-BTB genes KLHL40 and KLHL41 

in patients with severe nemaline myopathy, including in utero presentation with fetal akinesia 

phenotypes58,59. A severe nemaline myopathy with prenatal features, congenital fractures, and 

miliary nemaline bodies is suggestive of KLHL40 mutation58. Garg et al. then showed through 

elegant mouse and cell-culture studies that Klhl40 and Klhl41 could dimerise and stabilise 

proteins9,60, the inverse of the usual function of these proteins, since Kelch-BTB proteins act as E3-

ubiquitin ligases and mediate protein turnover61. Garg et al. specifically showed that Klhl40 

stabilised leiomodin-3 (Lmod3) and that in the absence of Klhl40, Lmod3 and Neb were lost60. 

These findings were confirmed in muscle biopsies from some KLHL40 patients60. Mutations in the 

gene encoding leiomodin-3 (LMOD3), a protein enriched at the pointed end of the muscle thin 

filament, were subsequently identified in patients with severe nemaline myopathy62. Potential 

hallmarks of LMOD3-myopathy are the presence of a fringe of thin filaments radiating from the 

nemaline bodies and paired nemaline bodies interconnected by thin filaments62. A recent case with 

novel mutations of KLHL40 has been described, this patient responded well to pharmacological 

acetylcholinesterase inhibition63. Treatments targeting the neuromuscular junction have been shown 

to be effective in patients with other forms of congenital myopathies [reviewed in64]. 

 

Malfatti et al. have identified an isolated case of severe nemaline myopathy with a cardiomyopathy 

and a homozygous premature stop variant in a gene encoding a non-muscle myosin (MYO18B)65. A 

homozygous null mutation of MYO18B has also recently been identified in two unrelated patients 

with Klippel-Feil anomaly and a myopathy; the biopsy showed scattered dense bodies on EM, 
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reminiscent of nemaline bodies66. However, additional cases with MYO18B variants are needed to 

confirm MYO18B as a causative disease gene for nemaline myopathy. 

 

Hypertonic congenital myopathy 

In 2012, Jain et al. described a hypertonic and stiff infant with nemaline bodies on muscle biopsy. 

A de novo ACTA1 mutation was identified (p.Lys328Asn). This substitution results in sensitisation 

of the thin filament to Ca2+, thus heightened Ca2+ sensitivity is the proposed mechanism underlying 

the hypertonic phenotype in this infant67. Patients with hypercontractile nemaline myopathy and 

dominant de novo mutations of TPM3 have recently been described. Both patients harboured 

mutations that resulted in a deletion of a single glutamic acid residue. In vitro studies showed a 2-

fold increase in Ca2+ sensitivity for the mutant TPM34. An infant with a muscle stiffness 

presentation and myofibrillar myopathy due to a homozygous null mutation of CRYAB has also 

been described68. These publications extend the definition of congenital myopathy to include 

hypertonia and muscle stiffness. 

 

1.2.1.4 Other novel early onset muscle diseases  

SCN4A encodes the α-subunit of the skeletal muscle voltage-gated Na+ channel (NaV1.4). Dominant 

gain-of-function SCN4A mutations cause myotonia and periodic paralysis. Autosomal recessive 

mutations of SCN4A were recently identified in patients from seven families presenting with severe 

congenital myopathy69. All cases showed symptoms in utero, most resulted in prenatal or perinatal 

lethality. Functional studies of the missense substitutions showed that these abolished or 

significantly reduced channel ion flux. All cases carried at least one complete loss-of-function 

mutation. Isolated cases of congenital myasthenic syndrome attributed to SCN4A AR null mutations 

were also recently described70. 

 

A homozygous premature stop mutation of HACD1 was identified in a single consanguineous 

family with an autosomal recessive severe myopathic phenotype at birth. The affected individuals 

improved with age and muscle biopsy showed fibre-type disproportion71. Additional cases are 

needed to clarify the role of HACD1 as a congenital myopathy gene, although Hacd1 deficiency 

causes a congenital myopathy in dogs and it has recently been shown that Hacd1 is required for 

myoblast fusion and skeletal muscle growth72.  

 

1.2.2 Congenital muscular dystrophies  

The congenital muscular dystrophies are defined as early-onset disorders in which the muscle 

biopsy shows dystrophic features in the absence of hallmarks of other neuromuscular conditions6. 
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However, it is increasingly apparent that the boundary between congenital muscular dystrophies 

and myopathies is blurring, as mutations in genes thought to be associated only with myopathies are 

found in cases of dystrophy, and vice versa. There is also increasing overlap between the congenital 

muscular dystrophies and other neuromuscular disorders (e.g. mutations of GMPPB cause 

congenital muscular dystrophy, limb-girdle muscular dystrophy, a congenital myasthenic syndrome 

and even isolated episodes of rhabdomyolysis73,74). The main congenital muscular dystrophy 

subtypes, grouped by the involved protein function or defective gene, include the secondary 

dystroglycanopathies, the merosinopathies, the collagenopathies, SEPN1-related CMD, RYR1-

related CMD and LMNA-related CMD. In addition, there have been reports of cases presenting with 

a congenital muscular dystrophy due to mutation of DNM275, DYSF76, TCAP77 and TRIM3278.  

 

The merosinopathies are caused by mutations of LAMA2, LMNA-related CMD by LMNA mutations. 

There are no updates to these latter two disorders since the review by Bönnemann in 20146, thus 

they will not be discussed further. We have already discussed RYR1- and SEPN1-diseases above 

and they will therefore not be covered in this section.   

 

1.2.2.1 Secondary dystroglycanopathies  

The secondary dystroglycanopathies result from hypoglycosylation of α-dystroglycan and impaired 

α-dystroglycan function at the sarcolemma. Mutations in a large number of genes result in a 

congenital dystroglycanopathy, including: B3GALNT2, B3GNT1 (B4GAT1), DAG1, DPM3, FKRP, 

FKTN, GMPPB, GTDC2 (POMGNT2), ISPD, ITGA7, LARGE, POMGNT1, POMK (SGK196), 

POMT1, POMT2, TMEM579,80. Of these, B3GNT1 (OMIM 605517), GMPPB (OMIM 615320), 

ISPD (OMIM 614631), POMK (OMIM 615247) and TMEM5 (OMIM 605862) are recent additions.  

 

Buysse et al. described an isolated family presenting with recurrent Walker-Warburg syndrome and 

two homozygous missense variants of B3GNT181. A subsequent report detailed a multiplex 

consanguineous family with Walker-Warburg syndrome and a homozygous truncating mutation of 

B3GNT182, confirming B3GNT1 as a novel CMD gene. Recently, it was shown that B3GNT1 is 

required for LARGE-mediated glycosylation of α-dystroglycan 83. 

 

GMPPB mutation was originally described in a series of patients presenting with congenital 

muscular dystrophies (including muscle-eye-brain disease) and presenting from birth to 4 years of 

age80. The phenotype of GMPPB-disease has since expanded to include adult-onset LGMD, 

isolated rhabdomyolysis and myasthenic syndromes73,74. 
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Back-to-back studies 84,85 identified loss-of-function mutations of ISPD, which encodes isoprenoid 

synthase domain containing protein, in cases with Walker-Warburg syndrome. Vuillaumier-Barrot 

et al. identified additional ISPD cases in a fetal cobblestone lissencephaly cohort and showed that 

these cases also had vascular abnormalities within the brain86. Mutations of ISPD are now 

considered the second most frequent cause of Walker-Warburg syndrome. 

 

Autosomal recessive mutations of POMK (also known as SGK196) have been identified in families 

presenting with congenital muscular dystrophy-dystroglycanopathy with brain and eye 

abnormalities or LGMD-dystroglycanopathy and mild cognitive impairment87-89.  

 

In 2012, Vuillaumier-Barrot et al. identified TMEM5 as a causative disease gene in five families 

within their fetal cobblestone lissencephaly cohort. TMEM contains a glycosyltransferase domain 

and is therefore thought to be involved in the glycosylation of dystroglycan. TMEM5 patients 

frequently also presented with gonadal dysgenesis and neural tube defects86. 

 

1.2.2.2 Collagenopathies 

Mutations of one of three collagen VI genes (COL6A1, COL6A2, COL6A3) underlie a spectrum of 

myopathies from the severe Ullrich congenital muscular dystrophy (OMIM 254090) to milder 

Bethlem myopathy (OMIM 158810).  Patients with collagen VI-myopathies present with features of 

a myopathy and connective tissue disease. Ullrich congenital muscular dystrophy can present from 

birth with severe muscle weakness, respiratory involvement and striking distal joint hyperlaxity. 

Bethlem myopathy is a slowly progressive muscle disease characterised by the presence of 

contractures, spine rigidity, skin abnormalities and proximal weakness.  

 

Recently, mutations of COL12A1 encoding a collagen XII (OMIM 120320) have been associated 

with disease. In a consanguineous family with severe muscle disease, a homozygous loss-of-

function mutation was identified in both affected siblings90. In a patient with a milder phenotype, 

that presented with hypotonia, joint hyperlaxity and contractures in the first year of life, a de novo 

missense COL12A1 mutation was identified90. Hicks et al. identified COL12A1 mutations in five 

individuals from two families presenting with a dominant Bethlem myopathy-like phenotype. All 

mutations caused abnormal immunostaining of collagen XII in patient fibroblasts90,91. The 

identification of COL12A1 mutations further highlights the key role of the extracellular matrix in 

skeletal muscle function and disease.  
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Hunter et al. described one case with arthrogryposis in utero and severe hypotonia and dysmorphic 

features at birth, with a known mutation of COL6A3 (rs139260335) inherited paternally and two 

novel COL6A6 (OMIM 616613) variants, one inherited from each parent44. Functional studies of 

these COL6A6 variants and additional patients with COL6A6 variants and a similar phenotype are 

required to confirm COL6A6 as a disease gene.  

 

1.2.2.3 Megaconial congenital muscular dystrophy 

Mutation of CHKB encoding the choline kinase beta protein (OMIM 612395) were described in 

2011 in patients with a congenital muscular dystrophy characterised by early-onset muscle wasting, 

mental retardation, cardiomyopathy and enlarged mitochondria on biopsy92. CHKB is required for 

the biosynthesis of phosphatidylcholine, the most abundant phospholipid of eukaryotic membranes. 

Additional cases of megaconial congenital muscular dystrophy (OMIM 602541) have been 

identified93-95 and it is suggested that this disorder should be considered in the differential diagnosis 

of children presenting with global developmental delay, intellectual disability and autistic 

features96.   

 

1.2.2.4 TRAPPC11 

Bögershausen et al. identified recessive mutations of the transport protein particle complex 11 gene 

(TRAPPC11) in patients with either a limb girdle muscular dystrophy phenotype or a myopathy 

with infantile hyperkinetic movements, ataxia and intellectual disability. TRAPPC11 is involved in 

membrane trafficking and mutations resulted in altered localisation of the glycoproteins LAMP1 

and LAMP297. Thus it is suggested that the mechanism of disease may be similar to LAMP2 or 

Danon disease (OMIM 309060) 97. More recently a patient with a congenital muscular dystrophy, 

cataracts, TRAPPC11 mutations and absent TRAPPC11 on immunoblotting was identified98.  

 

1.2.2.5 PIGY  

Glycosylphophatidylinositol (GPI)-anchored proteins are widely expressed and important for 

various cell membrane functions. Mutations of GPI biosynthesis genes cause multi-system 

disorders and represent a subset of congenital disorders of glycosylation. In two families with 

different multi-system diseases, Ilkovski et al. identified homozygous recessive mutations in a GPI-

biosynthesis gene PIGY (OMIM 610662), that encodes phosphatidylinositol glycan class Y99. The 

p.Leu46Pro mutation caused a severe, congenital multi-system disease (congenital cataracts, 

dysmorphic facial features, epileptic encephalopathy, joint contractures, limb shortening, lung 

disease and renal abnormalities) resulting in early death. Elevated CK levels were recorded and, on 

muscle biopsy, abnormal variation in myofibre diameter, atrophic fibres and increased fibrous and 
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adipose tissue were noted. The promoter mutation (c.-540G>A) disrupts a consensus SP1 

transcription factor binding site and was thought to affect PIGY expression. Analysis of cDNA, 

from heterozygous carriers, showed that the allele with the promoter variant is expressed at lower 

levels than the wild-type. The mutation was associated with a central nervous system phenotype 

(microcephaly and global developmental delay) that is compatible with life. This study exemplifies 

the need to improve analysis of non-coding regions of the genome for improved molecular 

diagnostics99.  

 

1.2.3 Congenital myasthenic syndromes  

Congenital myasthenic syndromes are a diverse group of disorders caused by defective signal 

transmission at the neuromuscular junction (reviewed in3). Congenital myasthenic syndrome is 

characterised by onset at birth, or during early childhood, significant fatigable weakness affecting 

the ocular and facial muscles and a decremental electromyographic response. Most congenital 

myasthenic syndromes arise due to abnormal functioning of the acetylcholine receptors (AChR) at 

the neuromuscular junction. They can also be caused by abnormal development and maintenance of 

the motor endplate and less frequently by abnormal functioning of presynaptic proteins or synaptic 

basal lamina proteins and defective glycosylation. Mutations of many genes cause congenital 

myasthenic syndromes: AGRN, ALG2, ALG14, CHAT, CHRNA1, CHRNB1, CHRND, CHRNE, 

CHRNG, COL13A1, COLQ, CNTN1, DOK7, DPAGT1, GFTP1, LAMB2, LRP4, MUSK, PLEC, 

RAPSN, SCN4A, SNAP25B and SYT2. Of these, a number have only recently been described and 

will be highlighted. 

 

1.2.3.1 Endplate development and maintenance: COL13A1 and LRP4 

Logan et al. described two congenital myasthenic syndrome (CMS type 19, OMIM 616720) 

families with loss-of-function mutations in COL13A1 (OMIM 120350)100. Onset was at birth for 

two affected individuals and within the first year of life for the third. All showed facial dysmorphic 

features, as well as feeding and respiratory difficulties.  COL13A1 encodes an atypical non-fibrillar 

collagen that localises to the motor endplate. CRISPR/Cas9 gene editing of Col13a1 in C2C12 

myotubes showed that the c.1171delG mutation impaired AChR clustering during myotube 

formation100. The phenotype of CMS type 19 is most similar to patients with RAPSN mutations, 

however unlike RAPSN cases, these patients did not respond to acetylcholine esterase 

medication100.  

 

LRP4 (OMIM 604270) encodes the post-synaptic low-density lipoprotein receptor related protein 4. 

LRP4 is required for endplate formation, binding agrin and complexing with MUSK. In addition, 
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retrograde LRP4 signaling stimulates presynaptic differentiation101,102. Autoantibodies to LRP4 

have been identified in patients with autoimmune myasthenia gravis103, hence LRP4 had been a 

CMS candidate gene for some time. In 2014, Ohkawara et al. described a single patient with 

compound heterozygous mutations in LRP4 and a congenital myasthenic syndrome characterised by 

weakness from birth, feeding and respiratory difficulties (OMIM 616304, CMS type 17)103. Both 

substitutions occurred at the edge of the third β-propeller domain, which is the critical region for 

complex formation with MUSK103. The substitutions reduced binding affinity for agrin and MUSK 

and impaired agrin-mediated AChR clustering in C2C12 myotubes103. Selcen et al. described a 

second family with two affected sisters with a milder CMS affecting the limb-girdle muscles and a 

homozygous missense substitution (p.E1233A)104 affecting the same amino acid as one of the 

variants in the original patient (p.E1233K). These siblings were responsive to albuterol sulfate. 

Mutations occurring throughout LRP4, that affect Wnt signaling, cause autosomal recessive bone 

diseases; thus the edge of the third β-propeller domain likely represents a hotspot for CMS 

mutations104.   

 

1.2.3.2 Presynaptic: SNAP25B and SYT2 

Shen et al. identified a dominant de novo missense mutation (p.Ile67Asn) in SNAP25B (OMIM 

600322) in a patient presenting with a novel pre-synaptic CMS phenotype including cortical 

hyperexcitability, cerebellar ataxia and intellectual disability (OMIM 616330)105. SNAP25B, a 

SNARE protein, is critical for exocytosis of synaptic vesicles and this was impaired by the 

mutation. Additional cases of CMS due to SNAP25B mutations are required to resolve SNAP25B as 

a definite cause of CMS and to describe the phenotypic spectrum.  

 

Synaptotagmin 2 is a Ca2+-sensitive synaptic vesicle protein encoded by SYT2 (OMIM 600104). It 

is the major synaptotagmin at mammalian neuromuscular junctions. In 2014, Herrmann et al. 

described two multi-generational families with autosomal-dominant Lambert-Eaton syndrome 

(OMIM 616040, CMS type 7) and heterozygous missense substitutions of SYT2106. The C2B Ca2+ 

binding domain is critical for neurotransmitter release at the neuromuscular junction and both 

mutations occurred within this functional domain106. The presenting features were foot deformities 

in childhood (both families) and congenital hip dislocation (one family, females only). Other 

features included fatigable ocular muscles and lower limb weakness. Treatment with 3,4-

daminopyridine showed clinical benefit and improved NMJ transmission107. 

 

1.2.3.3 Glycosylation defects: ALG2 and ALG14 
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Through combined linkage studies and next generation sequencing in families with a limb-girdle 

pattern of congenital myasthenic syndrome, Cossins et al. identified mutations in two genes (ALG2 

and ALG14) that encode proteins involved in glycosylation in three families108. In two siblings with 

a childhood onset myasthenic syndrome (CMS type 15, OMIM 616227), compound heterozygous 

mutations in ALG14 (OMIM 612866) were identified. ALG14 is thought to form a 

multiglycosyltransferase complex with ALG13 and DPAGT1 that is important for asparagine-

linked protein glycosylation. ALG14 was localised to the NMJ and disruption of ALG14 with 

siRNA reduced cell surface expression of AChR in HEK cells108. Homozygous ALG2 mutations 

(OMIM 607905) were identified in affected individuals from two unrelated consanguineous 

families with a more severe CMS phenotype (CMS type 14, OMIM 616228). Age at onset was 

from infancy to 4 years of age108. ALG2 is also involved in catalysing early steps of asparagine-

linked protein glycosylation and the p.Val68Gly substitution significantly reduced ALG2 levels in 

patient muscle and cultured cells. More recently, a consanguineous Bedouin family was reported 

with a limb-girdle CMS phenotype and the same homozygous indel within exon 1 of ALG2109 

identified in one family by Cossins et al. The age at onset ranged from 2-4 years of age and muscle 

biopsies showed features suggestive of a mitochondrial myopathy109. That DPAGT1, ALG2 and 

ALG14 mutations cause CMS, highlights the importance of asparagine-linked protein glycosylation 

to NMJ function108.  

 

1.3 BREAKTHROUGHS IN DIAGNOSTICS  

Identification of the underlying genetic cause of disease is of primary importance to the patient, 

their family and their clinician. It provides a precise diagnosis, accurate information regarding the 

mode of inheritance and thus risk of recurrence. It allows for appropriate clinical care and 

management of the condition, including instigating effective therapy where possible. It can be of 

prognostic utility and where appropriate it facilitates family planning. A precise genetic diagnosis is 

thus the crux in genetic diseases.  

 

1.3.1 Next generation sequencing diagnostics: targeted panels, exomes and genomes 

Many commercial enterprises and public health departments are now providing next generation 

sequencing clinical diagnostics using targeted gene panels, exome sequencing and even genome 

sequencing110; and guidelines for clinical NGS and reporting of findings have been developed111. 

This has resulted in a greater proportion of patients obtaining an accurate molecular diagnosis in a 

timely manner, reducing the “diagnostic odyssey”112.  
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The advantages of targeted gene panels are increased coverage of regions of interest and increased 

throughput on any given sequencing platform compared with exome sequencing or genome 

sequencing113. It has been suggested recently that, in a clinical setting, exome and genome 

sequencing should not be performed as stand-alone or first choice approaches due to limitations of 

the technology and variant interpretations114. Disease-specific targeted gene panels also reduce the 

genetic counseling burden since incidental findings are greatly reduced. 

 

Panels for early-onset muscle diseases also frequently contain mitochondrial disease genes 

[reviewed in115] and genes encoding metabolic proteins [reviewed in116], since these can result in a 

phenotype that includes myopathic features. 

 

Despite improved rates of genetic diagnosis, the diagnostic yields for targeted panels (which ranges 

from 18-60% depending on the disease sub-type (unpublished data)) and exomes suggests that (1) 

there are many more disease genes or disease mechanisms to identify, (2) that some individuals 

may have digenic or oligogenic disease and (3) perhaps some patients are tested that do not have a 

genetic disease. 

 

1.3.2 Diagnosis by sequencing 

As stated, molecular diagnosis clarifies the precise genetic cause of the disease in a patient. This 

may include modifying the original clinical diagnosis of a patient9,117 through sequencing in what 

has been called - “diagnosis by sequencing” 118. Diagnosis by sequencing is facilitated by next 

generation sequencing diagnostics, since a large number of genes outside the clinical diagnosis of 

the patient are analysed in an unbiased manner.  

 

Given the invasiveness and cost associated with muscle biopsy and histology and microscopy, it 

may be better clinical practice to perform targeted next generation sequencing as the front-line 

diagnostic test. If a genetic diagnosis is not made, or if there are ambiguities with interpretation of 

the genetic data, then muscle biopsy may then be useful to inform the genetic data118. 

 

1.4 CURRENT AND FUTURE CHALLENGES 

1.4.1 Challenges in identifying genetic causes in gene discovery and diagnostics 

Although next generation sequencing has significantly facilitated both disease gene discovery and 

molecular diagnostics, it is not a panacea. Disease genes remain to be found and discriminating 

disease-causing variants from polymorphisms in known disease genes remains problematic.  
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1.4.1.1 Challenges in gene discovery  

Frequently following whole exome or whole genome sequencing in gene discovery projects for rare 

muscle diseases, one is left with too many candidate genes/variants to investigate further, especially 

when working with small nuclear families or isolated probands. 

 

1.4.1.2 Variant prioritisation 

Conceptually candidate gene/variant prioritisation can be thought of as three tiers of variants with 

decreasing levels of evidence. The first is confirmation of a previously validated deleterious variant 

in a new patient. The second (often the case) is the identification of a novel variant (of unknown 

functional relevance) in a gene with previously validated deleterious variants, and third is the 

identification of variants in genes for which no deleterious variant has been previously reported. 

 

To date mutations in 240 genes in human have been conclusively shown to result in a skeletal 

muscle phenotype. In addition to these, variants/mutants of homologs of human genes in other 

species are associated with muscle phenotypes; knockouts of 1,277 mouse genes have muscle 

phenotypes (Mouse Genome Database119), and additional genes in livestock (horses, cattle, sheep) 

have been associated with muscle phenotypes (meat quality and performance/endurance traits). The 

combined set of human homologs for these genes and those already shown to have human 

phenotypes represents the most likely set of candidate genes to screen for variants. 

 

Screening these candidates for variants however frequently identifies novel polymorphisms for 

which no functional validation has been carried out. In cases where a frameshift or a stop codon is 

introduced early in the open reading frame it is relatively easy to predict a functional mutation, 

however for substitutions, more advanced bioinformatics approaches are needed to interpret 

whether substitutions result in misfolding, inactivation of functional (catalytic and interaction) 

domains or inappropriate functioning120-122. Most importantly it is now possible, through the 

availability of large scale sequencing projects, to predict whether a particular variant is sufficiently 

rare in normal control populations to be likely to be pathogenic123. Indeed in some cases variants 

previously reported as pathogenic are being re-evaluated as they are more common in control 

populations than previously thought. 

 

In the case of novel disease gene associations, these are typically rare (the more common genes 

have already been discovered). When working with small nuclear families or isolated probands it is 

often difficult to further prioritise candidate genes, as there are no additional individuals with the 

same disease to compare to. To tackle this, systematic sharing of datasets globally is being made 
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possible by various “match-making” platforms including: Dicipher, GeneMatcher and 

PhenomeCentral, which now all network into MatchMaker Exchange 

(http://www.matchmakerexchange.org).  This international data-sharing needs to be taken into 

account when patients are consented for NGS-based research projects.  

 

The highly successful Canadian FORGE consortium demonstrated that it was easier to identify 

recessive disease genes in the era of next generation sequencing diagnostics, but it remains 

challenging to find dominant disease genes in small families112,124.  

 

Studies of consanguineous families have been particular useful in aiding identification of novel 

human disease genes125-127.  

 

1.4.1.3 Missing disease genes, variants, mechanisms 

It is well known that distal and proximal regulatory elements play an important role in regulation of 

skeletal muscle gene expression, and disease-causing mutations in these are beginning to be 

identified, for example the recently described promoter mutation in PIGY99. In mouse, multiple 

distal elements that affect expression levels of the key skeletal muscle genes Actc1128, Myod1129, 

Myf5130 and Des131 have been previously identified. Furthermore in cattle, enhancer and promoter 

polymorphisms have been shown to affect expression levels of MSTN, a gene associated with 

muscle hypertrophy in humans and livestock132. 

 

It is estimated that 93% of trait-associated SNPs identified in genome-wide association studies 

(GWAS) occur in non-coding regions of the genome133. These non-coding variants may interfere 

with distal regulatory elements that control the precise expression level and tissue specificity of 

their target genes. Whole genome sequence and variant calls of such variants without functional 

interpretation however is meaningless. Only by combining genome sequencing with mapping distal 

regulatory elements and their interactions with target disease genes could we start to identify causal 

relationships between these non-coding variants and skeletal muscle phenotypes and diseases. It 

may be possible to use the information collected by consortia such as FANTOM5134-136, 

ENCODE137, GTEx138 and the Epigenome Roadmap139. These consortia have generated genome-

wide maps of the functional regions of the human genome. By integrating these genome wide 

resources we can better interpret the importance of variants in non-coding regions and in genes not 

previously associated with a given disease.  These elements may also cause disease in known 

disease genes.  
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Similar to the efforts of the ExAC, the frequency of variants in these non-coding regions of the 

genome will need to be determined in normal control populations (1000 genomes, Genome 10K, 

Genome 100K projects), to aid variant prioritisation. 

 

Mutations resulting in expansion of trinucleotide repeats are relatively common, especially in adult-

onset neurogenetic conditions and some cases of early-onset myopathies may be attributed to repeat 

expansions, but repeat expansions are not readily detected via the platforms currently generally 

used in next generation sequencing diagnostics.  

  

1.4.1.4 The role of cDNA, RNA-seq and protein studies 

In some patients with recessive disease, one definitive mutation is identified but the second mutant 

allele remains elusive. For example, Laquérriere et al. identified four cases within a study of 31, 

where a single mutation was identified by next generation sequencing; additional strategies 

(including cDNA analysis) were required to identify the second mutation in these cases31. Studies of 

muscle cDNA can reveal that the second allele is silenced such that the mutant allele appears 

homozygous at the transcript level (unpublished data). In some cases, no protein is observed (e.g. 

LGMD2B, DYSF, and RYR1140). Thus cDNA analysis, RNA-seq and protein studies are crucial 

analysis tools.  

 

1.4.1.5 Challenges in diagnostics 

1.4.1.5.1 Challenging genes 

Prior to the arrival of massively-parallel sequencing, the giant nebulin gene could not be sequenced 

routinely and was largely only analysed for selected cases on a research basis. Now an increasing 

number of nemaline cases harbouring mutations of NEB are being identified. A mutation update 

described 159 nemaline families with two pathogenic variants141. Many other patients were 

identified with only single likely pathogenic NEB variants. Due to the repetitive nature of NEB, 

complete massively parallel sequencing and coverage of NEB is problematic. In addition, targeted 

next generation sequencing technologies are not particularly effective at detecting copy number 

variants (CNVs). Thus, many patients are likely to have a pathogenic variant on the second allele 

that is currently not readily detected. Interpretation of the likely pathogenicity of novel missense 

variants in NEB is not currently possible. In time, it can be hoped that an improved understanding of 

the function of the protein domains and amino acid residues within nebulin will allow better 

inference of the likely pathogenicity of variants and improved clinical utility of this genetic 

information.  
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It has been estimated that ~20% of patients with a clinicopathogenic diagnosis of centronuclear 

myopathy remain without a genetic diagnosis26. This may be because additional genes remain to be 

identified for this entity. However, similar to NEB for nemaline myopathy patients, the 

pathogenicity of variants of unknown significance in known giant disease genes for centronuclear 

myopathy such as RYR1 and TTN need to be clarified.  

 

Reference Centres dedicated to these large genes (NEB, RYR1, TTN) should be consulted when 

variants of unknown significance are encountered.   

 

1.4.1.5.2 Challenging variants 

For targeted next generation sequencing, CNV calling is unreliable. Hence, genome sequencing is 

perhaps the most reliable sequencing approach since it is able to identify SNPs, indels and 

small/large CNVs. However, currently, many diagnostic centres are not equipped for handling these 

large datasets and interpreting the large number of rare variants identified by WGS. Diagnosis of 

CNVs thus requires parallel testing alongside next generation sequencing using comparative 

genomic hybridisation or SNP arrays.  

 

Synonymous variants, variants that do not alter the amino-acid sequence of the gene, may 

nevertheless cause disease through various mechanisms142. Mostly in next generation sequencing 

projects, synonymous variants are filtered out of the data and ignored. The interpretation of 

synonymous variants is simply too hard and too time-consuming for diagnostic laboratories. 

 

1.4.1.5.3 Functional genomics 

Determining the pathogenicity of rare variants, in particular missense and synonymous variants, in 

known disease genes is problematic but critical to accurate genetic diagnosis. Modeling of novel 

variants in cell culture or animal models, in so-called “functional genomics”143, is important to 

clarify pathogenicity. This is particularly true for studies of novel disease genes in gene discovery, 

especially if the gene discovery involves only a single family. For myopathies, modeling variants in 

zebrafish has proved a cost- and time-effective method to confirm pathogenicity [reviewed in144]. 

With the rapid uptake of gene editing technologies145 it will become easier to model variant/s 

identified in patients, in relevant cell lines100 and animal models.   

 

The Canadian FORGE Consortium (renamed Care4Rare) has established a portal to matchmake 

human genetics researchers and clinicians who have identified candidate novel disease genes with 

basic scientists researching the fundamental biology of those particular genes/proteins/pathways, to 
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allow for rapid categorisation of candidate variants into either disease-causing mutations or likely 

polymorphisms146.  

 

Functional genomics is also crucial for diagnostic pipelines. The myopathies are plagued by some 

of the largest human genes including NEB, RYR1 and TTN. Interpreting the likely pathogenicity 

associated with novel variants in these genes is difficult and fraught with danger. Through the 

availability of large scale sequencing datasets such as ExAC, it is increasingly realised that many 

variants previously reported as pathogenic are likely to be polymorphisms due to their frequency in 

control populations. For example, MacArthur et al. showed that 163 published disease-causing 

variants, were present at >1% of a population within ExAC and suggest these should be reclassified 

as benign or likely benign according to the American College of Medical Genetics guidelines147. 

Functional data was reported for just 18 of these variants123. Determining the pathogenicity of rare 

variants, in particular missense and synonymous variants, in known disease genes is problematic 

but critical to accurate genetic diagnosis. For example, it has been suggested that every RYR1 

substitution needs to be validated functionally to confirm pathogenicity. However, only 34 of >300 

known RYR1 mutations have been confirmed to be causative for MH by functional studies148.  

 

1.4.2 Prevention of genetic disease 

Given the severity of some of these diseases, including onset in utero, and the enormous costs 

associated with some types of therapies, it may be more socially acceptable, economically sound 

and ethical to prevent disease than to try to develop therapies.  Paradoxically, as therapies come 

online and their full costs are realised, preventing severe muscle disease will become more cost 

effective. 

 

1.4.2.1 Preconception carrier screening 

With the rapid uptake and cost-effectiveness of next generation sequencing in clinical practice and 

research, it is now possible to prevent or at least substantially decrease the incidence of severe 

genetic diseases through population-wide preconception carrier screening (PCS) programs. It is 

estimated that each person carriers three alleles for recessive childhood disease149, thus giving 

impetus/merit to pan-ethnic PCS. PCS programs are already in place for various population 

isolates150,151, the most well-known of which is Tay-Sachs screening in the Ashkenazi Jewish 

populations152; these programs reduce the incidence of disease. Screening for spinal muscular 

atrophy is included in population wide-screening in Israel153. Population-wide PCS for severe 

recessive disease mutations, including many of the congenital muscle diseases, is technically and 

clinically feasible and should be researched.  
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1.4.2.2 Newborn screening 

Newborn screening (NBS) is in routine clinical practice worldwide for multiple metabolic 

conditions, most commonly via the Guthrie bloodspot. Extension of NBS programs to include 

severe Mendelian diseases, including neuromuscular diseases, has been touted, with studies 

showing patients and parents are supportive of NBS for Duchenne/Becker muscular dystrophy and 

spinal muscular atrophy (SMA)154,155. NBS for Duchenne muscular dystrophy has been/is in place 

in Belgium, Canada, Cyprus, France, Germany, New Zealand, Scotland, Wales and the USA (Ohio 

and Pennsylvania), with more than 1.8 million screened156. NBS for Duchenne muscular dystrophy 

and other muscle diseases, detected by elevated serum CK (this will detect individuals with 

inherited and de novo disease, while PCS will not allow for detection of patients with de novo 

disease) will detect patients prior to onset of symptoms such that therapeutic strategies can be 

implemented at their earliest clinical utility (e.g. commencement of corticosteroids), will allow 

inclusion in clinical trials and genetic counseling for subsequent pregnancies in the family.  

 

 

1.4.3 Therapeutics (see review by Heinz Jungbluth et al. in this issue) 

An obvious challenge for congenital muscle diseases is the development of therapies that improve 

quality of life and extend life. Advances in therapies for these diseases are detailed in an article by 

Jungbluth et al. (this issue). One question is whether the early onset muscle diseases, especially 

those with severe onset in utero, include disorders we should not try to treat? 
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