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Abstract

Clinical phenotypes of congenital myasthenic syndromes and primary mitochondrial disorders 

share significant overlap in their clinical presentations, leading to challenges in making the correct 

diagnosis. Next generation sequencing is transforming molecular diagnosis of inherited 

neuromuscular disorders by identifying novel disease genes and by identifying previously known 

genes in undiagnosed patients. This is evident in two patients who were initially suspected to have 

a mitochondrial myopathy, but in whom a clear diagnosis of congenital myasthenic syndromes 

was made through whole exome sequencing. In patient 1, whole exome sequencing revealed 

compound heterozygous mutations c.1228C>T (p.Arg410Trp) and c.679C>T (p.Arg227*) in 

collagen-like tail subunit (single strand of homotrimer) of asymmetric acetylcholinesterase 

(COLQ). In patient 2, in whom a deletion of exon 52 in Dystrophin gene was previously detected 

by multiplex ligation-dependent probe amplification, Sanger sequencing revealed an additional 

homozygous mutation c.1511_1513delCTT (p.Pro504Argfs*183) in docking protein7 (DOK7). 

These case reports highlight the need for careful diagnosis of clinically heterogeneous syndromes 

like congenital myasthenic syndromes, which are treatable, and for which delayed diagnosis is 

likely to have implications for patient health. The report also demonstrates that whole exome 

sequencing is an effective diagnostic tool in providing molecular diagnosis to patients with 

complex phenotypes.
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1. Introduction

Congenital myasthenic syndromes (CMS) are a family of inherited neuromuscular disorders 

characterized by fatigable muscle weakness, ptosis, ophthalmoplegia, respiratory and 

skeletal muscle weakness [1]. This clinical profile overlaps considerably with other 

myopathies and can lead to diagnostic challenges [2]. Electromyography and muscle 

histology may provide nonspecific results, resulting in patients being misdiagnosed and 

untreated [2–4]. Establishing the specific molecular diagnosis in a family allows treatment to 

be individualized as drug responses vary widely between different forms of CMS [5, 6].

The molecular diagnosis of genetically heterogeneous disorders like CMS and mitochondrial 

respiratory chain (MRC) disorders can be challenging, as traditional Sanger sequencing is 
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often time consuming and expensive. Next generation sequencing (NGS) technology is now 

being applied as an efficient and cost-effective strategy for the diagnosis of Mendelian 

disorders, not only for screening of well characterised genes, but also for identification of 

novel disease genes and prenatal diagnosis [7, 8].

We report two patients with mutations in genes associated with CMS in whom there was no 

molecular diagnosis but a suspicion of mitochondrial myopathy was initially considered, 

based on mitochondrial enzyme studies which showed complex I deficiency. The report 

illustrates the diagnostic difficulty in differentiating between these disorders that share 

phenotypic similarities.

2. Case Reports

Patient 1

This boy’s clinical phenotype in early childhood and the abnormality on repetitive nerve 

stimulation (RNS) were initially presumed to represent a form of congenital myasthenia and 

were previously reported [9]. He was the youngest of three children (Figure 1A(i); II-3) to 

non-consanguineous parents of Caucasian and Filipino descent. From six months of age, he 

had frequent episodes of muscle weakness and respiratory failure often associated with 

febrile illness. At 20 months of age, when admitted with acute respiratory failure, there was 

abnormal decrement on RNS and excessive jitter with blocking on stimulated single fibre 

EMG (SFEMG). Genetic screening revealed no mutations in CHAT, CHRNA1, CHRNB, 
CHRNE and RAPSN. Because of a lack of response to pyridostigmine, absence of mutations 

in the common CMS genes, presence of limb-girdle weakness and absence of ptosis, a 

decision to do a muscle biopsy was taken to investigate the possibility of a congenital or 

mitochondrial myopathy. Muscle biopsy from neck extensors at 41 months of age showed 

mild variation in fibre size and marked (90%) type I predominance. Oxidative enzyme stains 

(NADH, SDH and COX/SDH) showed a normal pattern of staining. Diagnostic analysis of 

MRC enzymes showed significant reduction in complex I activity (and borderline reduction 

in complex III and complex IV) relative to complex II and citrate synthase, consistent with 

complex I deficiency (Table 1). Serum lactate was normal.

On examination at the age of 4 years, the patient had proximal weakness including neck 

flexors and extensors. There was no ptosis, ophthalmoplegia or facial weakness. With 

disease progression he developed a scoliosis, lost ambulation (7 years) and required 

nocturnal Bilevel Positive Airway Pressure (BiPAP) (8 years). Treatment with a cocktail of 

carnitine, thiamine, riboflavin, menadione and Coenzyme Q provided no discernible benefit.

WES was performed on DNA samples from patient 1, his parents and half-sister. Agilent 

SureSelect Human All Exon kit (Agilent Technologies, Santa Clara, CA, USA) was used to 

capture human genomic DNA in exonic target regions, following the manufacturer’s 

protocols. WES data analysis (Supplementary Methods & Supplementary Table 1) in patient 

1 revealed compound heterozygous c.1228C>T (p.Arg410Trp) and c.679C>T (p.Arg227*) 

mutations in acetylcholinesterase (AChE) collagen-like tail subunit gene (COLQ) (OMIM 

603033), a gene linked to endplate acetylcholinesterase deficiency [10]. Mutations were 

confirmed by Sanger sequencing of the entire family of Patient 1 (Figure 1B(i) and (ii)). 
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Both COLQ mutations have been previously associated with congenital myasthenic 

syndrome [10, 11]. No variants in nuclear genes relevant to MRC structure and function or 

known to cause complex I disorders were identified (Supplementary Table 2 & 3). In 

addition, mitochondrial genome sequencing (Western Australian Institute of Medical 

Research) using DNA from the muscle sample of the proband revealed no mtDNA encoded 

mutations or deletions as a cause of the complex I defect.

Repeat RNS studies at 5 Hz of Patient 1 showed a decremental response of 19% in the right 

abductor digiti minimi and abnormal jitter on single fibre EMG in the right orbicularis oculi. 

Treatment with salbutamol (2 mg TDS) resulted in significant improvement and he was able 

to walk short distances independently after 2 months of therapy.

Patient 2

The proband (Figure 1A(ii); III-3) was the second of four children of non-consanguineous 

parents of South Indian (Tamil) origin. Stridor and recurrent apnoea were noticed soon after 

birth. He had no ptosis, ophthalmoplegia or facial weakness. A nasojejunal tube was 

required for feeding. A muscle biopsy at 1 month of age showed dystrophic features with 

absence of dystrophin by immunohistochemical criteria. In addition, there was a normal 

fibre size distribution, and modified Gomori trichome, acid phosphatase, succinic 

dehydrogenase, ATPase, and reversed ATPase stains were normal.

Dystrophin gene analysis by MLPA showed a deletion of exon 52 inherited from his mother. 

The patient required continuous BiPAP from 5 months of age and died following an episode 

of aspiration. As Duchenne muscular dystrophy is not associated with neonatal onset and 

severe early phenotype, the muscle biopsy underwent MRC enzyme analysis and showed 

reduction in complex I activity relative to complex II, consistent with complex I deficiency 

(Table 1). Subsequently, his siblings (Figure 1A(ii) ; III-2 and III-4) and a maternal first 

cousin (Figure 1A(ii); III-1) presented with ptosis, ophthalmoplegia, stridor and mild 

proximal muscle weakness. Prenatal testing had shown that the male sibling (Figure 1B; 

III-4) did not carry the dystrophin deletion. Sanger sequencing in Patient 2’s cousin (Figure 

1B; III-1) revealed she had a homozygous DOK7 (OMIM 610285) mutation (c.

1511_1513delCTT; p.Pro504Argfs*183) (Figure 1B(iii) ) that has been previously reported 

as pathogenic, leading to CMS [12]. Cascade testing showed that her parents (Figure 1A(ii) ; 

II-1 and II-2) were heterozygous for the DOK7 deletion while patient 2 and his affected 

siblings (Figure 1A(ii); III-2 and III-4) were homozygous for this mutation.

3. Discussion

The congenital myasthenic syndromes are a group of rare genetically heterogeneous 

disorders of the neuromuscular junction. They are important to diagnose as they can cause 

significant disability and can be fatal if untreated. However, diagnosis can be difficult as they 

may have a variable phenotype, require specialized neurophysiological tests and often 

multiple genetic tests for diagnosis, and may give negative responses to cholinergic agonist 

challenge testing.
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The presence of fatigable weakness, ptosis and ophthalmoplegia, though hallmarks of 

disorders of the neuromuscular junction, are not universally present in CMS [1], and may be 

part of the phenotype of mitochondrial disorders and congenital myopathies [13, 14]. Ptosis 

and ophthalmoplegia were absent in both probands and fatigable weakness was difficult to 

identify due to the chronic myopathy in patient 1 and very young age in patient 2.

In patient 1 the correct diagnosis was reached when pathogenic variants causing CMS were 

identified using NGS technology. There have been other reports where WES in patients 

thought to have a primary mitochondrial disorder eventually unexpectedly revealed a genetic 

diagnosis not directly related to mitochondrial respiratory chain structure or function [15–

17]. Patient 2, who died in infancy, was diagnosed only when another affected family 

member who presented with more typical symptoms of CMS had DOK7 mutation testing 

using Sanger sequencing.

Clinical diagnosis for many neuromuscular disorders still depends on histological and 

enzymological examination of a muscle biopsy. In our probands the diagnostic process was 

complicated by finding probable complex I defects on MRC enzyme testing. Even though 

normal muscle morphology and immunohistochemical staining was seen in our patients, a 

suspicion of mitochondrial myopathy could not be ruled out, as in paediatric cases normal 

muscle histopathology is not always indicative of the absence of the disorder [18]. 

Moreover, blood lactate may be normal in patients with a mitochondrial myopathy, and CSF 

lactate, rarely performed in patients who have a neuromuscular phenotype, is a more 

sensitive marker [19].

MRC enzyme analysis typically has greater sensitivity than histology and lactate 

measurement for diagnosing MRC disorders in children [19]. However, it is not 100% 

specific as secondary MRC enzyme defects can be found in various neuromuscular, 

neurological and metabolic disorders [20–25]. A clear understanding as to why these defects 

occur is lacking [22]. Muscle complex I activity does not show a clear cut-off between 

patients with primary and secondary MRC disorders, which prompted us to develop 

diagnostic criteria for MRC disorders that rely on evidence from at least two relatively 

independent types of investigation [26]. Using these “Bernier” criteria, both patients had 

major criteria for an MRC enzyme defect (<20% residual activity relative to marker 

enzymes), but neither had sufficiently specific evidence from other sources to achieve a 

definite diagnosis, hence we defined them as having probable MRC disorders. An alternative 

set of diagnostic criteria, the NCMD criteria, defines MRC enzymes as being deficient if less 

than 80% of the lowest normal control value. The enzyme results would also have been 

interpreted as deficient by these criteria (Table 1), but again would not result in a definitive 

diagnosis due to the non-specific clinical and metabolic features [27]. Low complex I 

activity can be an artefact of improper sample handling or storage but this seemed unlikely 

since complex II activities were normal (Table 1). Our experience is that complex II is 

typically more labile than complex I in samples with delays in processing or improper 

storage [20].

Patient 1 was reclassified as having a mitochondrial myopathy as he showed no 

improvement with pyridostigmine treatment, and no mutations were identified in the 
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common CMS genes. Neuromuscular transmission abnormalities have been reported in 

mitochondrial myopathies [28, 29]. Mitochondria located near the synapse have been 

implicated in playing a regulatory role in neurotransmitter release and disruption of this 

process could affect neurotransmission [30]. Mutations in nuclear and mitochondrial DNA 

encoded genes relevant to MRC structure and function were not found in either of our 

patients, suggesting that the complex I deficiency is likely to be secondary to the primary 

COLQ and DOK7 abnormalities.

Patient 2 also presented with the uncommon co-occurrence of a severe out-of-frame 

dystrophinopathy (X-linked) and an autosomal recessive neuromuscular disorder. He had a 

course that was more severe and rapidly progressive than in other family members. 

Dystrophinopathies, in isolation, do not present with such a severe infantile course. The 

antemortem muscle biopsy, and post-mortem diaphragm and intercostal muscle biopsy, 

showed severe dystrophic changes, and the dystrophinopathy may have contributed to his 

more severe phenotype.

When patients present with typical symptoms, as was the case of Patient 2’s cousin, Sanger 

sequencing is still a useful tool for diagnosis. However, it can be time consuming and 

expensive when patient’s present with a complex phenotype and a mutation is not evident in 

the common genes. Innovative technologies like targeted gene panels, whole exome and 

whole genome sequencing hold promise as a time and cost effective diagnostic tool in 

distinguishing between phenotypically similar but genetically heterogeneous syndromes like 

CMS, and should be considered during the clinical workup of patients. Establishing the 

correct diagnosis in patient 1 enabled appropriate therapy for his CMS with significant 

improvement. In conclusion, secondary complex I deficiency may be observed in patients 

with CMS, and could potentially be misleading. Therefore, where there is a continued 

suspicion of a CMS, access to next generation sequencing may help with establishing the 

correct genetic diagnosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis

We report how the use of the modern next generation sequencing technology and 

traditional Sanger Sequencing, lead to the redefinition of the diagnosis in two patients 

suspected of having a mitochondrial respiratory chain disorder, and translated to an 

effective therapy for one of the patients.
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Highlights

• Next generation sequencing has transformed the approach to genetic disease 

diagnosis

• Mitochondrial dysfunction may confound the diagnosis of congenital 

myasthenic syndromes

• delayed diagnosis of congenital myasthenic syndromes has therapeutic 

implications
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Figure 1. 
(A) Pedigrees for family 1 (i) and 2 (ii). The proband is denoted by an arrow. (B) DNA 

sequence profile COLQ mutations for patient 1, parents and unaffected sister (i) c.1228C>T 

(p.Arg410Trp) mutation heterozygous in the father and proband (ii) c.679C>T (p.Arg227*) 

mutation heterozygous in the mother and proband (iii) Sanger sequencing of DOK7 near the 

end of exon 7 in a control and in patient 2 showing a homozygous c.1511_1513delCTT 

deletion in patient.
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