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Abstract

Diagnosis of inherited myopathies can be a challenging and lengthy process due to broad genetic and phenotypic heterogeneity. In this
study we applied focused exome sequencing to investigate a cohort of 100 complex adult myopathy cases who remained undiagnosed despite
extensive investigation. We evaluated the frequency of genetic diagnoses, clinical and pathological factors most likely to be associated with a
positive diagnosis, clinical pitfalls and new phenotypic insights that could help to guide future clinical practice. We identified pathogenic/likely
pathogenic variants in 32/100 cases. TTN-related myopathy was the most common diagnosis (4/32 cases) but the majority of positive diagnoses
related to a single gene each. Childhood onset of symptoms was more likely to be associated with a positive diagnosis. Atypical and new
clinico-pathological phenotypes with diagnostic pitfalls were identified. These include the new emerging group of neuromyopathy genes
(HSPB1, BICD2) and atypical biopsy findings: COL6A-related myopathy with mitochondrial features, DOK7 presenting as myopathy with
minicores and DES-related myopathy without myofibrillar pathology. Our data demonstrates the diagnostic efficacy of broad NGS screening
when combined with detailed clinico-pathological phenotyping in a complex neuromuscular cohort. Atypical clinico-pathological features
may delay the diagnostic process if smaller targeted gene panels are used.
© 2019 Published by Elsevier B.V.
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1. Introduction

Inherited myopathies are a heterogeneous group of

disabling diseases characterized by muscle weakness with
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and genetic features. Classifications have been attempted
using the pattern of weakness and underlying protein or
genetic defect. However from a genetic point of view it is
becoming increasingly clear that different entities overlap in
their clinical and pathological manifestations.

Until recently the diagnostic approach for inherited
myopathies used a combination of clinical assessment and
muscle biopsy analysis to guide Sanger sequencing of
individual candidate genes. However, more than 150 genes
have been associated with myopathy [1]. Moreover mutations
in the same gene can cause different phenotypes and
conversely different genes can cause the same phenotype.
To further complicate the genetic diagnosis, several genes
causing myopathies are amongst the largest human genes
[2]. Sanger sequencing is consequently time consuming and
expensive and as a result “gate keeping” is often applied to
diagnostic requests with atypical or unusual clinical features.

The advent of next generation sequencing (NGS)
has revolutionised the diagnostic approach for inherited
myopathies allowing the screening of multiple genes in
parallel. NGS diagnostic rate in myopathies varies broadly
(between 16 and 65% of cases) depending on the cohort
investigated and the NGS approach used [3-5]. NGS has
also been pivotal for recognising new genotype-phenotype
correlations. In clinical practice however, NGS is largely
limited to small disease specific panels and it can still be
difficult or costly to obtain testing outside of a research
environment for atypical cases.

In this study we applied focused exome sequencing
to investigate a cohort of 100 complex adult cases with
undiagnosed myopathy despite extensive investigation who
were referred to our tertiary diagnostic centre. We evaluated
the frequency of genetic diagnoses, clinical pathological
factors most likely to be associated with a positive diagnosis
and detail new phenotypic insights that help to guide future
clinical practise.

2. Methods
2.1. Patient cohort, data collection and statistical analysis

We investigated 100 adult patients referred to us at
the MRC Centre for Neuromuscular Diseases, London,
with a clinical diagnosis of inherited myopathy but no
genetic diagnosis despite extensive clinical, radiological and
pathological investigations. Previously, genetic tests were
performed using a candidate gene approach based on the
results of the above investigations.

Clinical, neurophysiological, pathological and radiological
data were retrieved from the clinical notes. We classified the
patients based on age of onset: childhood onset (0 - <10
years), juvenile/adult onset (10-39), and late onset (>40). We
also grouped clinical, neurophysiological, pathological and
MRI features by categorical variable. For clinical features
based on predominant pattern of weakness we considered:
predominant proximal weakness, predominant distal weakness
and other phenotypes. The latter includes cases with

marked extraocular muscle involvement (ophthalmoparesis),
axial myopathies, scapulo-peroneal myopathies and more
complex phenotypes. We classified neurophysiology results
into general categories of: normal, myopathic, neuropathic
and mixed. Muscle biopsy results were categorised as
histologically normal/minimal changes, end stage, neurogenic,
or myopathic. In the latter we also recorded predominant
pathological findings: general dystrophic features, general
myopathic features, protein aggregation and/or rimmed
vacuoles, core-like lesions, tubular aggregates, nemaline
bodies, mitochondrial features. Finally, for muscle MRI we
considered the presence of a normal or abnormal signal
in muscle (fatty infiltration in T1). If abnormal, we then
evaluated if muscle involvement was proximal (thigh), distal
or both. Statistical analyses were performed using SPSS
version 24.0. (Armonk, NY: IBM Corp.). Fisher Exact test
was used to evaluate association between genetic diagnosis
and clinical, neurophysiological, pathological and radiological
categorical data. Variable with three categories (age of onset,
phenotype) were tested using Pearson Chi Square. P-values
<0.05 were considered to be statistically significant.

Informed consent for genetic testing was obtained from all
patients and the study was approved and performed under the
ethical guidelines issued by our institution.

2.2. Focused exome sequencing and sanger sequencing

Focused exome sequencing was performed using the
SureSelect Focused Exome (Agilent), according to the
manufacturer’s protocol. Filtering of variants was performed
using VarAft platform [6]. We screened a list of 322
genes related to neuromuscular disease and hereditary
cardiomyopathies reported in the Neuromuscular gene Table
2016 (http://www.musclegenetable.fr). First we filtered out
variants with an allele frequency higher than 1% in
ExAC, 1000 Genome or ESP6500 database. We excluded
all synonymous and deep intronic variants. Remaining
variants were then classified using American College of
Medical Genetics (ACMG) criteria [7] and those deemed
likely or definitely pathogenic were confirmed using Sanger
sequencing.

3. Results
3.1. Overall results

We recruited 100 patients attending the muscle specialist
service at the MRC Centre for Neuromuscular Diseases
(London). Focused exome sequencing metric showed that on
average 95% of targeted bases were read at least 10 times.

In our cohort the mean age at the time of the study
was 54.8 years (STD=15.9, range 21-87), and there was a
slight male prevalence (54%). Main clinical and pathological
features are reported in Table 1.

We identified pathogenic or likely pathogenic variants in
32/100 cases. 59% of these variants were already reported in
the literature as causing neuromuscular disorders. TTN-related
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Table 1

Main clinical details of the cohort studied.

Main features N (%)
Age of onset

Childhood onset (0-<10) 30 (30)
Juvenile/adult (10-39) 34 (34)
Late onset (>40) 36 (36)
Clinical features

Proximal weakness 47 (47)
Distal weakness 33 (33)
Other phenotypes 20 (20)
Family history

Positive 21 (21)
Consanguinity 6 (6)
Electrophysiology (n=284)"

Myopathic 54 (64)
Neuropathic 5 (6)
Mixed 13 (15)
Normal 12 (14)
Muscle biopsy (n=89)"

Normal/minimal changes 9 (10)
End stage 303)
Neurogenic 22
Myopathic total” 75 (84)
General dystrophic features 709)
General myopathic features 23 (31
Protein aggregation and/or rimmed vacuoles 21 (28)
Core-like lesions 9 (12)
Tubular aggregates 3 4)
Nemaline bodies 5@
Mitochondrial features 7 9)
Muscle MRI (n=77)"*

Normal 12 (16)
Fatty infiltration” 65 (84)
Proximal 12
Distal 4 (7)
Both 52 91)
Number of genes already tested

0-4 60 (60)
>5 40 (40)

* For electrophysiology, muscle biopsy and muscle MRI percentages are
calculated on the number of tests performed and retrieved.

" Percentages of myopathic predominant pathological features (italics) are
calculated on total cases with myopathic biopsy (n=75).

T Percentages of fatty infiltration distribution (italics) are calculated on total
cases with abnormal MRI and both Thigh and Leg MRI scans available.

myopathy was the most common genetic diagnosis (4/32
cases) presenting with either juvenile onset distal myopathy
with rimmed vacuoles (n=2) or congenital myopathy (n=2).
The majority of remaining diagnoses were related to a single
gene each. In nine patients we found genes associated with
congenital myopathy/muscular dystrophies (ACTAI n=1;
COL6AI n=2; COL6A3 n=1; MYH7 n=2; SEPNI n=2;
TPM3 n=1), whereas genes reported as associated with
Limb Girdle Muscular Dystrophy (LGMD) were found in
five patients (ANOS n=1; DES (recessive) n=1; DNAJB6
n=2; GMPPB n=1). In remaining cases a mixture of genes
associates with other myopathies such as myofibrillar, distal
and tubular aggregates myopathies were found (GNE n=2;
FHLI n=1; ORAIl n=1, MYOT=1; STIMI n=2; VCP=1).
In 5 cases, genes not typically associated with myopathy

Table 2
Comparison between patients with and without pathogenic/likely pathogenic
variants for main clinical features reported.

Feature Positive gene result p-value
Childhood onset 15/30 (50%)* p=0.006
Juvenile/adult onset 12/34 (35%)

Late onset 5/36 (14%)**

Proximal weakness 14/47 (30%) p=0.609
Distal weakness 13/33 (39%)

Other phenotypes 5/20 (25%)

Abnormal EMG/NCS 25/72 (35%) p=0.015
Normal EMG/NCS 0/12 (0%)

Abnormal MRI 21/65 (32%) p=0.162
Normal MRI #1/12 (8%)

Abnormal muscle pathology 24/80 (30%) P=0.436

Normal muscle pathology 1/9 (11%)

# The patient with a normal muscle MRI was ultimately diagnosed as a
myopathy mimic (FLNA).

* p=0.019vs other age of onset.

** p=0.004vs other age of onset.

were identified including genes causing congenital myasthenia
(DOK7=2) and inherited neuropathy (BICD2 n=1; HSPBI
n=1; MFN2 n=1). In one case a disease mimicking a
myopathy was found (FLNA =1) (see Supplementary Table 1
for details on individual cases).

We identified pathogenic/likely pathogenic variants in
15/30 (50%) of childhood onset cases, 12/34 (35%) of
juvenile/adult onset cases and 5/36 (14%) of late onset cases.
If considered by pattern of weakness, patients with proximal
weakness were diagnosed in 14/47 (30%) of cases, distal
weakness 13/33 (39%), complex and other phenotypes in 5/20
(25%) cases (Fig. 1A). In the muscle pathology subgroups
patients with normal/minimal changes or general non-specific
myopathic features had the lowest diagnostic rate (11 and
13% respectively) (Fig. 1B). Considering neurophysiology
results, we did not identify any pathogenic/likely pathogenic
variant in patients with normal EMG/NCS. In 21/65 (35%)
of patients with abnormal EMG/NCS we found a genetic
diagnosis without main differences between subgroups (35%,
20% and 38% for myopathic, neuropathic and mixed
respectively). In MRI subgroups, in only one case with
a normal scan we did reach a genetic diagnosis. Most
of patients with abnormal MRI had an involvement of
both proximal and distal muscles (Table 1) with an overall
diagnostic hit rate of 32%.

We compared the characteristics of patients with a
causative gene identified (n=32) with those remaining
without a genetic diagnosis (n=68) (see Table 2). Childhood
onset was associated with a positive diagnosis whereas late
onset and normal EMG were more likely to be associated
with a negative diagnosis.

3.2. New and atypical genotype-phenotype correlations

Amongst the 32 cases with pathogenic/likely pathogenic
variants we identified several atypical and new phenotypes.
A summary of the clinical and genetic details is reported
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Fig. 1. Diagnostic rates in clinical and pathological subgroups. A: clinical subgroups. Clinical features with the highest diagnostic rate were childhood onset
(35%) and distal weakness (39%). B: muscle pathology subgroups. Patients with normal/minimal changes and only general myopathic features had the lowest
diagnostic hit rates (11 and 13% respectively). A pathogenic/likely pathogenic variant was found in all patients with tubular aggregates (n=3). RV=rimmed

vacuoles.

in supplementary Table 1. Here we highlight -clinical
lessons from difficult cases with new clinical and diagnostic
implications.

3.2.1. Distal weakness — myopathy or motor neuropathy?

In three cases of distal weakness we found variants in
genes previously associated with motor neuropathy.

Case ID9 presented with distal weakness at age 19. A
muscle biopsy performed early in the disease course was
myopathic but an evolving neuropathic EMG pattern with
evidence of axonal motor neuropathy was seen as the disease
progressed which led to diagnostic confusion. NGS eventually
demonstrated a homozygous HSPBI variant (c.418C>G,
p-Argl40Gly) that was previously reported in heterozygous
cases of motor neuropathy. This case was reported in detail

previously [8] as it illustrates a new phenotype of heat shock
proteins causing both myopathy and motor neuropathy, an
increasingly recognised phenomenon [8,9].

A second case of late onset distal weakness with an
absence of sensory symptoms and signs presented at age
43 (ID62). Clinically the patient was felt to have a
distal myopathy. Nerve conduction studies demonstrated a
length dependant predominantly motor neuropathy with minor
sensory involvement but needle EMG pattern was felt to be
consistent with a myopathic process, both distally in lower
limbs and in proximal upper limb muscles. The features seen
were of many low amplitude and brief motor units recruiting
early. CK was 538 TU/L. This conflicting picture prompted a
muscle biopsy but only angular atrophic fibres and clustering
of type I fibres compatible with denervation were seen.
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Fig. 2. Muscle pathology and MRI Pattern of case ID40 with a pathogenic variant in BICD2. A-D: tubular aggregates (white arrows) were demonstrated
mostly in type II fibres with myoadenylate deaminase (A), NADH-TR (B), Gomori Trichrome (C) and SERCA1 (D) staining. Scale bar represents 100um. E:
lower limb MRI. In the thigh (upper part) there is fatty replacement of the muscles of the anterolateral thigh with relative sparing of semitendinosus (ST),
adductor magnus (AM) and gracilis (G). In the calf (lower part) the fatty replacement involves tibialis anterior and gastrocnemius muscle with sparing of
peroneus (P). The muscle MRI images are consistent with the BICD2-MRI pattern previously reported [12].

Repeat needle EMG later in the disease course was consistent
with neurogenic change. NGS identified a previously reported
heterozygous variant in MFN2 (c.311G>A, p.Argl04Gln).
In the third case (ID 40) the proband experienced neonatal
hypotonia and congenital bilateral hip dislocations. He had
delayed motor development walking at fifteen months but
gait was never considered normal. During his childhood
he had slowly progressive muscle weakness. At 44 years,
clinical examination showed a scapulo-peroneal pattern of
muscle weakness. CK was mildly elevated to 279 IU/L.
A muscle biopsy at 27 years showed myopathy with
tubular aggregates. The clinical neurophysiology consistently
demonstrated normal motor and sensory nerve conduction
without any features of peripheral neuropathy but needle
EMG patterns were more equivocal showing, on several
occasions, features of both myopathy (low amplitude and
brief motor units) and motor neuropathy (large rapidly firing
units). A further biopsy at 37 years demonstrated accentuated
tubular aggregate pathology, further confirmed by electron
microscopy (case 8 reported in Brady et al. [10]) A muscle
MRI at 41 years old showed an abnormal pattern of muscle
involvement typical of BICD?2 related disease (Fig. 2). With
NGS we found a novel heterozygous variant in BICD?2
(c.629A>C; p.His210Pro) which occurs at a highly conserved
amino acid in the dynein binding region of the protein in
which pathogenic mutations have been previously described
[11,12]. This diagnosis is compatible with much of the
clinical presentation but not previously associated with tubular
aggregates. A variant of uncertain significance (VUS) in the
CASQI gene (c.1136T>C; p.lle379Thr) recently associated
with tubular aggregate myopathy [13] was additionally
identified in a parallel whole exome sequencing project.

3.2.2. Unexpected biopsy findings

3.2.2.1. COL6A-related myopathy with prominent
mitochondrial features. We identified three cases (ID
36, 52, 67) with suspected COL6-related myopathy. All of
them had onset in childhood of mild neck and proximal limb
weakness, contractures, normal CK and myopathic EMG. In
two cases however (ID 52 and ID 67) muscle biopsies showed
prominent mitochondrial abnormalities (Fig. 3) not typically
associated with human COL6-myopathy. This prompted us
to consider other or additional diagnoses complicating the
diagnostic process. Further analysis of muscle tissue from
ID 52 and ID 67 showed complex IV (CIV) deficiency
(0.005 and 0.012 CIV/citrate synthase activity respectively;
normal values >0.014) but normal whole mtDNA analysis.
NGS ultimately did confirm pathogenic variants in both
patients (COL6A3 ¢.6220G>A and COL6AI c.1056+1G>A
respectively in ID 52 and 67). Review of muscle MRI
showed a pattern of muscle involvement considered typical
for COL6-related myopathy (Fig. 3C and F). Consequent
collagen immunostaining was overall normal in the first case
and showed a subtle patchy reduction in the second case
(Fig. 3G-L).

3.2.2.2. Desminopathy with absence of desmin accumulation.
In another case (ID4) presenting with childhood onset
limb girdle weakness we found a homozygous DES variant
c.1289-2A>G. The muscle biopsy at 34 years old showed
marked myopathic changes with increase in fibre size,
scattered regenerating fibres and frequent round atrophic
fibres. There was no evidence of protein accumulation,
generally considered the pathological hallmark of desmin
related myopathies (Fig. 4A,B) [14]. The most recent clinical
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Fig. 3. COL6A-related myopathy. A—C: ID 52 (COL6A3 ¢.6220G>A), D-F: ID 67 (COL6AI ¢.1056+1G>A). Muscle biopsies: Oxidative stains (NADH-TR,
COX, COX-SDH) showed myopathic size variation, ill-defined cores, several lobulated fibres (A, D: stars) and COX deficient fibres (B and E: stars). Scale bar
represents 100 um. Muscle MRI in the thigh (C, F) showed some typical signs of Bethlem myopathy: peripheral fat infiltration with central sparing of vasti
muscles (white arrow), rectus femoris involvement with a spared area with a U- shape (white asterixis). G-L: collagen VI-Perlecan fluorescent immunostaining
in case ID 52 (G-I) and case ID 67 (J-L). Double-labelling with the collagen VI antibody MAB1944 and perlecan showed good co-localisation at the basal
lamina without clear reduction compared to an unaffected control (M—O) in ID52 (G-I) and subtle reduction of collagen VI at the basal lamina in ID67 (J-L).
(G-J-M, collagen VI; H-K-N perlecan; I-L-O merge).
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Fig. 4. Muscle pathology in DES- and DOK7-related myopathy cases. A-D: ID4, case with pathogenic variant in DES. Muscle biopsy showed marked increased
variation in fibre size with fibre diameter in the range of 10-120 um and frequent round atrophic fibres. There were no cytoplasmic protein aggregates A,
(H&E). B: there was a slight disturbance of internal architecture highlighted with NADH staining (B). C,D: retrospective immunostaining for desmin revealed
uneven labelling in many fibres without convincing protein aggregation (C patient, D control). E,F: ID 35, (compound heterozygous DOK?7 pathogenic variants).
Two muscle biopsies were performed at 5 and 23 years of age (E, F; NADH staining). Fibre typing is preserved in both biopsies. The first biopsy shows
uneven oxidative staining in many fibres of both types. The second biopsy shows progression of these lesions into well-defined multiminicores. Scale bar

represents 100 um.

examination at 45 years old demonstrated marked weakness
predominantly in proximal muscles without evidence of
cardiac involvement. NGS screening pinpointed the genetic
defect in DES and as a consequence the muscle biopsy was
stained for desmin. Uneven desmin labelling was found but
without definite protein aggregation (Fig. 4C,D).

3.2.3. Congenital myasthenia presenting as proximal
myopathy

We identified two patients with mutations in the DOK7
gene usually associated with congenital myasthenic syndrome.
One case (ID 35) presented as a child with delayed motor
milestones, proximal weakness, scoliosis and mild elbow
contractures. CK was normal. She had two muscle biopsies
(at 5 and 23 years of age) that showed myopathic changes
with preserved fibre typing and unevenness on oxidative
stains in the first biopsy progressing to multiminicores and

occasional larger cores in the second biopsy (Fig. 4E.F).
An EMG done at 34 years old was consistent with a
mild proximal myopathy. Repetitive nerve stimulation was
within normal limits and there was only a non-specific
minimal increased jitter of the orbicularis oculi at single
fibre EMG. Examination at 35-years-old showed mild ptosis,
contractures at the shoulders and elbows, mild proximal
weakness and scoliosis. MRI demonstrated mild streaky
infiltration in most of the thigh and calf muscles bilaterally.
Based on the biopsy findings we pursued a diagnostic panel
of 23 genes associated with congenital myopathy but results
were negative. Our broad NGS screening demonstrated two
previously described DOK7 mutations (c.1120_1121insGCCT
and ¢.1330_1331insCTGG).

The second case (ID 79) presented in later life with
difficulty climbing stairs from 33 years of age although
she retrospectively reported never having been able to run
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as fast as her peers in childhood. Her muscle biopsy
showed myopathic features with increased variation in fibre
size, internal nuclei and a minor degree of necrosis and
regeneration. Clinical examination at 43-years-old showed
minimal facial and proximal weakness.

3.2.4. Myopathy mimics

Case ID21 presented with contractures, stiffness and
painful joints since childhood. An EMG done elsewhere
was reported as myopathic which prompted referral to our
centre at age 28 years. Due to additional diagnoses of mitral
stenosis and aortic regurgitation requiring valve replacement
and warfarin therapy at 26 years of age we elected not to
repeat the EMG. He developed keloid scars after surgery.
His mother reported stiffness of the joints and his maternal
grandfather was said to be stiff with restricted movements.
On clinical examination at 37 years old the joints were
generally stiff and he had multiple contractures of the elbows,
little and ring fingers in addition to minimal contracture of
the knees and shoulders. The muscle biopsy slides were
unfortunately not retrievable for review but were reported as
abnormal with evidence of mitochondrial hyperplasia. Muscle
MRI performed at our centre was normal. CK was 302 IU/L.
Ultimately we identified a mutation in FLNA (c.4726G>A;
p-Gly1576Arg), a gene not routinely screened for myopathies.

4. Discussion
4.1. Overall results

Next generation sequencing is gradually changing the
diagnostic approach to neuromuscular disorders and is
beginning to be considered as a first line approach in
the paediatric setting [15]. Several reports have evaluated
the efficacy of various NGS approaches in specific disease
subgroups with variable diagnostic hit rates depending on
methods used and cohort selected [3,4,16]. Our study
reflects a real life heterogeneous group of complex and
varied presentations to our tertiary neuromuscular centre
that remained undiagnosed after the exclusion of common
or typical cases; e.g. the commonest limb girdle muscular
dystrophy (LGMD) (i.e. CAPN3) [17] was not found in this
cohort at all as these cases were diagnosed by targeted gene
sequencing.

Using NGS in our cohort of 100 complex unsolved cases
we reached a genetic diagnosis in 32%. The prevalence
of the genes found is reported in Table 3. Our highest
diagnostic rate (13/33, 39%) was in those presenting with
distal weakness. Distal myopathies are a challenging group
of diseases [18] and their proportion may be expected to
increase in a cohort such as ours that has already been
investigated for common causes of myopathy. Of note two
cases with distal myopathies were diagnosed with GNE-
related myopathy. The candidate gene approach failed to
identify the diagnosis as muscle biopsy did not show rimmed
vacuoles and consequently GNE specific testing was not

Table 3
Prevalence of the genes identified in our cohort (n=100).

Gene N of patients

TIN
MYH7
DOK7
STIM1
SEPNI
DNAJB6
GNE
COL6AI
COL6A3
DES
FLNA
BICD2
TPM3
GMPPB
HSPBI
ORAII
ACTAI
ANOS5
FHLI
MYOoT
MFN2
vcp

S VI I IV U U S N S T ST T T SR SR N

requested. This is an increasingly recognized pitfall in GNE-
related myopathy [19] and muscle MRI has been suggested
as a useful diagnostic tool both for targeting the biopsy
and for pattern analysis in distal myopathies [20]. Of note
muscle MRI showed an involvement of proximal muscles in
24 of 27 (89%) cases with MRI available further highlighting
the importance of including thigh muscles scanning in distal
myopathies.

TTN gene variants accounted for the largest single group
of diagnoses (4/32 cases) although with divergent phenotypes
(juvenile onset distal myopathy and congenital myopathy with
cardiomyopathy). TTN is a huge gene with multiple clinical
presentations making gate keeping and Sanger sequencing
a challenge which may have contributed to the frequency
of cases in our cohort. It is of note that across our 32
positive cases, however, 22 genes were implicated with many
accounting for only one individual case. This argues for the
utility of a broad NGS approach in a cohort such as ours
which has already had common or typical diagnoses excluded.

Features more likely to be associated with a genetic
diagnosis included younger age of onset, abnormal MRI
and/or EMG. MRI was abnormal in all cases with a genetic
diagnosis except the case with FLNA mutation who ultimately
probably did not have a myopathy.

In 68% of our cases we did not identify candidate variants
satisfying the criteria for being pathogenic/likely pathogenic.
This is a rate in keeping with other studies on NGS use
in myopathy [16] especially if applied in a cohort already
screened by single gene approach [21]. Of note most of
the patients without a diagnosis were sporadic (84%) and
this limited the interpretation of some genetic variants. Other
factors that may contribute to the negative results in this
cohort are that we screened genes known to be associated
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with neuromuscular disease at the time of the project and it
is possible that new genes identified since that timepoint may
account for some of our cases. Furthermore complex genetic
mechanisms, not explored by our analysis, could underlie
some of the negative cases. These include repeat expansion
diseases, copy number variants and deep intronic mutations
[21]. Oligogenic inheritance has also been speculated as a
potential pathogenic mechanism [22] but this has not been
explored in this study.

4.2. New and atypical genotype-phenotype correlations —
clinical lessons

4.2.1. Neuromyopathy — an emerging entity

We identified three cases with variants in genes previously
associated with isolated motor neuropathies/neuronopathies
(HSPB1, MFN2, BICD2). The differential diagnoses were
complicated by a traditional approach of trying to separate
the clinical entity into either nerve or muscle pathology. In
two cases (HSPBI, BICD?2) there was clear evidence of dual
pathology. Mutations in small heat shock proteins have now
been recognised to cause both a motor neuropathy and a
myopathy [8,23]. Whilst BICD?2 is also associated with dual
pathology [24] no link has been established with tubular
aggregates. Our case had many typical features of BICD2-
disease but we also found a VUS in the CASQI gene. CASQI
variants have recently been reported in tubular aggregate
myopathies without neurogenic features so we cannot exclude
the possibility of double-trouble in this case. In our third case,
EMG initially caused confusion although a re-evaluation of
the EMG later in the disease course ultimately determined
a neuropathic process. All three of these cases illustrate
the difficulties of interpretation of needle EMG. Routine
needle EMG in clinical practice is largely a qualitative
evaluation and is operator dependant. There are however some
definite EMG characteristics that usually allow separation
of patients into neurogenic or myopathic groups. Our case
of MFN2 mutation initially had EMG features that were
definitely myopathic but that evolved over time to the more
usually expected neurogenic changes for mutations in this
gene. Nerve conduction however always hinted at a length
dependant peripheral neuropathy. Interpretation of the EMG
in our case of BICD2 was less easy to categorise as it showed
a mix of small myopathic motor units alongside large and
fast firing neurogenic motor units both within and between
muscles sampled. In complex cases of distal weakness
such as these, a combined NGS approach examining both
muscle and nerve genes associated with distal weakness is
indicated.

4.2.2. Unexpected biopsy findings

4.2.2.1. COL6A-related  myopathy  with  mitochondrial
features. In two cases with COL6A-related myopathy
we found prominent mitochondrial abnormalities in the
muscle biopsy. Mitochondrial dysfunction has been reported
in COL6-related diseases mainly linked to a dysregulation
of the mitochondrial permeability transition pore [25] but

definitive mitochondrial features in the muscle biopsy are
not commonly reported in Bethlem myopathy [26,27]. This
initially led us to consider alternative or additional diagnoses
including mitochondrial myopathy. Re-evaluation of the
clinical features and MRI findings however ascertained that
these cases were otherwise typical for Bethlem myopathy and
NGS confirmed this diagnosis. It may be that mitochondrial
pathology becomes more apparent with increasing age as
muscle biopsies in our cases were performed at age 49 and
57 while the majority reported in the literature are paediatric
cases. A single case of Bethlem myopathy with COX negative
fibres was reported in a 61-year-old patient [28]. Of note,
both biopsies showed extensive fatty infiltration not usually
seen in primary mitochondrial disease even in advanced
stages. Furthermore it should be noted that collagen VI
immunolabeling in skeletal muscle sections appears normal
in most typical adult cases of Bethlem myopathy.

Our cases illustrate that mitochondrial pathology can be
seen in adult Bethlem patients and should not deter from
pursuing this diagnosis.

4.2.2.2. Desminopathy with absence of desmin accumulation.
The DES case (ID4) is highlighted as the patient presented
with a recessive limb girdle muscular dystrophy without
myofibrillar pathology evident on muscle biopsy. This differs
from the characteristic findings that would normally prompt
DES gene analysis. A lack of such characteristic biopsy
findings has been reported in a single family of the same
ethnicity, carrying the same mutation and having similar
pathology [29] which may suggest a genotype-phenotype
correlation more than a sampling error. Irrespective these
cases illustrate caution against excluding genetic testing based
on a lack of typical pathology.

4.2.3. Congenital myasthenia presenting as proximal
myopathy

DOK7 typically causes congenital myasthenia but it is
increasingly recognised that it may present as a limb
girdle phenotype [30] without significant neuromuscular
junction dysfunction seen on neurophysiological testing as
was demonstrated by our two cases. This initially deterred us
from requesting diagnostic testing for congenital myasthenia
genes. In one of our cases the muscle biopsy demonstrated
a disturbance of internal architecture suggesting minicore
pathology. Core-like areas were reported in 43% of cases
in one series of DOK7 related diseases [31] suggesting
such findings should raise the possibility of DOK7 in the
differential diagnosis. All the mutations found in our cases
were previously reported in association with DOK7-related
disease supporting pathogenicity. One of our patients gained
subsequent benefit from salbutamol treatment highlighting the
important treatment implications of a diagnosis of DOK7
related myopathy.

4.2.4. Myopathy mimics
The FLNA gene codes for the filamin A protein involved
in several cell functions including cell signalling, cell motility
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and scaffolding [32]. Mutations in FLNA have been reported
with a broad spectrum of clinical manifestations including
periventricular nodular heterotopia, X-linked cardiac valvular
dysplasia and otopalatodigital spectrum disorders.

Our case presented with an X-linked syndrome with
multiple contracture, cardiac valvulopathy and keloid scarring.
Keloid scarring is rare in FLNA associated disease but our
case closely resembles another case with the same FLNA
pathogenic variant (c.4726G>A; p.Glyl1576Arg) [33] and
prominent keloid scars. This supports an important genotype-
phenotype association. The evidence for myopathy was based
on investigations done elsewhere and due to confounding
factors we did not repeat pertinent investigations but in a
real world clinical setting similar cases may present to a
neuromuscular clinic.

5. Conclusions

Our data demonstrates the diagnostic efficacy of broad
NGS screening in a clinically and genetically heterogeneous
complex neuromuscular cohort when combined with a multi-
disciplinary assessment. Although a genetic diagnosis was
achieved in many cases with extensive genetic analysis, a
detailed case-by-case re-evaluation has been essential in the
diagnostic process in our cohort. This is exemplified by the
COL6A-related myopathy cases, in which muscle pathology
with secondary mitochondrial dysfunction complicated the
diagnostic process but a careful re-evaluation of all factors
in these cases including muscle MRI supported the identified
COL6AI and COL6A3 variants. NGS can enhance the
detection of rare genetic disease or cases presenting
with atypical phenotype but it can also generate multiple
variants of uncertain significance that can complicate the
diagnostic process. As NGS technologies become increasingly
accessible, ancillary tests, detailed clinical evaluation and
diagnostic biomarkers will be essential to support data
analysis. Our study highlights the need for interpretation of
NGS data through a multidisciplinary evaluation including
clinical phenotyping and appraisal of muscle pathology,
neurophysiology and muscle imaging.
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