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Next-Generation Sequencing to Diagnose
Muscular Dystrophy, Rhabdomyolysis,
and HyperCKemia

Lily Wu, Lauren Brady, John Shoffner, Mark A. Tarnopolsky

ABSTRACT: Background: Neuromuscular disorders are a phenotypically and genotypically diverse group of diseases that can be
difficult to diagnose accurately because of overlapping clinical features and nonspecific muscle pathology. Next-generation sequencing
(NGS) is a high-throughput technology that can be used as a more time- and cost-effective tool for identifying molecular diagnoses for
complex genetic conditions, such as neuromuscular disorders. Methods: One hundred and sixty-nine patients referred to a Canadian
neuromuscular clinic for evaluation of possible muscle disease were screened with an NGS panel of muscular dystrophy—associated genes.
Patients were categorized by the reason of referral (1) muscle weakness (n = 135), (2) recurrent episodes of rhabdomyolysis (n = 18), or (3)
idiopathic hyperCKemia (n = 16). Results: Pathogenic and likely pathogenic variants were identified in 36.09% of patients (61/169). The
detection rate was 37.04% (50/135) in patients with muscle weakness, 33.33% (6/18) with rhabdomyolysis, and 31.25% (5/16) in those
with idiopathic hyperCKemia. Conclusions: This study shows that NGS can be a useful tool in the molecular workup of patients seen in a
neuromuscular clinic. Evaluating the utility of large panels of a muscle disease-specific NGS panel to investigate the genetic susceptibilities
of rhabdomyolysis and/or idiopathic hyperCKemia is a relatively new field. Twenty-eight of the pathogenic and likely pathogenic variants
reported here are novel and have not previously been associated with disease.

RESUME: Utiliser le séquencage de nouvelle génération pour diagnostiquer la dystrophie musculaire, la rhabdomyolyse et une élévation du taux
sérique de créatine kinase. Contexte: Diverses sur le plan phénotypique et génotypique, il peut étre difficile de diagnostiquer avec précision les
maladies neuromusculaires. Ces dernieres présentent en effet des caractéristiques cliniques et des atteintes musculaires non spécifiques qui se recoupent. Le
séquengage de nouvelle génération (SNG) est une technique a haut rendement, efficace en termes de colt et de temps, qu’on peut utiliser
pour poser des diagnostics moléculaires dans le cas d’affections génétiques complexes, par exemple les maladies neuromusculaires. Méthodes: Au total, 169
patients aiguillés vers une clinique canadienne spécialisée en soins neuromusculaires afin de détecter une possible maladie musculaire ont été
passés au crible au moyen du SNG d’un panel de genes associés a la dystrophie musculaire. Ces patients ont été regroupés en fonction des motifs de leur
aiguillage : (1) faiblesse musculaire (n=135) ; (2) épisodes récurrents de rhabdomyolyse (n=18) ; (3) élévation du taux sérique de créatine
kinase ou hyperCKémie idiopathique (n=16). Résultats: Des variantes pathogenes et vraisemblablement pathogenes ont été identifiées chez 36,09 % des
patients (61/169). Le taux de détection a ét€ de 37,04 % (50/135) chez les patients atteints de faiblesse musculaire ; de 33,33 % (6/18), chez ceux
atteints de rhabdomyolyse ; et de 31,25 % (5/16), chez ceux aux prises avec une élévation du taux sérique de créatine kinase. Conclusions: Cette étude montre que
le SNG peut étre un outil utile si ’on veut établir le bilan moléculaire de patients examinés dans une clinique neuromusculaire. Evaluer I'utilité du SNG pour un
vaste panel de génes associés a des maladies neuromusculaires spécifiques, et ce, afin d’étudier les susceptibilités génétiques liées a la rhabdomyolyse et/ou a
I’élévation du taux sérique de créatine kinase, demeure un champ de recherche relativement nouveau. Précisons aussi que 28 des variantes pathogenes ou
vraisemblablement pathogeénes exposées dans cet article sont inédites et n’ont jamais €t€ associées a une maladie antérieurement.
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Muscular dystrophies (MDs) are hereditary diseases that cause technology that provides a broader and more cost-effective
progressive muscle weakness. Significant variation in disease method of genetic testing in comparison to Sanger sequencing’s
penetrance and expressivity among the causative genes and gene-by-gene analysis.” NGS has the potential to be one of the

pathogenic variants complicates clinical diagnosis. Although
muscle biopsy has been the traditional tool used by clinicians to
narrow down the subtype of MD in a patient, phenotypic overlap
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most powerful diagnostic tools in the workup of patients
with histories suspicious for a genetic muscle disease. A handful
of studies have already examined the use of NGS in the
diagnostic workup of undiagnosed MD. These populations were
primarily pediatric and reported detection rates ranging from 15%
to 65%.”*

Consideration of an underlying genetic muscle disease does
not only occur for patients who present with muscle weakness.
Patients with recurrent episodes of rhabdomyolysis or idiopathic
hyperCKemia (creatine kinase [CK] >220 U/L) are often referred
to neuromuscular specialists for evaluation to rule out neuro-
muscular disease. Genetic causes for these presentations can
include McArdle disease, mitochondrial disease, fatty acid
oxidation defects, Duchenne/Becker MD, or malignant hyper-
thermia susceptibility.9 In some cases, rhabdomyolysis and
seemingly idiopathic hyperCKemia are later realized to have been
the first signs of a latent MD.'° In other cases, muscle issues such
as episodic rhabdomyolysis with or without myoglobinuria have a
nongenetic cause such as idiopathic inflammatory myopathies,
substance abuse, strenuous exercise, and/or toxins.'!

In this study, an NGS panel of 163 to 183 genes associated
with MD was used in the workup of patients referred to a Cana-
dian neuromuscular clinic for evaluation of muscle weakness,
recurrent episodes of rhabdomyolysis, or asymptomatic
hyperCKemia. The population of patients in this study are pri-
marily adults with adult-onset symptoms. This retrospective study
adds to the existing literature demonstrating the utility of NGS as a
tool in the molecular characterization of MD in both pediatric and
adult populations. This study also is one of the first to quantify the
utility of genetic testing with a muscle disease focused NGS panel
in the workup of patients with recurrent rhabdomyolysis and
idiopathic hyperCKemia.

METHODS
Patients

The participants in this study were patients assessed in a
tertiary pediatric and adult neuromuscular clinic in Hamilton,
Ontario, over a 34-month period. Patients were of differing
ethnicities and ages (median age, 43 years; range, 0-80).

The multigene NGS panel was ordered for patients where there
were more than two genes on the differential diagnosis. This
excluded any patients suspected to have an acquired or inflam-
matory myopathy (e.g. statin-associated myopathy, sporadic
inclusion body myositis) or who reported any additional
environmental exposures or risk factors for rhabdomyolysis (e.g.
statins). For patients with unexplained hyperCKemia, the NGS
panel was ordered if they had any of the following; a recorded CK
value that was three times above the upper limit of normal (based
on ethnicity), had a family history of similarly elevated CK
(nonblack), or was below the age of 12 years of age.'? This study
also excluded patients with classic features of a single distinctive
MD (e.g., myotonic dystrophy type 1 or Duchenne MD) who
underwent genetic testing for only that condition.

The 169 patients who met these criteria were categorized into
one of three groups based on the most significant manifestation of
their muscle disease at the time of consultation; clinical muscle
weakness (n=135), recurrent rhabdomyolysis (n=18), or
idiopathic hyperCKemia (n=16).
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Sequencing Analysis

Samples were referred to Medical Neurogenetics, LLC, for
Clinical Laboratory Improvement Amendments—certified
diagnostic NGS testing. The first 38 patients were tested using the
163-gene panel, the next 56 patients were tested using an expan-
ded panel of 176 genes, and the final 76 patients were tested using
a further expanded panel of 183 genes. Supplementary Table 4
presents the full list of genes tested in each panel.

Testing was performed using an Illumina HiSeq 1500
(Illumina, San Diego, CA) according to the manufacturer’s
guidelines as well as proprietary approaches developed at Medical
Neurogenetics, LLC. NGS sequencing was performed and variant
classification was compliant with American College of Medical
Genetics (ACMG) standards and guidelines.13 17 Based on patient
clinical information, gene coverage was assessed and sequenced
using dideoxy-sequencing (Sanger sequencing) as necessary
using an ABI 3730x1 automated sequencer (Life Technologies,
Foster City, CA). Annotation was performed using GRCh37.p13
(GCA_000001405.14) assembly.

Variant Classification

Classification of genetic variants for the patient phenotypes
were assessed using criteria outlined by the ACMG."” Variants
identified in patients before the publication of the ACMG guide-
lines underwent reinterpretation in 2017. Both pathogenic and
likely pathogenic variants were considered in the calculation of
detection rate.

Patient demographics, clinical phenotypes, muscle biopsy
pathology, and genetic results are listed in Supplementary Table 1
(muscle weakness), Supplementary Table 2 (recurrent rhabdo-
myolysis), and Supplementary Table 3 (hyperCKemia). All
muscle pathology showed normal immunohistochemistry unless
otherwise stated. Mean allele frequency data were obtained from
the Exome Aggregation Consortium database.

RESULTS

Pathogenic and likely pathogenic variants were identified in
36.09% of all patients (61/169). No likely causative variants were
identified in 55.62% (94/169). Twenty-eight of the pathogenic
and likely pathogenic variants reported here are novel and have
not previously been associated with disease.

Muscle Weakness Cohort

Pathogenic or likely pathogenic variants were seen in 37.04%
(50/135) of patients who presented with muscle weakness
(Figure 1A). Variants of uncertain clinical significance possibly
related to disease phenotype were identified in 8.14% (11/135).
No candidate variants were detected in 54.8% (74/135) of the
cases. When examining only the patients with pediatric-onset
symptoms, the detection rate was 38.30% (17/47 pathogenic, 1/47
likely pathogenic). Detection rate for patients with adult-onset
weakness was 36.36% (26/88 pathogenic, 6/88 likely pathogenic).
Testing did not identify any candidate variants in 57.44% and
53.40% of the pediatric and adult cohorts, respectively. ANO5-
related myopathies were the most common diagnosis, seen in five
patients (Supplementary Table 1).
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Figure 1: Graphical representation of variant classification of patients referred for evaluation of (A) muscle weakness, (B) recurrent episodes of

rhabdomyolysis, and (C) asymptomatic elevation of creatine kinase.

Recurrent Rhabdomyolysis Cohort

Pathogenic or likely pathogenic variants were seen in 33.33%
(6/18) of patients with recurring episodes of rhabdomyolysis
(Figure 1B). No candidate variants were detected in 66.66% (12/
18) of the cases (Supplementary Table 2).

Idiopathic HyperCKemia Cohort

Pathogenic or likely pathogenic variants were seen in 31.25%
(5/16) of the idiopathic hyperCKemia cohort (Figure 1C). No
candidate variants were detected in 50.0% (8/16) of the cases
(Supplementary Table 3).

DiscussioN

There are now several studies in the literature demonstrating
the utility of disease-focused NGS panels in the molecular char-
acterization of undiagnosed muscular dystrophy, reporting
detection rates ranging from 15% to 65%.%® Other studies, such as
the MYO-SEQ project, use a different NGS platform genetic test
known as whole exome sequencing. Unlike a fixed disease-
focused panel, whole exome sequencing is an unbiased tran-
scriptomics technique for sequencing the all the protein-coding
regions of the entire human genome. The MYO-SEQ project has
reported a detection rate of approximately 49% in patients with
limb-girdle weakness.'® In this present report, the muscle-focused
NGS panel used identified pathogenic and likely mutations cau-
sative for disease were in 37.04% (50/135) of the muscle weak-
ness cohort. Many of the aforementioned studies had a heavy®”’ or
exclusive® focus on patients with early-onset/congenital MDs.
This is quite different from our cohort, in which 65.19% (88/135)
of the patients with muscle weakness did not have symptoms until
adulthood; however, the age of onset did not appear to have a
significant impact on the detection rates. Pathogenic and likely
pathogenic variants were identified in 38.30% of patients with
childhood-onset symptoms and in 36.36% with adult-onset
symptoms. The similarity in detection rates was unexpected
because it is generally accepted that genetic disorders are more
likely to be identified in the pediatric population (e.g. early-onset/
congenital MDs) because they are generally more severe and is
less likely to be an acquired condition.'” In contrast, a larger
proportion of adult-onset MDs can be sporadic/acquired from
external causes such as drugs (e.g. statins), toxins, endocrine
abnormalities, aging effects on skeletal muscle, or neuropathies
mimicking a myopathy.?® This study strictly excluded any
patients suspected to have an acquired myopathy (e.g. statin-
associated myopathy or sporadic inclusion body myositis), unless
there were features on their clinical examination or family history
suspicious of a hereditary myopathy. It is possible that the
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similarly in detection rates between the adult and pediatric popu-
lations were due to this strict exclusion of patients with a possible
acquired or inflammatory myopathy. There remains the possibi-
lity of course that some of the patients included in this study may
actually have an acquired condition and that some of the patients
excluded may have a hereditary myopathy.

Interestingly, a number of patients found to have the same type
of MD showed a high degree of heterogeneity in muscle pathol-
ogy. In this study, we found that muscle biopsies with central
cores (W12 and W68), Trabecular myopathy (W44), neurogenic
changes (W93), and dystrophic changes and mitochondrial
hyperplasia (W112) were all seen in patients with pathogenic
changes in the ANO5 gene. Considering how muscle pathology
can often be nonspecific or heterogeneous and the lower cost of
NGS, it may be prudent to pursue genetic testing before a muscle
biopsy. However, a muscle biopsy can still be an important part of
the diagnostic process and may assist in the clarification of
variants of uncertain clinical significance found by genetic testing.
For example, a muscle biopsy suggestive of a desmin storage
myopathy in the muscle biopsy of patient W24, who was found to
have a variant of uncertain clinical significance in the DES
assisted in the diagnosis when one parent was not available for
family studies. Genetic testing, clinical examination, and other
diagnostic tools such as electromyography and muscle biopsy are
best used in conjunction during the diagnostic process.

This study is one of the first to investigate the utility of using a
focused muscle disease NGS panel in the molecular diagnosis of
patients referred to a neuromuscular clinic for evaluation of
recurrent episodes of rhabdomyolysis or idiopathic hyperCKemia.

The European Federation of Neurological Societies recom-
mends further investigation in individuals with apparently
asymptomatic hyperCKemia if the CK level is continually more
than three times the upper limit of normal, there are myopathic
changes on electromyography, or the patient is younger than age
25 years.'? Most studies to date have used more classic nongenetic
diagnostic tools (e.g. muscle biopsy) in the evaluation of patients
with asymptomatic elevated CK levels. One review by
Moghadam-Kia et al found that combining these diagnostic
methods resulted in discovering an etiology of the hyperCKemia
in approximately 28% of patients,21 many of which were found to
be related to the use of statins. In excluding statins and other non-
neuromuscular causes of hyperCKemia (e.g. alcohol/drug abuse),
others found diagnoses of dystrophinopathies and other myo-
pathies in approximately 10%.>> However, all but one of the
papers in the review by Moghadam-Kia et al were published
before 2008, a time when NGS was not available and access to
genetic testing was more limited. With NGS testing, we found
that 31.25% of our hyperCKemia cohort had pathogenic or
likely pathogenic mutations in genes traditionally associated with
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limb-girdle MD (LGMD) (DYSF, ANOS5, SGCA genes)
(Supplementary Table 3). At the time of consultation, none of
these patients reported any muscle weakness or functional lim-
itations in daily activities. With the identification of mutations in
ANOS and DYSF, all patients were found to have very mild atro-
phy of the medial calf muscle(s), and some had some slight dif-
ficulty standing on their tiptoes. These changes were so mild that
neither the patients nor the physicians in the initial examination
had appreciated these changes. Interestingly, case CK7 actually
had a family history of LGMD in a male sibling with onset in his
20s, but she herself did not show any functional muscle weakness
at the age of 50. Our diagnostic rate of 31.25% suggests that
genetic testing can be a useful tool in the workup of a patient with
apparently idiopathic hyperCKemia. With the lower cost of NGS,
it may even be prudent to pursue genetic testing before more
invasive testing such as muscle biopsy.

More work has been done on the identification and investiga-
tion of genetic defects associated with recurring episodes of
rhabdomyolysis. There are currently approximately 31 known
inherited neuromuscular disorders that can confer this suscept-
ibility.23 All but one of the six cases of rhabdomyolysis that
received a diagnosis in this study were found to have genetic
mutations in one of the genes listed in Supplementary Table 1 of
the review article by Scalco et al.”* This case, RM11, was found to
be homozygous for a pathogenic mutation in SGCA (c.850C > T).
This case was published before this study.>® Findings such as this
suggest that there may be other neuromuscular genes not yet
reported to be associated with rhabdomyolysis. Additional studies
are needed to assess the detection rates of genetic testing with
rhabdomyolysis-focused panels in comparison to MD-focused
panels such as the one used in this present study.

In addition to reporting detection rates of genetic testing for
various types of muscle disease, this study identified a number of
particularly interesting patients representing the complexities of
diagnosis with NGS. One of the limitations of NGS, especially
with older platforms, is that it may not be able to detect significant
copy number variations (CNV). Other technologies such as mul-
tiplex ligation-dependent probe amplification (MLPA) and gene-
specific array comparative genomic hybridization (aCGH) are
considered the gold standard for testing for CNVs. Using one of
these methods to test for deletions or duplications in dozens of
genes for someone with a nonspecific LGMD can be cost prohi-
bitive, especially with the likely low yield of copy number var-
iants seen in this population. In this study, the identification of one
pathogenic or likely pathogenic mutation by the NGS panel
allowed for the selection of one or two additional genes that
warranted additional testing for copy number variants. This step-
wise process allowed for a diagnosis in four patients (W34, W88,
W134, and R8). This was especially valuable because all four
patients had clinical features of conditions with significant clinical
heterogeneity. Case W34 carried a clinical diagnosis of congenital
myasthenic syndrome since childhood. NGS testing revealed a de
novo single heterozygous variant in AGRN (c.4525C >T) and a
7.9-kb AGRN deletion of exon 1-2 inherited from her mother
(paternity and maternity confirmed). Case W88 presented with a
nonspecific congenital MD with unremarkable immunohis-
tochemistry. NGS testing revealed a single heterozygous variant
in LAMA?2 (c.8582T > G), which was found to be in trans with a
218.18-kb duplication of exon 2-4. Case W134 had a generic
presentation of adult-onset proximal weakness and scapular
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winging. The NGS panel identified a pathogenic heterozygous
mutation in CAPN3 and MLPA analysis revealed a large deletion
of exons 2-8 of CAPN3. Case R8 reported multiple episodes of
rhabdomyolysis since childhood and had a family history suspi-
cious of possible autosomal dominant inheritance. NGS testing
found the common c.148C > T (p.Arg50%) pathogenic mutation in
PYGM, whereas subsequent aCGH showed a 1.1-kb deletion of
exon 17. Although CNVs of LAMA? are relatively common,*®
there have only been a few case reports of patients with deletions
of CAPN3*" or PYGM.?® This is the first report of a partial AGRN
deletion in a patient with congenital myasthenic syndrome.

Although the combination of NGS followed by gene-specific
aCGH or MLPA led to definite diagnoses for these four indivi-
duals, there was one case in which no second mutation was
detected. Case W60 presented with classic features of hereditary
inclusion body myopathies with rimmed vacuoles on muscle
biopsy but only one pathogenic mutation in GNE (c.1225G > T).
Sanger sequencing and aCGH analysis of GNE was performed but
was unable to identify a second mutation or CNV. The NGS panel
did not identify any other variants that could explain this patient’s
phenotype and muscle pathology, raising the possibility that this
patient’s second GNE mutation could occur in an intronic region
not covered by testing.

At this time, it is believed that up to 15% of genetic diseases
may be caused by intronic mutations.>**® Case reports of patients
with deep intronic or other complex pathogenic mutations, proven
with messenger RNA analysis and other in vitro studies, are
becoming more recognized and have been reported in genes such
as LAMA2,*' DOK7,?? and others.>*3* RNA sequencing from the
muscle tissue of patients with undiagnosed muscular dystrophy is
likely to provide a significantly higher diagnostic yield than NGS
(panels and whole exome sequencing), though is not yet as widely
available.®> One of the most well-described examples of an
intronic mutation in muscular dystrophy is the founder mutation
in GAA (c.-32-13T > G), which is seen in more than half of all
Caucasians with adult-onset Pompe disease.’® This mutation
was not detected by NGS testing in two cases (W33 and W49),
who were later confirmed to have Pompe disease. For case
W49, the NGS panel identified a heterozygous mutation
(c.2242_2243insG) in GAA but no second mutation. Dried blood
spot acid a-glucosidase testing was positive (1.21 pmol/punch/h
[Ref > 4.49 pmol/punch/h]). Sanger sequencing and MLPA
revealed the second mutation as c.-32-13T > G. Both mutations in
case W33 (c.-32-13T > G (+) c¢.525delT) were not detected by the
NGS panel (data not shown) and were found after a positive dried
blood spot (1.43 pmol/punch/h [Ref> 4.49 pmol/punch/h]) and
Sanger sequencing of GAA. Although the proportion of patho-
genic mutations found in introns versus exons is gene-dependent,
it is important for clinicians to be wary of this restriction in the
workup of patients with muscle diseases.

CONCLUSION

The MD-focused NGS panel used in the present study identi-
fied pathogenic and likely pathogenic variants in 36.09% (61/169)
of the cases assessed in this study.

The detection rate was 37.04% (50/135) in patients with
muscle weakness, 33.33% (6/18) with recurrent rhabdomyolysis,
and 31.25% (5/16) in the group of patients with idiopathic
hyperCKemia. Twenty-eight of the pathogenic and likely
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pathogenic variants reported here are novel and have not
previously been associated with disease.

This study helps to quantify the value of targeted NGS panels
in identifying the underlying genetic etiology behind myopathic
processes, particularly progressive and nonprogressive muscle
weakness, recurrent rthabdomyolysis, and idiopathic hyperCK-
emia. This study also demonstrates the potential of using large
muscular dystrophy focused panels to aid in the investigation of
genetic susceptibilities of rhabdomyolysis and/or idiopathic
hyperCKemia. However, clinicians should be cognizant of tech-
nology and laboratory-specific limitations in detecting a variety of
variant types including copy number variants, regulatory
sequence variants, trinucleotide repeat expansions, and deep
intronic mutations. Clinical examination and other diagnostic
tools such as electromyography and muscle biopsy are still an
important part of the diagnostic process.

Some studies suggest that an NGS panel may be preferred over
whole exome sequencing in this population because panels cur-
rently have better exon coverage. However, this may not always
be the case as the low-coverage regions continue to be identified
and improved in updated whole exome sequencing platfonns.37
The question of ordering an NGS panel or whole exome sequen-
cing for a patient can be evaluated on a case-by-case basis while
considering the complexity of phenotype, muscle biopsy findings
(if available), and availability of informative family members.
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