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Abstract

Objective: Most families with heritable neuromuscular disorders do not receive

a molecular diagnosis. Here we evaluate diagnostic utility of exome, genome,

RNA sequencing, and protein studies and provide evidence-based recommenda-

tions for their integration into practice. Methods: In total, 247 families with

suspected monogenic neuromuscular disorders who remained without a genetic
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diagnosis after standard diagnostic investigations underwent research-led mas-

sively parallel sequencing: neuromuscular disorder gene panel, exome, genome,

and/or RNA sequencing to identify causal variants. Protein and RNA studies

were also deployed when required. Results: Integration of exome sequencing

and auxiliary genome, RNA and/or protein studies identified causal or likely

causal variants in 62% (152 out of 247) of families. Exome sequencing alone

informed 55% (83 out of 152) of diagnoses, with remaining diagnoses (45%; 69

out of 152) requiring genome sequencing, RNA and/or protein studies to iden-

tify variants and/or support pathogenicity. Arrestingly, novel disease genes

accounted for <4% (6 out of 152) of diagnoses while 36.2% of solved families

(55 out of 152) harbored at least one splice-altering or structural variant in a

known neuromuscular disorder gene. We posit that contemporary neuromuscu-

lar disorder gene-panel sequencing could likely provide 66% (100 out of 152)

of our diagnoses today. Interpretation: Our results emphasize thorough clinical

phenotyping to enable deep scrutiny of all rare genetic variation in phenotypi-

cally consistent genes. Post-exome auxiliary investigations extended our diag-

nostic yield by 81% overall (34–62%). We present a diagnostic algorithm that

details deployment of genomic and auxiliary investigations to obtain these diag-

noses today most effectively. We hope this provides a practical guide for clini-

cians as they gain greater access to clinical genome and transcriptome

sequencing.

Introduction

Neuromuscular disorders (NMDs) are a heterogenous

group of muscle and nerve pathologies with primarily

genetic etiologies.1 Individuals and families without a

genetic diagnosis for a suspected heritable disorder lack

certainty surrounding disease prognosis and risk of

recurrence,2 and are precluded from accessing time-

sensitive family planning, clinical trial enrolment, and

targeted therapies.3

Prior to 2012, the diagnostic workflow for NMD diag-

nostics was driven by clinical phenotype, muscle histopa-

thology, immunostaining,4 and in some instances, western

blot.5 These findings were correlated with phenotypically

concordant NMD gene(s) which were then sequenced to

identify and segregate variants in an affected individual

and their family.6 The advent of massively parallel

sequencing (MPS) has led to an explosion in genes associ-

ated with monogenic conditions,7 with over 640 genes

now associated with NMDs.8 Given the high degree of

phenotypic overlap for many neuromuscular presenta-

tions, MPS has become a first tier diagnostic investiga-

tion. Over the past decade, implementation of MPS

targeted-capture NMD gene panels,9,10 or exome sequenc-

ing for NMD diagnosis,11–14 has reduced turn-around

times and costs15 while increasing diagnostic rates from

~24% by traditional methods6,16 to 30–60%.9–14

Research application of genome sequencing17,18 and

RNA sequencing (RNA-Seq)19–21 for individuals with

likely monogenic disease undiagnosed by exome sequenc-

ing approaches, commonly identifies pre-mRNA splice-

altering variants, structural variants, and/or variants in

novel or newly discovered disease genes as the elusive

basis for disease.19,22,23 Consequently, genome sequencing

and RNA studies are beginning to be implemented in the

clinic for exome-negative monogenic conditions.24–26

However, genome and/or RNA testing is an additional

expense that places further strain on limited clinical bud-

gets for genomic testing, despite accelerating demand.

There remains uncertainty regarding in which order to

deploy genome or RNA sequencing or both, and whether

for a trio or singleton, for optimal diagnostic and cost

benefits.

Over the past 10 years, we have iteratively assessed the

diagnostic utility of exome, genome, and transcriptome

technologies in an ethnically diverse cohort of 247 fami-

lies with suspected monogenic NMD, for whom contem-

porary genetic testing of the time failed to yield a

molecular diagnosis. Herein we retrospectively review the

diagnostic odyssey for our 152 out of 247 families diag-

nosed by research-led genomic testing (62%), identifying

exactly which MPS platform and auxiliary investigation(s)

provided evidence critical to confer each molecular diag-

nosis. While our path to diagnosis was regularly convo-

luted, adopting a contemporary lens of what is possible in

present-day genomics, we present our expert team’s

recommended MPS diagnostic algorithm for NMD

diagnosis.
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Methods

Ascertainment criteria

In total, 247 families with genetically undiagnosed NMDs

were referred by neurologists and clinical geneticists to

the Kids Neuroscience Centre Biospecimen Bank between

2012 and 2021. Referrals were primarily from Australia

and New Zealand and broadly representative of the

diverse ethnic demographics of these countries. Ascertain-

ment was based on a strong clinical suspicion of a genetic

neuromuscular disorder with one or more clinical investi-

gations consistent with primary involvement of nerves

and/or muscle: serum creatine kinase and other biochemi-

cal investigations, muscle biopsy, electromyography, nerve

conduction studies, and/or muscle magnetic resonance

imaging, as previously described.11,13 Triage criteria for

research-led exome and genome sequencing required; (1)

negative prescreening for known/suspected genetic causes

including at least one of: candidate gene sequencing

(including myotonic dystrophy screening), multiplex

ligation-dependent probe amplification, microarray, MPS

gene panels, immunohistochemistry (dystrophin, sarcogyl-

cans), and exome sequencing (from 2018 only).11,13 No

participant had genome or RNA-Seq prior to this study.

(2) For autosomal dominant pedigrees, the Broad Insti-

tute required DNA to be available from the family trio,

or from one parent and two or more affected children, or

large pedigrees where linkage analysis restricted variant

searches to 1% of the genome. This study was approved

by the Children’s Hospital at Westmead Human Research

Ethics Committee (10/CHW/45 or 2019/ETH11736) and

all participants, and/or their legal guardians, provided

informed, written consent.

Exome and genome sequencing

Exomic sequencing was performed for all 247 families:

216 by the Broad Institute of MIT and Harvard Genomics

Platform, USA (117 singletons, 78 trios, and 21 duos/

quads).11,13 Sixty-four out of 216 of these cases also

received targeted-capture MPS NMD gene panel (NMD

panel v1-5) at PathWest Laboratory, Nedlands, Australia.9

Thirty-one cases were referred with candidate variant(s)

of uncertain significance identified by clinical exome or

NMD gene panel. Genome sequencing was performed for

47 families (27 singletons, 19 trios, and 1 duo) through

Illumina HiSeq X Ten v2 PCR-free short-read (150 nt)

genome sequencing (from 2016) to a mean target cover-

age of >30x through the Broad Institute, USA.27 A small

subset of patients underwent external clinical screening

for repeat expansions in DMPK/CNBP and/or microarray

in parallel with our sequencing studies.

RNA and protein studies

Poly-A pulldown RNA-Seq (75 nt or 100 nt paired reads)

was conducted for 47 out of 247 cases using RNA

extracted from patient skeletal muscle as described

previously.19,28 Muscle RNA isolation and rRNA-depleted

RNA-Seq (150 nt paired reads) was performed for 5 out

of 247 cases as described.28 cDNA synthesis and RT-PCR

are described previously.25,29 Immunohistochemistry

(IHC) and/or western blotting (WB) methodologies are

described in previous work.11,23,29

Variant curation and interpretation

Exome and genome sequencing data were filtered using

Seqr.30 Variants with an allele frequency of ≥1% (in

ExAC31 or gnomAD32), deemed too common to be likely

causal variants for rare disorders, were filtered out. Staged

variant curation: (1) Clinician-defined phenotypically con-

cordant gene list; (2) All known NMD genes33; (3) Dis-

ease genes in Online Mendelian Inheritance in Man34

(OMIM); (4) Non-OMIM genes. NMD and OMIM gene

lists were updated annually to account for newly discov-

ered disease genes. When trio sequencing data or family

history were available, variants were filtered by inheri-

tance pattern(s) consistent with the pedigree.

Variant prioritization strategy

(1) Gene-phenotype concordance via multidisciplinary

expert clinical review; (2) Previous reports as pathogenic/

likely pathogenic in the literature or in variant databases

(ClinVar35 or Leiden Open Variation Database36); (3)

Occurring in trans with a previously reported pathogenic/

likely pathogenic variant; (4) Predicted by in silico

tools to be deleterious or splice-altering (PolyPhen237;

NNsplice38; in silico tools available in seqr30; Alamut

Visual Biosoftware� from 2017; SpliceAI39 from 2019).

Variant confirmation

Sanger sequencing was performed (in-house or in a diag-

nostic laboratory) to confirm and segregate variants in

some families, prior to availability of accredited MPS

pipelines and practice standards that did not require

Sanger segregation of identified variants in clinical testing.

Variant classification

From 2012 to 2016, likely causality of identified variants was

reported in “Research Reports” to the referring clinician,

based upon our expert opinion and/or published findings.

From ~2016, we sought formal classification of variants from
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accredited diagnostic scientists and genetic pathologists

according to the American College of Medical Genetics and

Genomics (ACMG) guidelines.33 Identification of a novel

disease-gene association,40–45 or a novel gene-phenotype

expansion46–52 was defined by peer-reviewed publication.

Bioinformatic detection of pathogenic
repeat expansions

Whole genome and exome sequenced samples were ana-

lyzed for known pathogenic repeat expansions of short tan-

dem repeats with the bioinformatic tools ExpansionHunter

and exSTRa, using default parameters. Repeat expansion

lengths estimated by ExpansionHunter to be larger than a

locus-specific threshold were prioritized as candidate path-

ogenic variants. The database of known pathogenic repeat

expansion loci can be found at https://github.com/

bahlolab/exSTRa/blob/abdf75d89f095f7b7f8573d22206edd73

5d8914b/inst/extdata/repeat_expansion_disorders_hg38.txt.

SpliceAI delta-score threshold evaluation

Proband genome sequencing data were annotated with

precomputed SpliceAI39 scores (window length � 50 nt)

through Seqr30 or an in-house pipeline and rare, segregat-

ing variants returned. Rare variants were defined as hav-

ing allele frequency ≤1% and number of alternate allele

homozygotes <5 as listed in gnomAD.32 Segregating vari-

ants were those consistent with the expected inheritance

and disease presentation in the pedigree. Receiver-

operator characteristic/precision-recall curves were created

with the pROC and PRROC R packages.

Splicing outlier analysis from RNA-Seq with
FRASER

FRASER (v1.0.2)53 was deployed to identify splicing out-

liers in three probands with skeletal muscle RNA-Seq and

genome sequencing data. Fifty control skeletal muscle

RNA-Seq samples were sourced from the Genotype-Tissue

Expression (GTEx) project.54 FRASER was run for each

proband, comparing to the 50 GTEx controls, with

default configuration. Analysis of FRASER data was con-

ducted using the FRASER Bioconductor R package. High

confidence splice-junction outliers were defined by an

adjusted p-value <0.05 and an effect-size/delta-psi ≥0.3 as

used in the FRASER manuscript.

Rare segregating variants from trio genome sequencing

data were incorporated to filter high confidence

splice-junctions identified by FRASER. Variants were

defined as proximal to a splicing outlier if they occurred

within 250 nt either side of the donor or acceptor splice

site of an outlier junction. Rare variants were defined as

having allele frequency <1% and number of alternate

allele homozygotes <5 as listed in gnomAD.32 Segregating

variants were those consistent with the expected inheri-

tance and disease presentation in the pedigree.

Results

A cohort of 247 families with NMD

From 2012 to 2021, we ascertained a cohort of 291 indi-

viduals affected with NMD from 247 families, for whom

available genetic testing had not yielded a molecular diag-

nosis. The cohort comprises 32�4% (80 out of 247)

congenital-onset (<2 years), 30�8% (76 out of 247)

pediatric-onset (2–12 years), and 36�8% (91 out of 247)

adolescent (13–17 years) or adult-onset (≥18 years) NMD

(Figure 1Ai). Most families had a single affected individ-

ual (92�7%; 229 out of 247), 6�5% (16 out of 247) had

two, one family had three, and another family four

affected individuals. Singletons (sequencing data only

available for proband) comprise 58�3% (144 out of 247)

of the cohort and 6�1% (15 out of 247) of families had

consanguineous pedigrees.

We deployed research-led genome sequencing, RNA

studies (RNA-Seq and/or RT-PCR) or protein studies

(IHC and/or western blot) on a case-by-case basis

(Fig. 1B) subject to (a) biospecimen availability; (b) one

or more VUS’s identified in a phenotypically concordant

gene; (c) the predicted functional impact of candidate

variant(s) on pre-RNA splicing and/or upon the levels or

size of the encoded protein; (d) no candidate variants

identified but a clinical diagnosis (or high clinical suspi-

cion) of a specific condition with one or only a few asso-

ciated disease genes (e.g., dystrophinopathy and nemaline

myopathy). To date, we have identified the causal (solved

and clinically diagnosed) or likely causal variant(s)

(research reported as likely solved, explained below) for

61�5% (152 out of 247) of families (Figure 1Aii, Table S1

for variant information). Variants in 73 genes were iden-

tified (Fig. 1C), of which the top 6 most frequent, DMD,

TTN, NEB, RYR1, ACTA1, and MTM1, account for 32%

of diagnoses. A further 32% of diagnoses were in genes

observed only once in the cohort.

Variants we categorize as ‘likely causal’ are those pre-

sumed by our expert, multidisciplinary center as the likely

basis for the affected individual’s condition and are unable

to (yet) be afforded a clinical diagnosis via ACMG criteria

due to one case involving a novel disease gene candidate

under pursuit; one with a presumed novel digenic disorder;

fifteen without variant segregation (family member DNA

not available); two deemed by expert NMD clinicians as

likely to have two, separate, genetic disorders; eleven with

missense variants (or in-frame deletions) which remain
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Figure 1. Overview of research-led diagnostic NMD cohort. (A) Age of onset of the 247 probands in our neuromuscular disease (NMD) cohort (i),

with two-thirds presenting with congenital (<2 years; n = 80) or pediatric-onset (2–12 years; n = 76) disorders. A majority of the cohort is

considered either solved (48%) or likely solved (14%) (ii). (B) Schematic of NMD diagnostic pipeline employed by our laboratory prior to, and

after, 2012 when massively parallel sequencing was adopted as a first-line investigation. (C) Research-led massively parallel sequencing revealed a

diverse set of genetic etiologies within NMD sub-groups. The number of families in our cohort linked to each causal gene is listed. Genes are

divided into disease groups according to observed phenotype and classification in the gene table of neuromuscular disorders.8 aNote, it is the

collective opinion of our multidisciplinary team that digenic TP63 and DMPK variants are the likely causal basis for CMD in the proband. The

proband is now deceased and there are no additional family members to gather further evidence supporting a digenic disorder. We therefore

consider the family “likely solved” and are not pursuing further investigations. bA high confidence candidate novel disease gene in an advanced

stage of functional validation. Three other genes that form part of the same complex are existing OMIM genes with a related phenotype. ES,

exome sequencing; IHC, immunohistochemistry; WB, western blot.
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Figure 2. Novel disease genes and phenotypes identified in the NMD cohort. Six novel genes were identified from the cohort: BICD2,42

SLC18A3,43 LMOD3,44 PIGY,41 PYROXD1,45 and GMPPB.40 aSLC18A3 was published citing two previously reported mouse models.55,56 The

average time to publication for novel genes was 2�5 years. Seven novel phenotypes in known neuromuscular disorder genes were reported from

our cohort: CHD7,51 SQSTM1,46 HSPB8,48 STIM1,50 GMPPB,47 TNNT3,52 and TOR1AIP1.49 Families from our cohort with novel disease genes and

phenotypes were reported either by our group, by other groupsb (timeline not available), or in collaborationc. CMD, congenital muscular

dystrophy; GDD, global developmental delay; ID, intellectual disability; LGMD, limb girdle muscular dystrophy; NM, nemaline myopathy; NMD,

neuromuscular disease.
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variants of uncertain significance (VUS) in clinically consis-

tent genes; and two cases with “high confidence” candidate

splice-altering variants in a phenotypically concordant gene

though biospecimens are unavailable to provide functional

evidence of pathogenicity.

Novel genes and novel phenotypes
comprise <9% of diagnoses

We identified causal variants in six novel disease genes that

account for 3�9% (6 out of 152) of diagnoses (Fig. 2).40–45

On average, it took 2–5 years (range 11–52 months) from

identification-to-publication of a novel gene-disease associ-

ation, requiring; international collaboration to identify

similarly-affected individuals with segregating variants in

the same gene, RNA and/or protein investigations using

clinical specimens, and cell and/or animal disease models.

The complexity of research validation of a novel

gene-disease association is highlighted by PYROXD1, a

gene previously undescribed in the literature. Confirmation

of biallelic PYROXD1 variants as novel basis for congenital

myopathy in five unrelated affected families required three

Figure 3. Variants identified in the cohort by variant type, inheritance, and the investigations required to confirm them as causal. (A) The nature

of different classes of pathogenic variants identified in our NMD cohort (i) and the pattern of inheritance (ii). Heterozygous variants for which

segregation or family history was not available are labeled as unknown dominanta. bTrinucleotide repeat disorder testing was conducted in a

diagnostic genetic laboratory. cNote the digenic inheritance count includes the unconfirmed TP63/DMPK family addressed in Figure 1. (B)

Proportion of families diagnosed by exome sequencing alone or exome sequencing and additional investigations (+ Other) stratified by the variant

types identified. (C) Venn diagram of additional investigations required for diagnosis post-exome. aIncludes one case which underwent RNA

studies, protein studies, and MLPA. AD, autosomal dominant; CGH, comparative genomic hybridization; ES, essential splice-site; MLPA, multiplex

ligation-dependent probe amplification.

1256 ª 2024 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Genome and RNA-Seq boost NMD diagnoses to 62% R. G. Marchant et al.



ª 2024 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1257

R. G. Marchant et al. Genome and RNA-Seq boost NMD diagnoses to 62%



cell and animal models of disease and 52 months of multi-

disciplinary research.45 Seven novel phenotypes (4�6%; 7

out of 152) for known human disease genes which expand

the published clinical spectrum were also identified in the

cohort and are outlined in Figure 2.46–52

Diagnoses involving splice-altering variants
(36% diagnoses) were nine times more
common than novel disease genes (4%
diagnoses)

Splice-altering and structural variants in known NMD genes

constitute 28�4% of causal variants (63 out of 222;

Figure 3Ai) underpinning diagnoses for 36�2% (55 out of

152) of solved families, due to the prevalence of biallelic

recessive NMDs (61�2%; 93 out of 152; Figure 3Aii). To

account for ascertainment bias since 2018 due to our expand-

ing expertise with splicing variants, scrutiny of our pre-2018

NMD cohort shows splicing variants underpin 30�1% (40

out of 133) of diagnoses. Further, 2 out of 6 (33%) families

with diagnoses involving novel disease genes had one or more

causal splice-altering and/or structural variant(s).

96% of identified splice-altering variants
were detected above SpliceAI delta
score 0.1

Given the high proportion of splicing variants in our

cohort, we evaluated the optimal SpliceAI delta score for

use as a screening tool. Analysis of SpliceAI scores for all

rare segregating variants in 606 known NMD genes for 50

cases shows a delta score ≥0�1 captures 96% causal

splice-altering variants (Fig. 4B–D, Case 35 the exception

[see Table S1]) while yielding a manageable average num-

ber of 4�8 noncausal variants above this threshold per

case, for further prioritization. We therefore recommend

a SpliceAI43 delta score threshold of ≥0�1 as a pragmatic,

high sensitivity cutoff, to assist curation of splice-altering

variants (Fig. 4C,D).

Post-exomic auxiliary studies required for
diagnosis in 45% of solved families

Exomic sequencing (targeted NMD panel or exome) diag-

nosed 54�6% (83 out of 152) of solved families with

causal coding or essential splice-site variants. The remain-

ing 45�4% (69 out of 152) diagnoses required RNA or

protein studies and/or genome sequencing (Fig. 3B,C;

Table 1). For the 59�8% (91 out of 152) of solved families

with coding variants only, 23 out of 91 required at least

one auxiliary investigation beyond exomic sequencing;

most commonly RNA studies to test splice-altering

impact. For the 38�8% (59 out of 152) of families with at

least one splicing or structural variant in a known NMD

gene, 44 required additional investigations while 15 car-

ried essential splice site variants and were classified as

pathogenic without further functional evidence (based on

pathogenic very strong criteria52). Among 37 (likely)

causal extended splice site variants, only one was reported

without RNA studies (muscle biopsy unavailable) and it

remains a VUS.

Contemporary exomic sequencing would
diagnose ~65% of solved families

Over the last decade, new genes associated with NMD

presentations have been dynamically incorporated into

NMD gene panel lists.8 The current version of the Austra-

lian targeted-capture NMD panel (PathWest, Table S2) or

exome sequencing, capturing 50 nt of the flanking intron,

Figure 4. Trio genome sequencing data filters out highly scored but noncausal findings from in silico splicing analyses. (A) Deployment of

FRASER to identify splicing outliers in 3 families with RNA-Seq data available. Analyzing statistically significant splicing outliers identified by

FRASER using the recommended thresholds (range 25–55 outliers per sample/case; adjusted p-value <0.05 & effect-size/delta-psi ≥0.3) alongside

genomic sequencing data was essential to reduce the large number of noncausal findings. In practice, by confirming the presence of a rare (allele

frequency <0.1 and number of alternate allele homozygotes <5), segregating variant identified by genome sequencing proximal (�250 nt) to a

splicing outlier all but two splicing outliers across the three families were excluded, substantially reducing the time required to manually validate

candidate outliers (in Integrative Genomics Viewer30). (B) Number of variants identified in genome sequencing data across all genes using SpliceAI

delta score of ≥0.1 as threshold for a prediction of splice-altering outcomes in the same three families as in S1a. Inclusion of trio segregation data

reduced noncausal predicted-splice-altering variants by greater than 10-fold. (C) Segregating rare variants from exome or genome data for 50

solved families with SpliceAI maximum delta scores ≥0.1. On average, families had 4.8 rare (allele frequency <0.1 & number of alternate allele

homozygotes <5), noncausal predicted-splice-altering rare segregating variants in known NMD genes (n = 606). Searches were conducted in each

family using the segregation of the known causal variant. For compound heterozygous recessive noncausal predicted-splice-altering variants,

confirmation of a second rare variant in trans was not sought. Therefore, 4.8 noncausal predicted-splice-altering segregating variants per family is

likely an overestimation. (D) Receiver-operator characteristic curve showing a SpliceAI maximum delta score threshold of ≥0.1 results in a

sensitivity of 96% for the detection of splice-altering causal variants in the 50 solved families in S1c. Poor performance across the precision-recall

curve is indicative of the high number of noncausal segregating variants predicted to be splice-altering by SpliceAI.
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would detect (but not definitively classify) the causal

variant(s) in 87.5% (133 out of 152) of families, and

diagnose 65.8% (100 out of 152) of families; due collec-

tively to iterative expansion of NMD genes in the panel,

improved coverage of coding and near-coding intronic

sequences (~50 nt flanking each exon), improved copy

number variant calling and improved bioinformatic map-

ping methods to identify variants within TTN and NEB

triplicated repeat regions.9 Variants in only 19 out of 152

solved families would remain undetected; 8 due to the

genes not yet being covered by the panel and 11 due to a

deep intronic variant >50 nt into the intron (5 families;

intronic depth range 151–30954 nt), a complex structural

variant (5), or a short tandem repeat expansion (1).

Discussion

This study retrospectively evaluates diagnostic outcomes

of different MPS modalities deployed over 2012–2021 for

247 NMD families who remained genetically undiagnosed

by contemporary genomic diagnostics of the time. Exome,

genome, transcriptome, and protein studies collectively

diagnosed 61�5% (152 out of 247) of referred families.

Targeted NMD panel or exome sequencing (capturing 50

intronic nucleotides at the exon-intron junction)

deployed today would detect ~87% of causal variants,

including 75% of identified splicing and structural vari-

ants. Auxiliary studies were required for 45�4% (69 out of

152) diagnoses, primarily to resolve the functional impact

of splicing or structural variants and/or to demonstrate

reduced levels and/or altered size of the encoded protein

(Fig. 3C). For a small subset of cases, auxiliary studies

were performed to exclude other possible candidate vari-

ants, and/or to support likely pathogenicity of novel dis-

ease genes. Variants disrupting pre-mRNA splicing

account for more than one-third of diagnoses and exceed

novel disease gene discovery by 9:1.

Phenotype-driven deeper scrutiny of known associated

genes was a cornerstone behind many diagnoses. For

example, for 14 cases with exomic detection of a single

variant in a phenotypically concordant, recessive NMD

gene (“single hit”)—the second pathogenic variant was

identified by microarray (in an external diagnostic labora-

tory) (2 out of 14) or genome sequencing and/or RNA

Table 1. Diagnostic outcomes from additional studies post-exomic sequencing.

Post-exome

investigation Outcome from additional studies

No. of

families

% of diagnosed

families

% required for

diagnosis

Protein studies Identified reduced levels, activity or altered size of protein 27 18�4%
(n = 28/152)

96%

(n = 27/28)No meaningful contribution to date 1

RNA studies Demonstrated aberrant splicing from variant/s 34 34�9%
(n = 53/152)

86%

(n = 46/53)Excluded aberrant splicing from coding variant/s 6

Confirmed structural variant at transcript level 4

No meaningful contribution to date 9

Genome sequencing Identified causal deep intronica variant/s 5 17�1%
(n = 26/152)

73%

(n = 19/26)Identified causal extended splice site variant/s 3

Identified structural variant 6

Variant/s was present in exome but missed during analysis 3

Variant/s identified due to better coverage than exome 2

Variant/s confirmed as mosaic by genome 1

Variant/s in novel gene not reported until after genome 1

Used to exclude other candidate genes and/or variant/s 5

Other Sanger sequencing identified variant/s missed by exome 1 8�6%
(n = 13/152)

100%

(n = 13/13)Sanger sequencing demonstrated variant/s was mosaic 1

Structural variant identified by MLPA (3) or CGH array (3) 6

DMPK trinucleotide repeat disorder identifiedb 1

FSHD testing positive 3

Repeat expansion in FXN intron 1 1

Post-exome investigations and outcomes for variant interpretation. The second to last column denotes the percentage of all diagnosed families

subject to each investigation. The final column depicts the proportion of investigations that informed or assisted diagnosis, based on our expert

opinion. Note that families undiagnosed after exome underwent on average 1.5 additional investigations, thus, families have been counted multi-

ple times in this table.

CGH, comparative genomic hybridization; FSHD, facioscapulohumeral muscular dystrophy; MLPA, multiplex ligation-dependent probe

amplification.
aDeep intronic variant ≥50 nt from intron-exon junction.
bVia bioinformatic analysis of genome/exome sequencing.
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studies (12 out of 14). Further, for 7 exome-negative

cases involving 11 affected males with suspected dystro-

phinopathy (persistently elevated creatine kinase, myalgia,

with or without weakness), we identified structural and

splice-altering variants in DMD via genome (6 out of 7)

and RNA-Seq (1 out of 7).23

Building on evidence-based outcomes from our large

NMD cohort, Figure 5 provides our expert team’s best

recommendation on how and when to deploy genome

sequencing, RNA, and protein studies in different con-

texts. We recommend starting either with a targeted

NMD gene panel or exome sequencing, depending on

regional availability and pretesting clinical hypotheses, in

accordance with the different strengths of each technique.

A targeted NMD panel provides increased coverage for

improved copy number variation and mosaic variant

detection, due to the approximately sixfold reduction in

the number of genes.9 Alternatively, exome sequencing

enables stepwise interrogation of known NMD genes, fol-

lowed by other Mendelian genes which is expressly useful

when the phenotype involves global developmental fea-

tures in addition to neuromuscular involvement.

We acknowledge that many clinical departments do

not have access to laboratory support for immunostain-

ing, western blot, or functional assays to resolve pathoge-

nicity of VUS described within our Figure 5 algorithm.

However, RNA diagnostics is emerging onto the diagnos-

tic horizon and is likely to become increasingly available.

RNA studies as a single adjunct investigation gives the

greatest incremental increase in diagnostic yield from

34% to 42%: our maximal current diagnostic yield of

62% required a combination of additional genomic

sequencing, RNA and/or protein-based investigations.

As a molecular diagnosis rests on a segregating DNA

variant, one requires both gDNA and RNA sequencing

information to identify, and confirm the pathogenicity of,

splice-altering variants. The tricky part is deciding which

test to conduct first. Singleton genome sequencing is

often informative for consanguineous or X-linked reces-

sive pedigrees. However, singleton genome is rarely infor-

mative for non-consanguineous recessive pedigrees, which

are most likely to be compound heterozygous (74% of

autosomal recessive families in our cohort; 69 out of 93;

Figure 3Ai), or de novo dominant pedigrees, due to great

challenges in identifying de novo variants and in filtering

intronic variants. In our laboratory, the specificity of the

phenotype for “single hit” or “exome negative” cases (see

Fig. 5) guides our testing strategy. For cases involving a

phenotype highly specific for a genetic condition associ-

ated with only one or a few genes, especially when

another diagnostic test is strongly indicative of that

genetic disorder, we recommend singleton genome

sequencing with targeted curation of the gene(s)

associated with this condition (significantly lower cost

than whole genome curation), combined with, or fol-

lowed by, RNA testing of an appropriate biospecimen (as

determined via guidelines in25) and segregation studies.

Even if a variant is not identified by genome sequencing,

we recommend conducting RNA testing to exclude any

abnormalities in the strongly associated candidate

genes(s), due to known shortcomings in short read

sequencing alignment, particularly for structural variants,

as we discuss further below. For less specific phenotypes

with high genetic heterogeneity, we recommend whole

genome sequencing with curation of all NMD genes as

the better first step.

Our experience utilizing FRASER (Find Rare Splicing

Events in RNA-Seq; v1.0.2)53 to identify splicing outliers

from muscle RNA-Seq was technically and resource inten-

sive and likely beyond the capacity of most clinical diag-

nostic laboratories. For example, running FRASER for 26

samples took 4 days super-computing time and ~ 8 h per

case of subsequent processing on a standard computer

prior to analysis of the reported data. The scale of the

reported output is typically too large to interpret without

first filtering for splicing outliers proximal to (� 250 nt)

a segregating, rare variant identified by genome sequenc-

ing (see three example families in Fig. 4A). Though vari-

ant calling from RNA-Seq is reported by others,57 we

have had limited success with this approach, consider it

too unreliable for variant calling in a diagnostic context

and recommend genomic sequencing. Our opinion is that

agnostic interrogation of transcriptomic RNA-Seq data is

currently most effective when it is possible to filter for

splicing outliers that lie proximal to a rare variant (identi-

fied first via genome sequencing).

Due to the high rate of novel disease gene discovery,

we concordantly advocate diagnostic benefits of annual or

bi-annual re-analysis of available sequencing data for

undiagnosed probands using updated gene lists.18 For

cases sequenced on early exome platforms, or platforms

with low coverage of some NMD genes, or pipelines that

did not capture (or assess) 50 intronic nucleotides, exo-

mic re-sequencing is a worthwhile consideration. Novel

disease discovery is being enhanced substantially by aggre-

gation of genotype/phenotype data from affected families

through international collaboration, such as the Match-

maker Exchange,58 and with the increase in MPS and data

sharing, the ability to identify and characterize novel dis-

ease genes is likely to improve.7,17

There are important caveats in short-read sequencing

that must be acknowledged. Repetitive regions of the

genome, including those involved in repeat expansion dis-

orders, remain elusive and are common causes of NMDs

that require considered testing beyond the algorithm in

Figure 5. So too, short-read sequencing cannot always
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Figure 5. Proposed diagnostic algorithm for neuromuscular disorders. Our recommendation for genomic testing in neuromuscular disorders

(NMD) begins with a high coverage, targeted-capture NMD panel or exome sequencing interrogated for a regularly updated list of NMD disease

genes. Depending on whether candidate variants are found in a phenotypically concordant genea, further resolution of VUSb or finding a second,

likely-splice altering or structural variant through gDNA sequencingc or microarrayd, may be necessary. When no candidate variants are detected

from the initial screen, trio exome sequencing is only recommended when the presentation suggests other multi-system abnormalities, with the

potential for a causal gene not covered on an NMD panele. Instead, we recommend genome sequencing; singleton for X-linked or

consanguineous pedigrees, and trio genome for suspected autosomal recessive or de novo dominant pedigreesf. From either the panel, exome, or

genome branches of the algorithm, variants are divided into suspected splice-altering (SpliceAI delta score ≥0.1) or not (≤0.1) and functional

studies conducted as detailed. We acknowledge that immunostaining, western blot, or functional assays to resolve pathogenicity of VUS are

services not available to most tertiary centers. However, RNA testing is likely to become increasingly available over the next 5 years. Our previous

work outlines clinically endorsed strategies for RNA testing.25 Due to the complexity of RNA and known caveats with alignment of short

sequencing reads, we recommend confirming all reportable findings detected by RNA-Seq by RT-PCR.25 This algorithm provides a comprehensive

interrogation of massively parallel sequencing data for coding, splicing, and structural variants in NMD. AR, autosomal recessive; CNV, copy

number variant; FSHD, facioscapulohumeral muscular dystrophy; LP/P, likely pathogenic/pathogenic; NMD, neuromuscular disorder; RT-PCR,

reverse transcription PCR; STR, short tandem repeat; SV, structural variant; VUS, variant of uncertain significance.
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identify, align reads to, or resolve the specific nature of,

structural variants.59 Stranded sequencing protocols pre-

sent a substantial advantage over non-stranded protocols

for observing abnormalities in read orientation within a

strongly associated disease gene. Most of our structural

variants were identified only via manual, targeted scrutiny

of a suspected causal gene, with soft-clipped reads in the

genomic and/or transcriptomic data sometimes the only

hallmark. Resolving the structural variant was often a

complex, manual process, moving iteratively back and

forth between RT/PCR and short-read gDNA and RNA

sequencing data. We believe that long-read sequencing is

likely to play an important role in future diagnostic algo-

rithms for neuromuscular disorders, as has been demon-

strated by resolving structural variants60,61 and short

tandem repeats.62 Orthogonal structural variant calling

approaches including optical genome mapping may also

be considered for future adoption.63

Splice-altering and structural variants may be particu-

larly prevalent in NMDs due to the long length and high

number of exons present in common NMD associated

genes such as DMD, TTN, NEB, RYR1, and myosins. Two

previously published cohorts of exome-negative NMD

cases subject to RNA-Seq similarly report ~30–35% causal

splice-altering or structural variants.19,21 Our collective

findings suggest it is highly likely that DNA variants that

alter pre-mRNA splicing are a common basis for disease

among our remaining 95 out of 247 exome-negative fami-

lies, including in novel disease genes we are yet to iden-

tify, and therefore our current research is focused upon

genomic sequencing and/or RNA studies for 19 out of 95

families prioritized based on a severe presentation in

childhood and at least one specimen available for RNA

studies. The considerable number of variants altering pre-

mRNA splicing in our cohort is particularly relevant given

the growing application of precision splice-switching

oligonucleotide therapeutics. We also recognize the

possibility that some undiagnosed families may have neu-

romuscular conditions with a nongenetic or polygenic

etiology.

Our study demonstrates that the incorporation of addi-

tional genome, transcript, and protein investigations after

exomic sequencing can substantially augment diagnostic

yield in NMDs from 40% to >60%.

Massively parallel sequencing in NMDs has accelerated

discovery of novel NMD genes, improved detection of

pathogenic structural variants, and transformed our abil-

ity to detect pathogenic splice-altering variants. With

splice-altering and/or structural variants so prevalent

among our diagnosed families, our overarching message

is a simple one: “go back to the gene(s) where you think

the problem is and have a really good look.” Good clinical

phenotyping followed by scrutiny of all coding and non-

coding rare genetic variation in phenotypically consistent

genes will be key to enhancing diagnostic yield in NMD.

We hope that our evidence-based diagnostic algorithm,

devised from lessons learned and diagnostic outcomes

from a decade of MPS testing in NMDs, may provide a

practical guide for NMD clinicians as they prospectively

negotiate emerging access to genome and transcriptome

sequencing, to maximize diagnostic yield in NMDs to

60% or more.
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