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Neuromuscular disease genetics in under-
represented populations: increasing data
diversity
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Neuromuscular diseases (NMDs) affect ~15 million people globally. In high income settings DNA-based diagnosis has
transformed care pathways and led to gene-specific therapies. However, most affected families are in low-to-middle
income countries (LMICs) with limited access to DNA-based diagnosis. Most (86%) published genetic data is derived
from European ancestry. This marked genetic data inequality hampers understanding of genetic diversity and hin-
ders accurate genetic diagnosis in all income settings. We developed a cloud-based transcontinental partnership
to build diverse, deeply-phenotyped and genetically characterized cohorts to improve genetic architecture knowl-
edge, and potentially advance diagnosis and clinical management.
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We connected 18 centres in Brazil, India, South Africa, Turkey, Zambia, Netherlands and the UK. We co-developed a
cloud-based data solution and trained 17 international neurology fellows in clinical genomic data interpretation.
Single gene and whole exome data were analysed via a bespoke bioinformatics pipeline and reviewed alongside clin-
ical and phenotypic data in global webinars to inform genetic outcome decisions.

We recruited 6001 participants in the first 43 months. Initial genetic analyses ‘solved’ or ‘possibly solved’ ~56% pro-
bands overall. In-depth genetic data review of the four commonest clinical categories (limb girdle muscular dystrophy,
inherited peripheral neuropathies, congenital myopathy/muscular dystrophies and Duchenne/Becker muscular
dystrophy) delivered a ~59% ‘solved’ and ~13% ‘possibly solved’ outcome. Almost 29% of disease causing variants
were novel, increasing diverse pathogenic variant knowledge. Unsolved participants represent a new discovery cohort.
The dataset provides a large resource from under-represented populations for genetic and translational research.

In conclusion, we established a remote transcontinental partnership to assess genetic architecture of NMDs across di-
verse populations. It supported DNA-based diagnosis, potentially enabling genetic counselling, care pathways and eli-
gibility for gene-specific trials. Similar virtual partnerships could be adopted by other areas of global genomic
neurological practice to reduce genetic data inequality and benefit patients globally.
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Introduction

Neuromuscular diseases (NMD) affect an estimated 15 million chil-
dren and adults globally.’ They cause shortened life expectancy or
chronic lifelong disability with personal and economic impact.
Although individually rare, collectively they account for approxi-
mately ~20% of all non-infectious neurological diseases. In
low-to-middle income countries (LMICs), NMD prevalence and inci-
dence are under-reported, as diagnosis is limited to a few specialist
centres which may be geographically distant from much of the eli-
gible population.

In high-income settings, improved diagnostics, especially gen-
etic analysis, have delivered important advances in patient care
pathways. Many interventions enabled by an accurate DNA-based
diagnosis are relatively inexpensive, including genetic counselling,
tailored application of widely-available medicines, screening for
known complications (e.g. cardiac, respiratory, gastroenterological,
metabolic) and physiotherapy. Genetic advances have also led to
new advanced therapies, for example RNA targeting approaches
(for spinal muscular atrophy, SMA) and AAV-mediated gene ther-
apies or trials for SMA and Duchenne’s muscular dystrophy
(DMD).>?

A key challenge to realizing DNA-based diagnostic benefits for
patients in LMICs is that ~86% of published genomic studies are de-
rived from populations of primarily European ancestry, and
non-European populations are under-represented in control data-
bases.* Knowledge of genetic diversity outside European popula-
tions is limited.”” Improved understanding of NMD distribution
and associated phenotypic and genetic variability requires a large,
diverse, accurately-phenotyped cohort of patients and families
with linked genetic data. Additional cohort benefits include gener-
ating allele frequency data for under-represented populations to
aid variant classification, and potential to connect participants to
clinical trials and novel therapies.

Here we describe our approach and genetic results in setting up
a NMD genomic medicine partnership across 18 centres spanning
seven countries.

Materials and methods

The International Centre for Genomic Medicine in Neuromuscular
Diseases (ICGNMD) was launched in June 2019 and is ongoing.
Partner sites (Supplementary Table 1) established aligned,
locally-approved studies to recruit NMD patients and relatives to
aninternational cohort and share materials and data in full compli-
ance with all ethics and legislation (for further details about ethics
and data storage and sharing see the Supplementary material). The
inclusion criterion for participants was a suspected inherited
neuromuscular disease clinically diagnosed by a trained clinical

neurologist, or being a close relative. Participants with a local gen-
etic diagnosis could be included, or unsolved local whole exome se-
quencing (WES) data reanalysed. UK partner sites may also recruit
participants (typically with existing genetic test data) living in the
UK; however, this paper considers only participant data from
low-to-middle income partner sites.

The international regulatory and ethics landscape is complex
and securing all regulatory and ethical approvals to balance
data and material accessibility with patient rights was highly
challenging and required the nuanced input of experienced local
teams.

Building future genomics medicine capacity was crucial to all
partners realising precision medicine benefits. Therefore, 17 fel-
lows were appointed to support recruitment, data entry and results
interpretation. Twelve were based in LMICs and all are pursuing
their careers locally. Fellows were assigned one LMIC Principal
Investigator (PI) and one UK PI for mentorship and capacity build-
ing; supervision ran alongside regular remote training and data in-
terpretation and was considered highly effective by both fellows
and PIs.

In-person face-to-face study induction training of all neurology
fellows focused on standardized data entry to the ICGNMD REDCap
database,® including Human Phenotype Ontology (HPO) terms,’
standard clinical assessment scales and summary genetic data
(for database instrument, see the Supplementary material), fol-
lowed by regular online refresher training. As not all sites could ac-
cess all investigations (e.g. MRI often unavailable), the only
mandatory data entries were: proband or relationship to proband,
diagnostic category (provisional clinical diagnosis), sex, age at re-
cruitment and positive and negative HPO terms. Repeat measure-
ments (e.g. blood creatine kinase) and progression indicators
could be recorded but the study was primarily cross-sectional, re-
flecting challenges of re-evaluating participants who may struggle
to travel to clinics.

After consent and data collection, international, remote expert
group ‘genetic analysis decision’ meetings discussed the most ap-
propriate initial genetic analysis. These meetings, attended by all
PIs, also served as a Fellows’ training forum. Clinical phenotype
and any investigational data underpinned the decision to apply
specific single gene tests (e.g. MLPA for SMA) or WES
(Supplementary material), with optional genotyping arrays to de-
tect large structural or copy number variation and/or for linkage
analysis. Testing was typically proband first, and extended to rela-
tives if needed and/or available (Fig. 1). Partners in Brazil, South
Africa and Zambia sent DNA to the UK; however, partners in
India and Turkey generated pseudonymized raw data to agreed
standards and shared this for centralized analysis.

€202 Jaquieoa(] g| uo Jasn a)iseomaN Jo AlsieAlun Aq 6G2€€2/2/8605/Z1 /9t L /ojonie/ueld/woo dno olwapeoe//:sdiy woll papeojumo(


mailto:m.hanna@ucl.ac.uk
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad254#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad254#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad254#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad254#supplementary-data

The ICGNMD consortium

BRAIN 2023: 146; 5098-5109 | 5101

Participant consent and
recruitment

Phenotypic and clinical
details in database

Sample collection ]

International review:
genetic test decision

Sample transfer to UK
OR local test site

Genetic test

Single genee.g.
Repeat disorder
PCR
MLPA (SMA,
DMD)
Southern Blot
(FSHD)

Genetic test ]«

Raw data secure transfer to ]
UCL

Automated ICGNMD report ]

International review: results ]

Proband
WES/WGS

‘SOLVED’ for research
purposes: final report

‘UNSOLVED’
next test / pause

Family
WES/WGS

[ Collaborations, Publications J
¥

Archive and share via
Data Access Committee after
moratorium

Figure 1 ICGNMD workflow with key nodes for international discussion at genetic analysis decision and results review. ICGNMD Fellows’ training
spans this pathway. DMD = Duchenne muscular dystrophy; FSHD = facioscapulohumeral muscular dystrophy; MLPA = multiplex ligation dependent
probe analysis; SMA = spinal muscular atrophy; WES = whole exome sequencing; WGS = whole genome sequencing.

Single gene test (SGT) results were reviewed by trained staff at
ICGNMD partner sites. Raw WES data were analysed via a common
bioinformatics pipeline (Supplementary material), with ICGNMD
Fellows supported to interpret and present genetic results. WES can-
didate variant prioritization followed a modified protocol developed
by the 100 000 Genomes Project.’ Initial analysis focused on variants
with a minor allele frequency of of <0.01 (autosomal recessive inher-
itance) and <0.001 (autosomal dominant inheritance) within a sub-
set of genes present in expertly reviewed gene panels (https:/
panelapp.genomicsengland.co.uk/) aligning to the participant HPO
terms and phenotype. If no significant genetic variants were re-
ported, extended pipeline analyses (structural and copy number,
mitochondrial, repeat expansion, de novo) were applied. To maxi-
mize reproducibility, open-source and well maintained software
tools and databases were implemented.’'? Given their relatively
limited non-European ancestry data and lack of subpopulation reso-
lution, e.g. for specific Indian and African ethnicities, we supplemen-
ted large-scale population data resources including gnomAD"® with
additional allele frequency data generated in local populations ***®
and the growing ICGNMD in-house dataset.

Prioritized variants were reviewed, and potentially causative
variants were classified using American College of Medical
Genetics (ACMG) criteria.’ The outcome was classed as ‘solved’
where pathogenic/likely pathogenic variant(s) were identified and
fitted with the phenotype (two variants/homozygous in recessive
disorders). The outcome was classed as ‘possibly solved’ if there
was a strong candidate variant (two variants/homozygous reces-
sive disorders) based on population frequency (<0.01% frequency),

bioinformatic predictions and clinical phenotype, but at least one
variant was classified as a variant of uncertain significance (VUS)
according to ACMG criteria. Where further manual curation was
performed for subgroups of disease categories, rare variants con-
sidered relevant for each proband were reviewed against
gnomAD, ClinVar, DECIPHER, VarSome, PubMed and Google to as-
certain if previously reported. Variants were classified as ‘novel’ if
absent from all these sources.

Results

Despite the SARS-CoV-2 pandemic, we established a phenotyping,
genetic analysis and data sharing platform connecting centres
across Brazil, India, Netherlands, South Africa, Turkey, UK and
Zambia. We developed remote training and global webinars to dis-
cuss participants and supported decision-making for genetic ana-
lysis and result interpretation. As of January 2023, 6001
participants (including 3631 probands) had consented and provided
DNA (Supplementary Table 2). The majority were in India (3578 par-
ticipants, 60% of the total), followed by Brazil (979 participants,
16%), South Africa (737 participants, 12%), Turkey (578 participants,
10%) and Zambia (129 participants, 2%). The cohort included 337
(9% probands) participants ‘locally genetically solved’ or with exist-
ing genetic data to review at study start. The majority (3294, 91%) of
participants had no previous genetic test.

Sixty-five per cent of participants were male, 35% female. The
median age at proband recruitment was 26 years of age with 35%
of the cohort aged 18 or under (Supplementary Fig. 1). Using 1000
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Genomes populations as a background for ancestry estimation,
82% of individuals tested by WES were of non-European ancestry
(Supplementary Fig. 2). Based on current recruitment, we esti-
mate cohort size will exceed 10 000 at Year 5 end; June 2024.

Phenotypic spectrum

We recruited a people with a broad range of NMDs (Fig. 2 and
Supplementary Table 3). Total recruitment to mid-January 2023
by initial clinical diagnosis included 18.1% limb girdle muscular
dystrophy (LGMD), 15.5% genetic peripheral neuropathies (PN),
9.4% congenital myopathy or congenital muscular dystrophy (CM/
CMD) and 8.6% Duchenne muscular dystrophy or Becker muscular
dystrophy (DMD/BMD). Other categories each contributed less than
7%. The four most common NMD categories were in line with those
reported by centres worldwide.

Genetic data results

We report 978 new genetic analyses (including 547 proband WES
and 274 proband SGTs) by January 2023, following the process in
Fig. 1. Fifty per cent of probands receiving a SGT were solved
(Supplementary Table 4). The first proband WES data review iden-
tified 223 (41%) variants to ‘solve’ and 83 (15%) variants to ‘possibly
solve’ participants’ NMDs (combined WES solved/possibly solved
rate 56%). Single gene tests and WES combined yielded 43.8%
‘solved’ outcomes. Below are genetic summary data following in-
depth review of proband single gene test and WES results for the
four clinical diagnostic categories with highest recruitment levels
(PN, LGMD, CMD/CM and DMD/BMD) to demonstrate project value
at Year 4 stage. These categories combined represent 1875 of 3631
study probands (51.6% of cohort) and 340 of 547 (62%) exomes avail-
able in January 2023, plus 182 single gene tests.

Genetic peripheral neuropathies

One hundred and eighty-one participants with a presumed genetic
peripheral neuropathy were analysed (114 Brazilian, 16 Indian, 51

L. A. Wilson et al.

South African). Single gene tests in 80 probands had a diagnostic
yield of 54% (43/80) [GJB1 (26 participants; 32.5%), PMP22 duplication
(14 participants; 17.5%), FXN (two participants; 2.5%), PMP22 dele-
tion for HNPP genetic diagnosis (one participant; 1.25%)]. All but se-
ven probands with a negative SGT had WES afterwards. WES in 131
probands yielded 40 (31%) solved, 28 (21%) possibly solved and 63
(48%) unsolved outcomes. Combined diagnostic yield (solved) of
SGT and WES was 46% (83/181) with 15% (28/181) classified as pos-
sibly solved (Fig. 3A). Combined solved outcomes involved 27 genes
(Fig. 3B), with GJB1, PMP22 duplication and MFN2 most common
across 29 (16%), 14 (8%) and four (2%) participants, respectively.
Most common WES-identified variants were in genes MFN2 (four
participants, 3%), G/B1 (three participants, 2.3%), MPZ (three partici-
pants, 2.3%), PRX (three participants, 2.3%) and SH3TC2 (three parti-
cipants, 2.3%). Twenty-two novel genetic variants (13 pathogenic/
likely pathogenic, nine VUS) were identified in 19 genes (Table 1).

Congenital myopathies and muscular dystrophies

One hundred and seven probands underwent WES (72 South
African, 22 Turkish, 10 Brazilian, three Indian), with 57 (53%) pro-
bands solved (16 genes), 20 (19%) possibly solved (18 genes) and 30
(28%) unsolved (Fig. 3A). Diagnostic yield (‘solved/possibly solved’
outcomes) varied between 0 and 60% across populations. STAC3
(28), RYR1 (8) and COL6A2/3 (5) were the most common genes in
solved probands (Fig. 3B). Twenty-one novel genetic variants (12
likely pathogenic, nine VUS) were identified in 14 genes (Table 2).

Limb girdle muscular dystrophies

Eighty-five probands underwent WES (47 Indian, 13 Turkish, 11
Brazilian, 12 South African, two Zambian) with 37 (44%) patients
solved (16 genes), 14 (16%) possibly solved (12 genes) and 34 (40%)
unsolved (Fig. 3A). DYSF (10), CAPN3 (9) and GNE (3) were the most
common genes in solved probands (Fig. 3B). Fifteen novel genetic
variants (7 pathogenic/likely pathogenic, 8 VUS) were identified in
10 genes (Table 3).

Recruitment by clinical diagnosis and country

Limb girdle muscular dystrophy
Genetic peripheral neuropathy
Complex phenotype

Congenital MD or myopathy
DMD or Becker MD

FSHD

Mitochondrial disease

Spinal muscular atrophy
Congenital myasthenic syndrome
Distal myopathy

Genetic motor neuron disease
Metabolic myopathy

Myotonic dystrophy type I
Skeletal muscle channelopathy
Adult onset myopathy

o

100
H Brazil ®S Africa

200

Turkey

300 400

India ™ Zambia

500 600 700

Figure 2 Recruitment across clinical diagnostic categories in REDCap by country of recruitment. Blue = Brazil; grey = Turkey; light blue = Zambia; red =
South Africa; yellow = India. DMD = Duchenne muscular dystrophy; FSHD = facioscapulohumeral muscular dystrophy; MD = muscular dystrophy.
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Figure 3 Genetic analysis outcomes. (A) Outcome in peripheral neuropathies (PN), limb girdle muscular dystrophy (LGMD), congenital myopathy/con-

genital muscular dystrophy (CM/CMD) and Duchenne muscular dystrophy/Becker muscular dystrophy (DMD/BMD) cohorts. (B) Genetic composition of

(i) genetic PN; (ii) LGMD; and (iii) CM/CMD ‘solved’ cohorts showing the number of probands with variants detected in each named gene. PMP22 del =
PMP22 gene deletion; PMP22 dup = PMP22 duplication; PMP22 pm = PMP22 point mutation.
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Table 1 Novel genetic variants identified in the genetic
peripheral neuropathy (neuropathy) cohort

L. A. Wilson et al.

Table 2 Novel genetic variants identified in the congenital
myopathy/congenital muscular dystrophy (CM/CMD) cohorts

Disease Gene Variant ACMG

category symbol classification

Neuropathy  SBF2 ENST00000256190.13: Pathogenic
c.2100+1G>A

Neuropathy  NEFL ENST00000610854.2: Pathogenic
c.796G>T

Neuropathy  HSPB1 ENST00000248553.7: LP
c.504del

Neuropathy  SH3TC2 ENST00000504517.5: LP
c.321G>A

Neuropathy IGHMBP2 ENST00000255078.8: LP
C.449+2T>A

Neuropathy = GAN ENST00000648994.2: LP
¢.280C>T

Neuropathy = MPZ ENST00000463290.5: LP
€.620_623dup

Neuropathy  PMP22 ENST00000312280.9: LP
c.448_449delGGinsTT

Neuropathy  NEFL ENST00000610854.2: LP
€.65_68delCCCGinsT

Neuropathy  VRK1 ENST00000216639.8: LP
c.1012A>T

Neuropathy = MPV17 ENSTO00000233545.6: LP
c.176_181del

Neuropathy PRX ENST00000324001.8: LP
€.1560_1562del

Neuropathy  PMP2 ENST00000256103.3: LP
c.19G>C

Neuropathy  MPZ ENST00000463290.5: vus
c.212A>G

Neuropathy = MPZ ENST00000672602.2: Vvus
c.772C>G

Neuropathy ATP7A ENST00000341514.11: vus
€.2083C>T

Neuropathy = SCN11A ENST00000302328.9: Vvus
c.1101G>T

Neuropathy  AIFM1 ENST00000287295.8: Vus
c.512T>C

Neuropathy ATL1 ENST00000358385.12: vus
c.1208G>C

Neuropathy KIF1A ENST00000648047.1: vus
€.368A>G

Neuropathy = KMT2C ENST00000262189.11: Vus
¢.1013C>T

Neuropathy  MPZ ENST00000672602.2: vus
c.772C>G

ACMG = American College of Medical Genetics; LP = likely pathogenic; VUS = variant
of uncertain significance.

Multiplex ligation probe amplification (MLPA) test for dystrophin
(DMD) gene deletions and duplications is relatively accessible in
partner sites with the exception of Zambia; enabling strong ‘already
solved’ ICGNMD participant recruitment for DMD and BMD to com-
bine with new data. DMD MLPA data for 102 probands (94%) were
reviewed, plus 17 ICGNMD exomes across a total of 108 probands
(64 Indian, 41 South African, three Brazilian). One hundred and
six (98%) patients were solved (81 DMD, 23 BMD, two symptomatic
female carriers) and two (2%) unsolved after both MLPA and WES.
Diagnosis came from DMD MLPA in 91 (86%) and WES in 15 (14%)
solved outcomes (Fig. 3A). In the solved cohort, 85 (80%) patients

Disease Gene Variant ACMG

category symbol classification

CM/CMD NEB ENSTO00000397345.8: LP
¢.17502_17510dup

CM/CMD LAMA2 ENSTO00000421865.3: LP
Cc.4127T>A

CM/CMD RYR1 ENSTO00000355481.8: LP
c.6175_6187del

CM/CMD MSTO1 ENSTO00000245564.2: LP
c.1678C>T

CM/CMD PIEZ02 ENST00000302079.10: LP
c.1345C>T

CM/CMD PIEZ02 ENST00000302079.10: LP
¢.5082+2T>C

CM/CMD CHCHD10 ENSTO00000484558.2: LP
€.262-1_262dup

CM/CMD MMF ENSTO00000304593.14: LP
Cc.744+1G>A

CM/CMD NEB ENSTO00000397337.6: LP
c.736dup

CM/CMD NEB ENSTO00000397345.8: LP
c.23310del

CM/CMD LAMA2 ENSTO00000421865.3: LP
c.1170C>A

CM/CMD TPM3 ENST00000271850.11: LP
c.734G>C

CM/CMD RYR1 ENST00000355481.8: Vvus
c.12323G>A

CM/CMD BICD2 ENSTO00000356884.11: Vvus
€.1993_1998dup

CM/CMD ACTA1 ENSTO00000366683.3: Vvus
c.182A>G

CM/CMD MYH2 ENST00000245503.10: Vvus
c.4809G>A

CM/CMD GBE1 ENSTO00000429644.7: Vvus
c.602A>G

CM/CMD RYR1 ENSTO00000355481.8: Vvus
c.9678G>T

CM/CMD MSTO1 ENSTO00000245564.8: Vvus
c.49G>C

CM/CMD FKRP ENSTO00000318584.10: Vvus
c.1034G>T

CM/CMD PLOD1 ENSTO00000196061.5: Vvus
c.1285G>C

ACMG = American College of Medical Genetics; LP = likely pathogenic; VUS = variant
of uncertain significance.

had a deletion, 12 (11%) had a nonsense variant (point mutation),
seven (7%) had a duplication and two (2%) had a splice variant
(Fig. 4). All BMD patients (23/23) had in-frame deletions/duplica-
tions. Of the 69 DMD results involving deletions/duplications, 59
(86%) were frameshifts, eight (11%) were in frame and two (3%) in-
volved the initial or terminal DMD exon. Of the two symptomatic fe-
male carriers one harboured a nonsense variant and the other an
out of frame deletion. The prevalence of different types of DMD
variant varied significantly (Fisher’s exact test, P < 0.001) between
Indian and South African cohorts. Of 64 solved Indian participants,
60 (94%) carried a deletion, three (5%) a nonsense variant and one
(1%) a splice variant. No Indian patients had a duplication. Of the
40 solved South African participants, 24 (60%) carried a deletion,
eight (20%) a nonsense variant, seven (17%) a duplication and one
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Table 3 Novel genetic variants identified in the limb-girdle
muscular dystrophy (LGMD) and duchenne/becker muscular
dystrophy (DMD/BMD) cohorts

Disease Gene Variant ACMG

category symbol classification

LGMD GNE ENSTO00000396594.8: Pathogenic
c.1057C>T

LGMD DYSF ENST00000258104.7: Pathogenic
c.4558del

LGMD DYSF ENSTO00000258104.7: Lp
c.3496_3508del

LGMD GNE ENSTO00000396594.8: Lp
c.2196G>C

LGMD GNE ENSTO00000396594.8: LP
¢.1000dup

LGMD CAV3 ENSTO00000343849.3: LpP
c.262T>G

LGMD DYSF ENSTO00000258104.7: Lp
c.856-1G>A

LGMD HSPG2? ENSTO00000374676.4: VUsS
c.14C>T?

LGMD SYNE2 ENST00000344113.8: vus
c.18212G>A

LGMD DYSF ENSTO00000258104.7: vus
c.1781T>C

LGMD DYSF ENST00000258104.7: vus
c.5388dup

LGMD KIF5A ENSTO00000286452.5: vus
c.839G>T

LGMD MYH3 ENSTO00000583535.6: VUsS
c.3131A>T

LGMD RYR1 ENSTO00000355481.8: VUS
c.2321 G>A

LGMD DMD ENSTO00000343523.7: vus
c.1859A>T

DMD/BMD DMD ENSTO00000357033.9: LP
c.2381-1G>C

DMD/BMD DMD ENSTO00000357033.9: LP

€.4575_4579del

ACMG = American College of Medical Genetics; LP = likely pathogenic; VUS = variant
of uncertain significance.
3The HSPG2 ¢.14C>T variant was identified in two unrelated participants.

a splice variant in DMD (Fig. 4). Two solved Brazilian outcomes were
due to a DMD deletion and a nonsense variant. Analysis of DMD
breakpoints for the entire cohort revealed two hotspots for dele-
tions and duplications around exons 45-50 and 10-20 (Fig. 5A).
There were recurrent deletion/duplication breakpoints in intron
45 (29/92; 32%), 46 (10/92; 11%) and 48 (15/92; 16%), with 59% of dele-
tions/duplications having one breakpoint within introns 45-48.
Duplications were spread across the gene with 2/7 occurring at
exon 2 (one spanning exons 2-7), 2/7 at exon 18 and 1/7 each at
exons 17, 45 and 55. Nonsense variants were spread across the
gene between exons 4 and 72 (Fig. 5A). There was a notable differ-
ence in proportion of breakpoints affecting different areas of DMD
between Indian and South African cohorts. Of 54 deletions/duplica-
tions involving exon 45-48 breakpoints, 40/54 (74%) were from the
Indian cohort, compared with 13/54 (24%) from South Africa.
There was also a comparatively higher proportion of deletions/du-
plications with breakpoints in the proximal 5’ end of the gene (be-
fore exon 10) in the South African cohort 9/31 (29%) (six involving
exons 1-3), compared to the Indian cohort 3/60 (5%) (Fig. 5B). WES
identified two novel pathogenic DMD variants (one splice variant
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and one frameshift deletion). Of the 85 patients with deletions, 44
(52%; 33 Indian and 11 South African) are potentially amenable to
antisense oligonucleotide (ASO) exon skipping therapies. Twenty-
nine patients (22 Indian, seven South African) carry deletions
amenable to licenced exon skipping ASO therapies targeting exons
45 (9), 51 (14) and 53 (5); a single patient carried an exon 52 deletion
amenable to either exon 51 or 53 skipping. Of the remaining 15 pa-
tients with deletions amenable to exon skipping, six (40%) would be
amenable to skipping of exon 44, an ASO currently in clinical trials.

Discussion

Recent years have seen dramatic advances in gene discovery and
genetic diagnosis in NMD. Resulting patient benefits include accur-
ate diagnosis, genetic counselling, improved care pathways includ-
ing complication screening and prevention, and potential access to
clinical trials and disease modifying genetic therapies. However,
these benefits and impacts have so far been limited or non-existent
in lower-income contexts, despite most NMD patients living in
LMICs. Here we explored a principally remote method of connect-
ing academic partners and building international capacity for co-
hort development and genetic analysis of NMD patients in LMICs.
We harnessed key features of genetic analysis, i.e. that samples
can be collected remotely and shipped for DNA extraction at rela-
tively low-cost, enabling inclusion of geographically-dispersed pa-
tient populations and economies of scale. We took advantage of
recent computational tools and high-performance clusters to en-
able efficient, remote processing of sequence data. We used low-
cost cloud-based databases to support rapid and secure sharing of
phenotypic data between distant sites. Specifically, we (i) tested
feasibility of a distributed transcontinental genomic medicine part-
nership to build diverse, deeply-phenotyped and genetically char-
acterized cohorts; and (ii) evaluated deploying this partnership
and cohort to understand genetic architecture and advance diagno-
sis. We report 3600 probands and 6001 participants who together
represent the first recruits to a new global cohort including previ-
ously under-represented populations.

The network of trained fellows working with local PIs and PIs in
the UK assembled a deeply phenotyped cohort of children and
adults with NMDs. Over 3600 probands’ detailed clinical phenotype
and medical histories were recorded in the REDCap database after
43 months (June 2019 to January 2023), and over 2300 affected and
unaffected (mainly first degree) family members. The male:female
proband ratio (mean 1.86) is higher than reported by other NMD
registries.”® This may be influenced by referral patterns to some re-
cruitment sites and/or socio-economic circumstances differential-
ly impacting ability to attend appointments.?*

The data indicates patients with a wide spectrum of neuromus-
cular diseases joined the ICGNMD study, with a frequency broadly
similar to reports from European centres.! The most common NMD
clinical diagnoses were genetic peripheral neuropathies, LGMD,
CM/CMD and Duchenne or Becker muscular dystrophy, together
comprising over half the cohort.

Review of over 820 first proband results (single gene tests and
exomes) demonstrated a ‘solved’ rate of approximately 44% and
‘possibly solved’ rate of approximately 15% (i.e. 59% solved/possibly
solved). Solved rate increased to over 58% for the four most com-
mon disease categories reviewed in depth (LGMD 44%, PN 46%,
CM/CMD 53%, DMD/BMD 98%, increasing to LGMD 60%, PN 61%
and CM/CMD 72%) (no change to DMD/BMD) when ‘possibly solved’
numbers are included.
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Figure 4 Variants detected in Duchenne Muscular Dystrophy (DMD) participants with ‘solved’ outcomes. Blue = deletion; grey = duplication; orange =

splice; red = nonsense.

The 44% of LGMDs solved by WES included CAPN3, DYSF and
GNE variants found at frequencies similar to previously reported,*
alongside 16 novel variants. Overall, 1 in 3.5 LGMD WES variants
considered disease-causing disease are novel.

Genetic peripheral neuropathies’ solved rate of 46% included
single gene tests for common genetic causes. The most common
causative genes identified in the genetic peripheral neuropathy co-
hort (PMP22 duplication and GJB1 variants) are similar to those de-
scribed in previous European and US studies.?*?* There were more
probands with GJB1 variants (29 participants, 16%) than the PMP22
duplication (14 participants, 8%) in our cohort, whereas other co-
horts describe a higher rate of PMP22 duplication participants, usu-
ally greater than 50% (e.g. US/UK/European study 61% PMP22
duplication; 10% GJB1 variants).?®> A possible cause of this is that
114/181 probands in the current study were from Brazil, where
PMP22 duplication was excluded in many enrolled participants.

Congenital myopathies and muscular dystrophies yielded a
comparable ‘solved’ rate of 53%, spanning 16 genes, including
known variants in STAC3, RYR1 and COL6A2/3 in addition to 21 no-
vel variants across 14 genes. There is a notable lack of solved pa-
tients with COL6A1- and TTN-related CM/CMD (two of the most
common forms)?*?° and further WES is underway.

The dystrophin gene diagnostic rate was high (98%), with
MLPA and WES contributing 86% and 14% of diagnoses, respect-
ively. Deletions and duplications were most common (87% solved
participants), in keeping with previous studies.?>* Comparisons
between Indian and South African cohorts identified differences
in both types of genetic variants (deletions, duplications, non-
sense, splice variants) and their distribution (including intronic
breakpoints) within the DMD gene. The South African cohort de-
monstrated a higher number of duplications and nonsense muta-
tions and a higher proportion of intronic breakpoints in the
proximal 5’ end of the gene. This could be due to differences in co-
hort size and variation in patient recruitment (e.g. locally solved
via MLPA versus unsolved patients), however a comparatively
low proportion of large deletions in South African populations
is reported.®? It will be important to interrogate reasons for this
observation as there may be implications for applicability of
exon-skipping therapies.

Overall, our data indicate that, depending on the NMD diagnos-
tic category, 44-98% of patients in LMIC settings may receive an ac-
curate genetic diagnosis with single gene tests and/or WES,

creating potential for benefit. We increased the reported genetic di-
versity associated with NMD, since 1 in 3.5 mutations were novel
variants. These data also indicate an additional 15% of probands
with a strong VUS candidate and ‘possibly solved’ classification re-
quire further evaluation/functional studies to confirm pathogen-
icity with corollary benefits for discovery research and
pharmaceutical insights. The 28% of probands for whom no convin-
cing variants were identified represent an important new diverse
discovery cohort for further analysis including whole genome and
long read approaches.

The ICGNMD team and results depended on international colla-
borations established at a smaller scale over the preceding decade,
building trust and mutual understanding of local populations, facil-
ities and perspectives. Such collaborations benefited from local
computing and data- and material storage infrastructure,
small-scale pump-priming, initiatives promoting clinical and gen-
etic data interoperability, and gene-matching platforms. The part-
nership has potential for additional bidirectional benefit,
including enabling deeper understanding of VUS, which is relevant
to NMD patients in all countries, and the partnership is a founda-
tion on which to build expanded testing capacity, tailored care
guidelines and clinical trial readiness.

In conclusion, we demonstrated that it is feasible to set up a
virtual transcontinental partnership using a cloud-based platform
and harness big data to describe phenotypes and causative var-
iants present in a diverse cohort recruited from many LMIC set-
tings. Over half of tested participants obtained a research-based
genetic diagnosis, opening up potential benefts to patients of an
accurate DNA diagnosis and demonstrating feasibility of includ-
ing more diverse populations in clinical trials. We recognize there
are limitations to this study. We did not seek to collect epidemio-
logical data, and our study does not allow conclusions about inci-
dence or prevalence of NMD or genes. On the other hand, this
study is in a ‘real-world’ setting, reflecting current practice in
each LMIC centre, and shows that despite limitations, a
cross-NMD solved rate of 44-59% can be achieved in this previous-
ly genetically untested population. This work indicates that geo-
graphical inequalities of access to an accurate DNA-based
diagnosis can potentially be addressed through such virtual part-
nerships. These have genuine bidirectional value to all partners
and the wider research community. Increasing the knowledge of
genetic diversity can improve reliable variant interpretation and
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therefore the accuracy of genetic diagnosis for patients in both
low- and high-income settings.

Data availability

At the end of the study, participants de-identified exome and gen-
ome data will be archived in the European Molecular Biology
Laboratory European Bioinformatics Institute’s European
Genome-Phenome Archive (EMBL EBIEGA), with community access
to this and selected de-identified REDCap data managed via an
ICGNMD Data Access Committee.
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