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Introduction: Limited diagnostics are available for inherited neuromuscular
diseases (NMD) in South Africa and (excluding muscle disease) are mainly aimed at
the most frequent genes underlying genetic neuropathy (GN) and spastic ataxias
in Europeans. In this study, we used next-generation sequencing to screen 61
probands with GN, hereditary spastic paraplegia (HSP), and spastic ataxias for a
genetic diagnosis.

Methods: After identifying four GN probands with PMP22 duplication and one
spastic ataxia proband with SCA1, the remaining probands underwent whole
exome (n = 26) or genome sequencing (n = 30). The curation of coding/splice
region variants using gene panels was guided by allele frequencies from internal
African-ancestry control genomes (n = 537) and the Clinical Genome Resource’s
Sequence Variant Interpretation guidelines.

Results: Of 32 GN probands, 50% had African-genetic ancestry, and 44% were
solved: PMP22 (n = 4); MFN2 (n = 3); one each of MORC2, ATP1A1, ADPRHL2,
GJB1, GAN, MPZ, and ATM. Of 29 HSP probands (six with predominant ataxia), 66%
had African-genetic ancestry, and 48% were solved: SPG11 (n = 3); KIF1A (n = 2);
and one each of SPAST, ATL1, SPG7, PCYT2, PSEN1, ATXN1, ALDH18A1, CYP7B1,
and RFT1. Structural variants in SPAST, SPG11, SPG7, MFN2, MPZ, KIF5A, and GJB1
were excluded by computational prediction and manual visualisation.

Discussion: In this preliminary cohort screening panel of disease genes using
WES/WGS data, we solved ~50% of cases, which is similar to diagnostic yields
reported for global cohorts. However, the mutational profile among South Africans
with GN and HSP differs substantially from that in the Global North.

KEYWORDS
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1. Introduction

Little is known about the underlying genetic causes of
neuromuscular disorders (NMD) among African subpopulations,
especially among those from sub-Saharan Africa (1, 2). This may
be due to several factors, the most important of which is limited
resources. In a recent review of genetic evidence related to the
causes of genetic neuropathies (GN), including hereditary motor
sensory neuropathies [hereafter referred to as Charcot-Marie-
Tooth disease (CMT)], hereditary spastic paraplegias (HSP), and
spinal muscular atrophy (SMA) in Africans, we found reports of
disease variants from only nine HSP and three CMT probands
from six sub-Saharan African countries (Ivory Coast, Kenya, Mali,
Nigeria, Somalia, and South Africa) (2). Six of these nine reports
used next-generation sequencing to screen disease genes, while
three performed single-gene testing.

In South Africa, limited genetic testing is available for non-
muscle NMD and includes only PMP22 multiplex ligation-
dependent probe amplification (MLPA) for GN and spinocerebellar
ataxias 1, 2, 3, 6, 7, 12, 17 and Frataxin expansion screening for
spastic ataxias. To address this unmet need, we have leveraged
resources from two international consortia to drive the first genetic
analysis of a South African cohort with inherited NMD using next-
generation sequencing and virtual gene panel analysis. Here, we
describe the genetic findings in patients presenting with genetic
neuropathies, hereditary spastic paraplegias, and related disorders
such as spastic ataxias.

2. Methods
2.1. NMD probands

Patients were eligible if they had a long history of a phenotype
resembling a neuromuscular genetic disorder, either with a primary
component of neuropathy or spastic paraplegia, or as part of
a complex disorder with ataxia, and with or without a family
history (3). The study cohort consisted of 61 probands, which
were categorised using their main presenting clinical features
as genetic neuropathies (GN) or hereditary spastic paraplegia
(HSP), the latter group including those with associated ataxia and
those with ataxia as the predominant clinical feature (designated
spastic ataxia).

Almost all study participants were phenotyped and recruited
opportunistically at Groote Schuur Hospital, University of Cape
Town, South Africa (SA), between 2017 and 2022, whereas two HSP
probands underwent prior phenotyping, and archived DNA was
used. One HSP proband was assessed at the Red Cross Children’s
Hospital (SR, JMW).

The study was approved by the University of Cape Town
Human Research Ethics Committee, and all patients gave informed
consent to participate, including the sharing of case details
and images.

2.1.1. Genetic testing strategy
Thirty probands were recruited for the International Centre
for Genomic Medicine in Neuromuscular Diseases (ICGNMD)
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consortium and underwent whole exome sequencing (WES), and
five HSP probands underwent whole genome sequencing (WGS)
as part of the Clinical Research in ALS and Related Disorders
for Therapeutic Development (CReATe) Consortium Phenotype
Genotype Biomarker study (NCT02327845). An additional 25
probands underwent WGS at service providers in Cape Town,
including the resequencing of five probands who had ICGNMD
WES (Supplementary Table 1). One proband had an NMD gene
panel test performed by Invitae.

Study participants with either demyelinating or intermediate
conduction velocities (CVs) on electrophysiological testing
underwent the MLPA (Salsa MLPA kit P405 CMTI1, MRC-
Holland, Amsterdam) for PMP22 copy number analysis by
the SA National Health Laboratory Services (NHLS) prior
to WES. Those with spastic ataxia had undergone repeat
expansion testing for spinocerebellar ataxia (SCA) types 1,
2, 3, 6, 7, 12, 17 and Frataxin (NHLS). No further testing
for large deletions or duplications was performed through
MLPA analysis.

2.2. Control datasets

Whole genome sequencing data from various projects were
aggregated to generate an internal African-ancestry database for
allele frequency filtering (# = 537): 100 individuals from the AWI-
Gen study (4) and 347 individuals from the H3Africa Genotyping
Chip project (5), 39 individuals from the Simons Genome Diversity
project (6), 24 individuals from the South African Human Genome
program (7), and 27 individuals from other studies (1, 8). DNA was
sequenced by various service providers using both PCR and PCR-
free sequencing kits, where 100-150 bp read-length sequencing
libraries were obtained and sequenced to a coverage of 30x
(Supplementary Table 1).

2.3. Next-generation sequencing

DNA from whole blood was extracted for next-generation
sequencing (NGS) using previously described methods (9). WES or
WGS on NMD probands was performed using various library kits
and sequencing platforms (Supplementary Table 1).

2.4. Alignment and variant calling

The NGS data were analysed at UCT using the Ilifu Cloud
Computing Facility. WES and WGS reads were aligned to the
NCBI GRCh38 reference genome with ALT contigs using alt-
aware alignment, followed by joint variant calling according to
the Genome Analysis Toolkit (GATK) best-practice guidelines
for exomes and genomes (documented in https://github.com/
grbot/varcall), which was performed separately for WES and
WGS datasets.
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2.5. NMD gene variant annotation and
filtering

Both the case and control joint called VCEF files were uploaded
to the NHGRI AnVIL (10) into various workspaces, which were
then loaded into seqr, a rare disease analysis platform developed
by the BROAD Institute (11). As part of the seqr’s loading pipeline,
multiallelic sites were split and then annotated with VEP version
95. High and moderate impact variants (missense, nonsense,
essential and extended splice site, frameshift, and in frame) were
assessed for both de novo/dominant and recessive inheritance
patterns using gnomAD minor allele frequency (MAF) thresholds
of 0.001 and 0.01, respectively. Further curation was restricted to
variants occurring in genes represented in the following PanelApp
Australia gene panels (12): hereditary neuropathy CMT isolated
and complex (version 1.63), optic atrophy (version 1.17), hereditary
spastic paraplegia superpanel (version 2.64), and ataxia superpanel
(version 3.6). Panel selection was guided by clinical phenotype,
although probands were deemed unsolved only when the genes
from all four panels screened negative for candidate variants.

2.6. Variant curation and classification
according to ACMG guidelines

In the absence of ClinGen CMT and HSP variant curation
expert panel guidelines, candidate variants were curated in the
ClinGen Variant Curation Interface (VCI) (13) according to
the American College of Medical Genetics (ACMG) guidelines
(14) with the modifications recommended by the ClinGen
Sequence Variant Interpretation working group (15) (detailed in
Supplementary Table 2). In addition to the gnomAD database, the
rarity of variants was confirmed by assessing their frequency in
an internal dataset of African-ancestry control genomes [n =
537, 151 (28%) from South Africa; see Methods 2.2]. We used
the Mastermind search engine (16) to perform comprehensive
literature searches for candidate variants and contacted various
genetic testing laboratories for additional information regarding
their ClinVar variant submissions (e.g., phenotype information
and internal laboratory variant frequency information), which
proved helpful in classifying variants. The NGS read support
for each variant was verified (read depth, genotype quality,
and allelic balance), and selected variants were validated by
Sanger sequencing. The interpretations for each classified variant
(pathogenic, likely pathogenic, or uncertain significance) have been
submitted to ClinVar (https://www.ncbinlm.nih.gov/clinvar/).

2.7. Analysis of structural variants

In unsolved cases (those without short disease-causing variants
such as single nucleotide variants and small insertions/deletions
in the various gene panels), the following genes were screened
for structural variants using a combination of computational
prediction by ClinSV (17) and manual visualisation using the
Integrative Genomics Viewer (IGV) (18) and Samplot (19): SPAST,
SPGI11, SPG7, MFEN2, MPZ, KIF5A, and GJB1. To control for
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batch effects related to the library preparation and sequencing
instruments, exomes and genomes from the same sequencing
batch were compared to identify split reads, discordant pairs, and
coverage anomalies indicative of structural variation.

2.8. Statistical analysis

We utilised GraphPad Prism v9.5.1 to perform statistical
analysis on the probands’ ages of onset. We assessed the continuous
variable (ages of onset) using the nonparametric Mann-Whitney
U-test for skewed data by comparing the ages of onset between
solved and unsolved cases as median values with their interquartile
ranges (IQR).

3. Results
3.1. Patient demographics

Probands self-categorised themselves according to South Africa
census population categories as South African Coloured (SAC, n
= 25), Black African (n = 10), and European-genetic ancestry or
White (n = 25). Furthermore, our cohort included one proband
with Indian-genetic ancestry. The majority (57%) of our study
cohort was of African-genetic ancestry (n = 35, combined B and
SAG; Table 1). This information is relevant for genomic analysis
as the African ancestry probands in our cohort have no ancestry-
matched population data represented in the gnomAD database,
which impacts the effectiveness of variant frequency filtering to
identify rare variants in these individuals. The SAC ancestry
group is an admixed population primarily residing in the Western
Cape Province of South Africa whose genetic ancestry is mainly
from Khoisan (hunter-gatherers) and Black African populations
(60%) with fewer contributions from South-East Asians (20%) and
Europeans (20%).

The cohort comprised 61 individuals, of whom 32 were
broadly categorised as GN and 29 as HSP, although in six
of the 29 probands, ataxia was the predominant clinical
feature. Among those with GN, most had CMT (21/32, 66%)
with electrophysiological evidence of both sensory and motor
impairment, and 7/32 (22%) had hereditary motor neuropathy
(HMN) with normal sensory nerve action potentials (SNAPs) on
electrophysiological testing (Table 1). Only four individuals had a
demyelinating CMT1 phenotype with motor conduction velocities
<38 m/s, and one individual had severe hypertrophic nerves and
was previously recorded as having a “demyelinating picture”; she
was too disabled at recruitment for electrophysiological testing.
One individual had ataxia, neuropathy, and cognitive impairment
without telangiectasia.

HSP categorisation referred to a predominant spastic
phenotype involving the legs more than arms (n = 8), which
may be complicated by other neurological signs (e.g., ataxia,
neuropathy; n = 15), whereas six probands were classified as
having spastic ataxia if the clinical picture was predominantly
ataxia with additional spasticity (Table 1).
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TABLE 1 Characteristics of South African patients with genetic neuropathies (GN), hereditary spastic paraplegia (HSP), and spastic ataxia.

GN (n = 32) HSP and spastic ataxia (n = 29) Combined
(n=61)
CMT(n=21) HMN((=7) Other(n=4) HSP(n=23) Spastic ataxia*
(n=6)
Median AAO* 13 (9-19) 17 (13-25) 12 (2-45) 15 (9-24) 15 (6-25) 15 (9-20)
(IQR)
Male sex, n (%) 9 (43) 5(71) 2 (50) 6(22) 4(67) 26 (43)
Genetic ancestry
African n (%) 10 (48) 5(71) 1(25) 15 (61) 4(67) 35 (57)
European n (%) 11 (52) 2(29) 3(75) 8 (35) 1(17) 25 (42)
Indian 7 (%) 0 0 0 0 1(17) 1(1)
Solved 1 (%) 11(52) 2(29) 1(25) 12 (52) 2(33) 28 (46)

GN, genetic neuropathies; HSP, hereditary spastic paraplegia; CMT, Charcot-Marie-Tooth disease; HMN, hereditary motor neuropathy (based on electrophysiological evidence of normal

sensory nerve action potentials); AAO, age at onset (*years); IQR, interquartile range between 25th and 75th centile.

*Refers to probands with ataxia as the predominant clinical feature. Solved refers to probands in whom a pathogenic or likely pathogenic variant was identified.

3.2. Genetic findings

Apart from detecting four PMP22 gene duplications in
GN (CMTI1) and 1 ATXNI expansion mutation among HSP
probands, the remaining probands underwent WES and/or
WGS for gene panel analysis. With the rigorous and objective
application of ACMG evidence codes (described in methods 2.6 and
Supplementary Table 2), we identified 10 pathogenic, eight likely
pathogenic, and 11 variants of uncertain significance (VUS) in
the overall cohort (Tables 2, 3), which were assessed for quality
by inspection of IGV read pile-ups or validated using Sanger
sequencing (Supplementary Figure 1). Probands were deemed to
be solved where a pathogenic or likely pathogenic variant was
identified, while a subset of patients harbouring a VUS was
deemed to be probably solved (n = 6, Figure1). In these
cases, there was insufficient pathogenic evidence for a confident
pathogenic classification by ACMG criteria, no conflicting benign
evidence (apart from computational predictors), and the proband’s
phenotype was consistent with the genetic findings. Notably,
five of these six “probably solved” cases harboured a novel
variant not previously implicated in disease and absent from 537
African-ancestry control genomes. There was no difference in the
proportion of solved cases between the GN and HSP groups (44 vs.
48%, p = 0.7; Figure 1).

3.3. Genetic neuropathies

The GN group comprised 31 probands, including 21 with
CMT?2 (axonal), seven with HMN, and four probands clinically
classified as “other.” The latter group consisted of an individual
from an autosomal dominant (AD) inherited optic neuropathy
family, a proband with AD inherited gait difficulty since infancy,
flat feet, and a small fibre neuropathy, a case with a small
fibre neuropathy, and a proband with childhood-onset ataxic
neuropathy (without telangiectasia). The proportion of solved
GN cases did not differ by ancestry (African 8/16, 50% vs.

European 6/16, 38%, p = 0.8). Furthermore, the ages at
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onset between solved (median 13, IQR 10-21) and unsolved
(median 15, IQR 9-20) cases were similar (p = 0.7). Of the
14 solved GN cases, 11 (79%) had heterozygous pathogenic
variants (compatible with AD inheritance), and 3 (21%) had
homozygous/compound heterozygous variants [compatible with
autosomal recessive (AR) inheritance].

The genes harbouring pathogenic mutations differed by
ancestry; as expected, PMP22 duplications were a frequent cause
of GN in the European-ancestry CMT cases (three of 11).
These cases had typical CMT1 features, with symptoms of ankle
instability as an adolescent or young adult, degrees of distal lower
limb atrophy, and sensorimotor demyelinating neuropathy more
prominent in the legs than arms. Three of the four probands with
PMP22 duplications had European ancestry, and one had African
(identified as SAC) ancestry. However, MFN2 mutations were the
most common among those with African genetic ancestry (three of
10, Table 2).

3.3.1. Solved cases by next-generation
sequencing
3.3.1.1. MFN2 (autosomal dominant CMT2A2)

We identified two pathogenic missense MFN2 variants
(p-Arg280His, p.Arg259Cys) and a likely pathogenic MFN2
p.Thr206Ala variant in three probands with African ancestry and
CMT?2 (axonal neuropathy; Table 2). The proband carrying the
MFN?2 p.Arg280His variant presented at age 10 with CMT2 and
spasticity in her legs. The MFN2 p.Arg259Cys variant was found in
a CMT?2 proband who developed optic neuropathy in adulthood.

The proband carrying the MFN2 p.Thr206Ala variant was
diagnosed with childhood-onset CMT2 with prominent motor
neuropathy and generalised hyperreflexia in the upper limbs and
bulbar region. In her 4th decade, she required a wheelchair
for mobility. At age 53, her mother was asymptomatic without
clinical features, but her sister had moderately severe axonal
sensorimotor neuropathy at age 31 (Figure 2A). Although rare
cases of incomplete penetrance of MFN2 pathogenic variants have
been reported (21), at least three cases have been reported with
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TABLE 2 Variants identified by whole exome and whole genome sequencing in probands with genetic neuropathies.

Family ID Clinical Gene variant zygosity Disease (MONDO ACMG classification with
features ClinVar accession(s) ID) inheritance evidence codes
Solved cases
fam_006* SAC 10 HMN plus, MEN2 CMT axonal type 2A2 LP (PP3, PM1, PM2_supp, PM5)
hyperreflexia NP_055689.1:p.Thr206Ala (MONDO:0012231)
het AD
SCV003930375
fam_081? SAC 24 HMN; Optic MEFN2 CMT axonal type 2A2 P (PP3_str, PM1, PM2_supp, PM5, PS4)
neuropathy NP_055689.1:p.Arg259Cys (MONDO:0012231)
het AD
SCV003930377
fam_083* SAC 10 CMT?2; pyramidal MFN2 CMT axonal type 2A2 P (PP1_str, PP3_mod, PM1, PM2_supp,
signs NP_055689.1:p.Arg280His (MONDO:0012231) PMS5, PS3_supp, PS4)
het AD
SCV003930380
ICGNMD_18° SAC 14 CMT2 MORC2 CMT axonal type 27 P (PP1_str, PP2, PP3, PM1, PM2_supp
NP_001290185.1:p.Arg252Trp (MONDO:0014736) PS3_supp, PS4)
het AD
SCV003930346
ICGNMD_16" B 10 CMT2 ATPIAI CMT axonal type 2DD LP (PP1_supp, PP2, PP3_mod, PM1,
NP_000692.2:p.1le592Thr (MONDO:0054833) PM2_supp, PS3_supp, PS4_supp)
het AD
SCV 003852622
ICGNMD_59® w 11 CMT?2 + median GJBI CMT X-linked dominant 1 P (PP1, PM1, PM2_supp, PS4, PVS1)
neuropathy NP_000157.1:p.Arg22Ter (MONDO:0010549)
het AD
SCV003930347
ICGNMD_17° w 20 HMN plus ADPRS Neurodegeneration, LP (PP1_str, PM2_supp, PM3,
NP_060295.1:p.Val335Gly childhood-onset, PS3_supp)
hom stress-induced, variable ataxia
SCV003930343 and seizures
(MONDO:0100095)
AR
ICGNMD_4° SAC 3 Ataxic neuropathy ATM Ataxia telangiectasia LP (PP3_mod, PM2_supp, PM3_str,
plus NP_000042.3:p.Thr17431le (MONDO:0008840) PS3_supp)
hom AR
SCV003930348

(Continued)
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TABLE 2 (Continued)

Family ID

Probably solved cases

Clinical
features

Gene variant zygosity

ClinVar accession(s)

Disease (MONDO
ID) inheritance

ACMG classification with
evidence codes

c/het
SCV003930386
SCV003930388

ICGNMD_15" F SAC <10 CMT2 GAN Giant axonal neuropathy VUS (PM2_supp, PVS1) and
NP_071324.1:p.GIn94Ter and (MONDO:0000128) VUS (PM2_supp, PS4_supp)
NP_071324.1:p.Pro315Leu AR
c/het
SCV003930344
SCV003930345
ICGNMD_6b M w 45 CMT mixed MPZ VUS (PM1, PM2_supp, BP4)
NP_000521.2:p.Glu71Gly CMT2I
het (MONDO:0011889)
SCV003852624 AD
Unsolved cases with variants of uncertain significance
fam_007% M B 5 CMT2 MPV17 CMT axonal type 2EE VUS (PM2_supp, PVS1 not met*) and
ICGNMD_7%? F B 13 NP_002428.1:p.GIn36Ter and (MONDO:0032728) VUS (PM2_supp, PP3)
ICGNMD_9 *P F B 20 NP_002428.1:p.Arg125Trp AR

M, male; F, female; W, White or European-genetic ancestry; SAC, South African Coloured; B, Black African; I, Indian-ancestry; Anc, ancestry; AAO, age at onset (years).

Refers to whole genome sequencing.
bRefers to whole exome sequencing.

Het, heterozygous; hom, homozygous; c/het, compound heterozygous, although such variants were not confirmed in trans; AD, autosomal dominant; AR, autosomal recessive; VUS, variant of uncertain significance; LP, likely pathogenic; P, pathogenic; sup, supporting;

mod, moderate; str, strong.

Novel variants (not previously implicated in disease) are shown in bold. CMT, Charcot-Marie-Tooth. HMN plus refers to clinical sensory impairment but normal sensory nerve action potentials on electrophysiology. CMT2 refers to an axonal sensorimotor neuropathy
(nerve conduction velocities (CVs) >45m/s) (20). CMT mixed refers to an overall axonal pattern, although some nerves showed CVs <38 m/s. The median neuropathy refers to delayed distal latency and a conduction block in the forearm (>20% drop between

proximal and distal motor amplitudes).

*PVSI not assigned as loss of gene function is not an established pathogenic mechanism for MPV17-related CMT2EE (the majority of MPV17 variants associated with CMT2EE are homozygous missense variants while the single reported homozygous non-frameshift
deletion, p.Asp126_Tyr136del, removes <10% of the MPV 17 protein).
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TABLE 3 Variants identified by whole exome and whole genome sequencing in probands with hereditary spastic paraplegia and/or spastic ataxia.

=T \VA (D) Clinical Gene variant zygosity Disease (MONDO ACMG classification with
features ClinVar accession(s) ID) inheritance evidence codes

Solved cases

fam_001* SAC 6 cHSP KIFIA SPG30 LP (PM2_supp, PP2, PP3_mod, PM1,
NP_001230937.1:p.Ala255Asp (MONDO:0012476) PM5)
het AD
SCV003930349

ICGNMD_62° w 9 cHSP KIFIA SPG30 LP (PM2_supp, PP2, PP3_strong, PM1)
NP_001230937.1:p.Thr341Pro (MONDO:0012476)
het AD
SCV003930336

fam_059* B 10 HSP PCYT2 SPG82 LP (PP3_str, PM1, PM2_supp)
NP_002852.1:p.Gly228Arg (MONDO:0032906)
hom AR
SCV004024560

fam_1112 SAC 37 HSP PSEN1 Alzheimer’s disease 3 LP (PM2_supp, PM5, PP3_str)
NP_000012.1:p.Arg278Gly (MONDO:0011913)
het AD
SCV003930350

GAJ1022¢ w 25 HSP SPAST SPG4 P (PP3, PM2_supp, PS4_supp, PVS1)
NM_014946.4:c.1099-1G>A (MONDO:0008438)
het AD
SCV003930390

ICGNMD_29" SAC 1 CcHSP ATLI SPG3A LP (PM2_supp, PS4_supp, PP3, PM1,
NP_056999.2:p.Arg403Pro (MONDO:0008437) PM6_supp)
het AD
SCV003930335

ICGNMD_49" w 10 cHSP SPG7 SPG7 P (PP3_mod, PS3_supp, PM3_very-str,
NP_003110.1:p.Ala510Val (MONDO:0011803) PM2_supp)
hom AR
SCV003930338

ICGNMD_22b w 10 cHSP SPGI11 SPGI11 P (PP1_mod, PM2_supp, PM3_str,
NP_079413.3:p.Leul997MetfsTer60 and (MONDO:0011445) PVS1) and
NP_079413.3:p.Glul026 ArgfsTer4 AR P (PM2_supp, PM3_v_str,
c/het PP1_mod, PVSI1)
SCV003930339
SCV003930340

ICGNMD_26" w 5 cHSP SPGI11 SPGI11 P (PP1_mod, PM2_supp, PM3_str,
NP_079413.3:p.Leul997MetfsTer60 (MONDO:0011445) PVS1)
hom AR
SCV003930339

(Continued)
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TABLE 3 (Continued)

ET\A (D)

Probably solved cases

Clinical
features

Gene variant zygosity
ClinVar accession(s)

Disease (MONDO
ID) inheritance

ACMG classification with
evidence codes

SCV003930389

fam_009* F SAC 20 cHSP SPG11 SPGI11 VUS (PM2_supp, PP3)
NP_079413.3:p.Leu438Pro (MONDO:0011445)
hom AR
SCV003930361

ICGNMD_8" M I 5 spastic ataxia plus RFT1 RFT1-congenital disorder of VUS (PP3, PM2_supp)
NP_443091.1:p.Gly494Ser glycosylation
hom (MONDO:0012783)
SCV003930391 AR

fam_195* F B 16 cHSP ALDHI8A1 SPGY9B VUS (PM2_supp, PM1)
NP_002851.2:p.Val451 Met (MONDO:0014702)
hom AR
SCV003930351

fam_122* M SAC 15 HSP CYP7BI SPG5A VUS (PM2_supp, PM3_supp) and VUS
NP_004811.1:p.His285Leu and (MONDO:0010047) (PM2_supp, PM3_supp, PP3_mod)
NP_004811.1:p.His401Arg AR
c/het
SCV003930362
SCV003930374

Unsolved cases with variants of uncertain significance

fam_142° F SAC 17 HSP ALDHISAI SPG9B VUS (PM2_supp, PVS1)
NM_002860.4:¢.809-1G>C (MONDO:0011006)
het AR

M, male; E, female; W, White or European-genetic ancestry; SAC, South African Coloured; B, Black African; I, Indian-ancestry; Anc, ancestry; AAO, age at onset (years).

Refers to whole genome sequencing.

bRefers to whole exome sequencing.
“Refers to gene panel sequencing.

Het, heterozygous; hom, homozygous; c/het, compound heterozygous, although such variants were not confirmed in trans; AD, autosomal dominant; AR, autosomal recessive; VUS, variant of uncertain significance; LP, likely pathogenic; P, pathogenic; sup, supporting;

mod, moderate; str, strong; v_str, very strong.

Novel variants (not previously implicated in disease) are shown in bold. HSP, hereditary spastic paraplegia; cHSP, complex HSP when additional neurological systems are also involved resulting in, for example, ataxia, neuropathy (by electrophysiology), amyotrophy

legs, cognitive impairment, and neuropathy.
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The genetic landscape of (A) genetic neuropathy (GN) and (B) hereditary spastic paraplegia (HSP) (including spastic ataxias) in a South African cohort
of 61 probands. Novel variants (light grey) refer to variants that have not been previously associated with the disease.
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symptom onset after the age of 53 years (22, 23) and with the
variability of age at symptom onset within a family (24). The
MFN2 p.Thr206Ala variant occurs in the conserved dynamin-like
GTPase domain together with other pathogenic variants, and the
likely pathogenic MFN2 p.Thr206Ile variant has been observed in
multiple CMT2 probands (25).

3.3.1.2. MORC2 (autosomal dominant CMT2Z7)

A pathogenic MORC2 p.Arg252Trp variant was found in a
proband without any family history (Table 2). During adolescence,
the proband had trouble running, and the phenotype has
progressed to resemble that of CMT2Z with sensory neuropathy,
severe distal amyotrophy with distal greater than proximal
weakness, truncal weakness, and type II respiratory failure
requiring non-invasive nocturnal ventilation. Similar to our case,
most CMT2Z patients are wheelchair-bound between their 20s
and 40s. He displayed clinical “post-exertional” fasciculations in
the legs and an axonal sensorimotor neuropathic process with
active denervation.

3.3.1.3. ATP1A1 (autosomal dominant CMT2DD)

A likely pathogenic ATPIAI p.Jle592Thr variant was detected
in an African-ancestry proband with an axonal length-dependent
severe sensorimotor neuropathy with prominent peroneal
muscular atrophy (foot drop) manifesting in adolescence with
clumsy gait (Table 2). This variant was previously described in a

three-generational American family (26).

3.3.1.4. GJB1 (x-linked dominant CMTX1)

A known pathogenic variant in G/BI p.Arg22Ter was identified
in a woman with European ancestry who developed a clumsy
gait at age 12 (Table 2). She was examined at 51 and again
at 81. She has pes cavus, distal limb amyotrophy, Achilles’
tendon contractures, moderately severe axonal length-dependent
sensorimotor neuropathy (but median nerve conduction velocities
were 37 m/s), and proximal hip girdle weakness. She has required
foot orthoses and crutches for mobilisation since her seventh
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decade. The severity of her CMT is compatible with previously
reported female carriers (27).

3.3.1.5. ADPRS or ADPRHL2 (autosomal recessive
CONDSIAS presenting as hereditary motor neuropathy)

We identified a homozygous ADPRS p.Val335Gly variant in a
European ancestry proband with severe distal HMN (Table 2). This
rare variant was previously described in three unrelated probands
(28, 29). This proband had severe axonal HMN with distal
amyotrophy, proximal weakness, hyperreflexia (with extensor
plantar responses at age 29), dysphagia, and increasing type II
respiratory failure, from which she died in her fifth decade. Her
brother manifested childhood-onset HMN and died in his third
decade of complications secondary to a fall.

3.3.1.6. ATM (autosomal recessive ataxia-telangiectasia)

This patient with early childhood-onset ataxic neuropathy
(without telangiectasia) had a homozygous likely pathogenic
ATM p.Thr1743Ile variant (Table 2). This variant was previously
described in trans with other pathogenic ATM variants in a few
European ataxia-telangiectasia probands (30, 31).

3.3.2. Probably solved cases by next-generation
sequencing

3.3.2.1. GAN (autosomal recessive giant axonal
neuropathy-1)

We detected biallelic GAN variants (novel p.GIn94Ter and
known p.Pro315Leu) in an African-ancestry proband with CMT
(Table 2). Our case has an affected sibling (not examined)
but non-consanguineous parents. Apart from moderately severe
sensorimotor axonal neuropathy and pes cavus, which started in
childhood and progressed to severe proximal weakness, which
required mobilising with a wheelchair in her fifth decade, she
also has diaphragmatic weakness and autonomic nervous system
involvement with hyperhidrosis and constipation. GAN encodes
gigaxonin and missense variants, resulting in a phenotypic
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FIGURE 2
proband (fam_111) with novel PSENI mutation presenting with spastic paraparesis (SP) followed by progressive aphasia (PA).
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continuum ranging from severe (with central nervous system
neurodegeneration) to a milder phenotype, such as our case (32).

3.3.2.2. MPZ (autosomal dominant CMT2l)

Mutations in the MPZ gene result in autosomal dominant
CMT, presenting as a phenotype spectrum from early onset
severe CMT1 to late-onset CMT2. We identified a two-generation
European ancestry family presenting with symptoms in middle age
with the novel MPZ p.Glu71Gly variant (Table 2). Although this
variant has not been reported, a pathogenic null variant (MPZ
p.Glu71Ter) at the same amino acid location was described in
a CMT family with incomplete penetrance (33). Furthermore,
a VUS (because there was insufficient evidence to support its
pathogenicity) at the same amino acid position (p.Glu71Lys) was
detected in a CMT1 case (34).

3.3.3. Unsolved cases

Eighteen GN cases (58%) remained without a genetic diagnosis
(Figure 1), which included a screening of the SPAST, SPG11, SPG7,
MFN2, MPZ, KIF5A, and GJBI genes for structural variants. Half
of the unsolved cases were CMT (n = 10), of which nine were
axonal neuropathies, and one had severe hypertrophic neuropathy.
Five of the unsolved cases had HMN (ages at onset between
9 and 32 years and normal sensory nerve action potentials on
electrophysiology together with evidence of motor axonopathy),
and three had other neuropathies, including AD optic neuropathy,
small fibre neuropathy, and AD infantile gait difficulty with pes
planus and numbness (normal electrophysiology).

Of the nine unsolved probands with axonal neuropathies, five
were Black African patients from the Western and Eastern Cape
regions of South Africa who speak isiXhosa, with an average age of
disease onset of 13 years (range 7-20). In all five of these CMT2
probands, we identified the heterozygous p.Gln36Ter MPVI17
variant (reported to be pathogenic for Navajo neurohepatopathy
in homozygosity, ClinVar SCV000282035.1), and three of these
cases also had an additional missense MPV17 p.Argl25Trp variant
(not confirmed in trans). Biallelic homozygous MPV17 variants
have been reported to result in juvenile-onset isolated peripheral
sensorimotor neuropathy (CMT2EE) without hepatocerebral
involvement, as occurs in autosomal recessive (AR) mitochondrial
DNA depletion syndrome 6 (Navajo neurohepatopathy). The
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MPV17 p.GIn36Ter variant has a minor allele frequency (MAF)
>0.001 in two independent SAB control samples from Cape Town,
South Africa: 11/1,500 alleles in newborns (MAF 0.007, one in 68
carrier frequency) (35) and 6/400 alleles in another study (MAF
0.015, one in 33 carrier frequency) (36) (personal communication
L. Majara) and has not been found in Black individuals from
other parts of South Africa (internal database). The p.Argl25Trp
variant is reported in gnomAD v2.1.1 (MAF 0.0002) with the
highest frequency in the African/African-American subpopulation,
although our internal control database has an even higher
frequency (MAF 0.005). In our internal control database, we have
not identified the p.Gln36Ter and p.Argl25Trp variants in the
same individual. However, only 58/537 (11%) control samples were
ancestry-matched to the small geographical cluster of p.Gln36Ter
carriers as determined by ancestry principal component analysis
(data not shown). Further pathogenic evidence is required to assert
that compound heterozygous MPV17 p.Gln36Ter/p.Argl25Trp
VUS variants explain a localised cluster of CMT2 in South
Africa, particularly since a high regional prevalence of CMT2
has not been reported, the clinical phenotype among our three
reported cases is dissimilar (Supplementary Table 3), there is a
lack of ancestry-matched control data to determine the frequency
of p.GIn36Ter/p.Argl25Trp co-occurrence in controls and the
strength of the evidence supporting the MPVI17-CMT2EE gene-
disease dyad have not yet been evaluated by a ClinGen gene
curation expert panel.

3.4. Hereditary spastic paraplegia

Of the 29 cases with HSP or spastic ataxias, 48% were solved.
The median age of onset was 15 years (IQR 9-24) for HSP and
15 years (IQR 6-25) for spastic ataxias (Table 1). The proportion
of solved HSP cases did not differ by ancestry (African 9/20, 45%
vs. European 5/9, 56%, p = 0.5). Furthermore, the ages at onset
between resolved (median 13, IQR 8-24) and unresolved (median
16, IQR 9-28) cases were similar (p = 0.3). In an African ancestry
case with spastic ataxia and without a family history, a heterozygous
ATXNI trinucleotide expansion was detected to designate SCA1. Of
the 14 solved HSP cases, six (43%) had heterozygous pathogenic
variants (compatible with AD inheritance), and eight (57%) had

frontiersin.org


https://doi.org/10.3389/fneur.2023.1239725
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Mahungu et al.

homozygous/compound heterozygous variants (compatible with
AR inheritance).

Among the African-ancestry probands, variants in rare HSP
genes such as PCYT2 and PSENI were identified, whereas the
European-ancestry probands harboured variants in common HSP
genes: SPG11 (n = 2/5), SPAST (n = 1/5), SPG7 (n = 1/5) and a
novel variant in KIFIA (n = 1/5; Table 3).

3.4.1. Solved cases by next-generation
sequencing
3.4.1.1. KIF1A (autosomal dominant SPG30)

We detected two AD-HSP30 probands in our cohort
harbouring novel variants in the KIFIA mutational hotspot region
in the motor domain (amino acids 1-361) (37) (Table 3). A likely
pathogenic KIFIA p.Ala255Asp variant was identified in a mother
and daughter with a complicated HSP phenotype with symptom
onset in childhood and additional cerebellar dysfunction (gait
ataxia, horizontal and downbeat nystagmus), mild intellectual
impairment, optic neuropathy, and a sensorimotor axonal
neuropathy with acral leg ulceration. These are common features
in HSP30 (37, 38). A second likely pathogenic KIFIA p.Thr341Pro
variant was detected in a proband whose clinical features fit those
of HSP30.

3.4.1.2. PCYT2 (autosomal recessive SPG82)

We detected a novel homozygous PCYT2 p.Gly246Arg variant
in a Black individual with complex HSP, optic neuropathy,
and length-dependent sensorimotor neuropathy (Table 3). She
manifested gait unsteadiness in childhood, progressive optic
neuropathy since adolescence and spastic dysarthria and seizures
in adulthood. She was completely blind in middle age, which
underscores the prominent role of PCYT2 in ocular homeostasis
via the CDP-ethanolamine pathway (39).

3.4.1.3. PSEN1 (autosomal dominant Alzheimer’s
disease 3)

A novel PSENI p.Arg278Gly pathogenic variant was found in
an AD African ancestry family (mother and four sons) presenting
with progressive spastic paraparesis starting in their fourth decade
and followed within months by progressive non-fluent aphasia
(and later frontal dysexecutive dysfunction; Table 3, Figure 2B).
The condition progressed to akinetic mutism and death over 8 to
10 years from symptom onset.

3.4.1.4. SPAST (autosomal dominant SPG4)

Although a common SPAST ¢.1099-1G>A variant was found
in a European-ancestry proband (Table 3), which accounts for
60%—80% of AD-HSP cases in European and Asian cohorts (40,
41), we did not find SPAST variants (including structural variants)
in our African-ancestry patients (n = 8 with HSP) even after visual
inspection of WGS data on IGV and by using ClinSV.

3.4.1.5. ATL1 (autosomal dominant SPG3A)

We detected a likely pathogenic ATLI p.Arg403Pro variant in
the exon 12 mutational hotspot (42) in an individual with early
childhood-onset HSP (Table 3). This is the second most common
AD-HSP in the global north/European cohorts (43).
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3.4.1.6. SPG7 (autosomal recessive SPG7)

The common homozygous SPG7 p.Ala510Val pathogenic
variant was detected in a European-ancestry individual (Table 3).
Although this variant has a high population frequency on gnomAD
(gnomAD v2 exomes 0.48%/gnomAD v3 genomes 0.61% in the
European non-Finnish population), it is found to segregate with
disease in multiple families and is described as a common founder
mutation in SPG7 cases of British ancestry (44).

3.4.1.7. SPG11 (autosomal recessive SPG11)

SPG11 is the most common subtype of autosomal recessive
HSP with cognitive impairment (45). Two pathogenic SPGI11
SPG11 p.Leul997MetfsTer60,
compound heterozygous variants, p.Leul997MetfsTer60 and
p.Glul026ArgfsTer4, were detected in two probands (46, 47)
(Table 3).

mutations, homozygous and

3.4.2. Probably solved cases by next-generation
sequencing
3.4.2.1. SPG11 (autosomal recessive SPG11)

A novel homozygous missense SPG11 p.Leu438Pro variant was
curated as a good disease candidate in an African ancestry (SAC)
proband (Table 3). Although loss of function variants have been
implicated in SPG11 disease, there are reports in the literature
of SPG11 probands with homozygous missense SPG11 variants
(48, 49).

3.4.2.2. RFT1 (autosomal recessive congenital disorder
of glycosylation)

A homozygous missense variant p.Gly494Ser in exon 13 of the
RFT1 gene was classified as a VUS for RFT1-congenital disorder
of glycosylation (CDG) with autosomal recessive inheritance
(Table 3). The proband is of Indian ancestry, and her parents
were consanguineous. RFT1-CDG was first recognised as a severe
congenital disorder of N-linked glycosylation characterised by
developmental delay, failure to thrive, myoclonic encephalopathy,
seizures, and sensorineural hearing loss. However, a milder variant
CDG phenotype was reported, resembling our patient’s phenotype
(50, 51). Our patient had a childhood-onset intellectual disability,
adult-onset cerebellar ataxia, spasticity, mild sensorineural hearing
impairment, inverted nipples, motor > sensory length-dependent
axonal polyneuropathy, and spontaneous painful ulcers developing
in the distal leg > forearm (Figure 3). Her brain MR imaging at age
35 showed periventricular white matter signal hyperintensities on
FLAIR imaging and cerebellar atrophy. RFT1-CDG probands are
known to suffer from clotting abnormalities. Interestingly, despite
a negative clotting dysfunction screen, this proband’s spontaneous,
painful, and ulcerating skin lesions in her extremities improved
substantially on oral anticoagulant therapy.

3.4.2.3. ALDH18A1 (autosomal recessive SPG9B)
ALDHI18A1 is known to result in SPG9A (autosomal dominant)
and SPGY9B (autosomal recessive) HSP (52). A homozygous
missense ALDHI8A I p.Val451Met variant was found in an African-
ancestry proband presenting with gait difficulties in adolescence
(Table 3). At age 36, the patient manifested, in addition to severe
spasticity of the legs, distal amyotrophy, and pes cavus, sensory
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FIGURE 3

Proband (ICGNMD_8) with a milder phenotype of RFT1-congenital disorder of glycosylation. Brain imaging at age 35 years. (A) Sagittal T1-weighted
MRI-brain scan showing cerebellar atrophy. (B) An axial brain FLAIR MRl image showing widespread discrete high signal intensity lesions in the
subcortical white matter. Apart from the RFT1-disorders known to have coagulation factor abnormalities, the patient had no other cardiovascular risk
factors to account for these white matter abnormalities of presumed vascular origin. (C) Spontaneous painful lesions with subsequent ulceration,
which occurred in the distal extremities (before anticoagulation). Since oral anticoagulants were started for possible clotting abnormalities as a
cause, the lesions have disappeared in the forearms and are substantially less in the legs (age 49).

neuropathy, spasticity of the bulbar region, as well as mild
cerebellar signs with nystagmus and past-pointing in the arms.
This is the first report of SPG9B in sub-Saharan Africa, with
previous reports in European and Japanese populations (53, 54).
The majority of these missense variants occur in the L-glutamyl-
5-phosphate reductase (G5PR) domain, where the p.Val451Met
variant is also located.

3.4.2.4. CYP7B1 (autosomal recessive SPG5A)

Biallelic CYP7BI p.His401Arg and p.His285Leu variants were
detected in a proband with HSP symptom onset in adolescence
and accompanied by a substantial proprioceptive loss in his legs
(Table 3). The p.His401Arg variant was previously described in a
sporadic Taiwanese SPG5A case with another pathogenic CYP7BI
variant (p.Argll12Ter) (55). The second CYP7BI p.His285Leu
variant was previously detected in a homozygous state in an Italian
SPG5A proband (56). Biallelic variants in the CYP7BI gene account
for <10% of all AR HSP in European and Asian populations (57).

3.4.3. Unsolved cases

Among the HSP cases, 52% remained without a genetic
diagnosis, irrespective of genetic ancestry, including 11 with HSP
and four with spastic ataxia (Figure 1). Searching for structural
variants in the WES/WGS data of unsolved cases did not
identify any additional disease candidates in the HSP and spastic
ataxia genes.

We curated an ALDHI8AI ¢.809-1G>C splice variant in a
proband with gait difficulties since adolescence as a variant of
uncertain significance for SPG9B (Table 3) (52). Although this
variant is rare in gnomAD, it has a MAF of 0.032% (32/100,000
alleles) in an internal database from the Netherlands (personal
communication, E.-J. Kamsteeg). It has been identified in at
least three probands by clinical testing (ClinVar SCV001929264.1,
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SCV001952732.1, and SCV001970262.1) and is classified as likely
pathogenic for AR HSP (in each proband, the variant was
confirmed in trans with another ALDHI8A1 VUS and the parents
were unaffected heterozygous carriers). In our proband’s WGS
data, we have not identified a second candidate ALDHI8A]I single
nucleotide variant or structural variant consistent with this variant’s
reported role in SPG9B with autosomal recessive inheritance.

4. Discussion

This report describes the mutational profile of inherited
neuropathies, spastic paraplegias, and spastic ataxias in a small but
first cohort from South Africa comprising 61 probands. Among the
European-ancestry cases, despite the small sample size, the profile
was similar to that expected for European probands for both the
genetic neuropathies and the HSP cases. In our cohort, among the
GN group, the notable difference was the lack of CMT1A-PMP22
cases among Black South Africans, whereas this gene accounts for
37% of European cohorts (58). In the HSP group, the difference was
the lack of SPG4, SPG7, and SPGI11 variants in African-ancestry
probands, representing the common AD and AR genotypes in
Europeans and Asians (59, 60). The prevalence of HSP genetic
subtypes varies by geography, reflecting isolation effects (increased
risk of AD-HSP in Norwegian and Sardinian populations attributed
to founder effects) (40) and consanguinity (increased risk of AR-
HSP in North Africa and Western Asia) (2, 40), neither of which are
characteristic of African ancestry subpopulations in South Africa.
While referral bias is unlikely to explain this different mutational
profile, these findings require validation in a larger sample.

In this cohort, the solved rate among the genetic neuropathies
(44%) and the HSP and spastic ataxia group (48%) was similar.
The proportion of HSP/spastic ataxia probands achieving a genetic
diagnosis was similar to a larger European HSP cohort (49%) (61).
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However, in this study, the solved rate of GN probands was lower
than a larger European GN cohort (~60%), likely due to fewer
CMT1 cases, which comprised 55% of that cohort (58).

While the study’s aims did not include investigating novel
disease genes, 8/28 (29%) resolved probands harbouring a novel
disease-causing variant in a known disease gene. This highlights
the importance of studying GN and HSP cohorts of diverse and
underrepresented ancestries and sharing their pathogenic variants
with the wider scientific community via databases such as ClinVar
to enhance genetic diagnosis of these conditions worldwide.

The use of population descriptors in this study has only been
employed insofar as to guide the analysis of the genomic data
(62). African genomes are highly diverse, and African-ancestry
individuals from South Africa are not represented in the gnomAD
database, the cornerstone of population frequency information
when curating variants for rare diseases. Necessarily, our study
leveraged allele frequency information from an internal sub-
Saharan African ancestry control dataset (n = 1,074 alleles) to
guide the curation of candidate variants absent from gnomAD.
While this is a substantial continental sample of non-gnomAD
ancestry representation, the high levels of diversity and population
substructure in Africa will likely require even greater numbers of
ancestry-matched controls by country subregion to derive accurate
allele frequency information for African subpopulations. This is
illustrated by the high regional frequency (MAF > 1%) of the
MPV17 p.Gln36Ter variant in South Africa, despite its absence
from gnomAD. As genomic research for rare diseases expands
in Africa, acknowledging the ongoing importance of case-control
study designs and encouraging concerted efforts to share aggregate
African frequency data (63) are necessary to avoid misclassification
of variant pathogenicity (64). Indeed, the value of studying African
genomes to drive the equitable benefit of genomic medicine for rare
diseases will not be realised unless African genomic data is shared
with the scientific community. This will inform current efforts
to evaluate disease-gene validity and define pathogenic disease
variants, ultimately guiding gene-based therapy development and
clinical trial eligibility.

In this report, we provided confirmatory evidence of
phenotype expansion for three disease entities: autosomal
recessive CONDSIAS manifesting as hereditary motor neuropathy
with hyperreflexia due to a homozygous ADPRS variant;
autosomal recessive giant axonal neuropathy presenting as a
non-classical early-onset motor and sensory neuropathy due
to biallelic GAN variants; and autosomal recessive congenital
disorder of glycosylation due to a homozygous RFTI variant
presenting without seizures. These cases were solved through
close collaboration between the referring clinician and genomic
analysts and highlighted the limitations of using human phenotype
ontology terms to direct clinical interpretation of genomic
data for genetic diagnosis. Indeed, even beyond phenotype
expansion within specific disease entities, as demonstrated by
the aforementioned examples, it is increasingly recognised that
genetic neuropathies and hereditary spastic paraplegias (grouped
separately for this report) may represent a disease spectrum due
to their overlapping clinical and genetic features. Therefore, a
broad approach to the genetic investigation of these disorders is
warranted, while prompt sharing of variant interpretations from
Africa will ensure that the ClinGen gene curation expert panel’s
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efforts to assess the evidence of gene-disease relationships for
this group of disorders consider global genetic diversity. A case
in point is our observation of compound heterozygous MPV17
variants in SA Black probands with CMT2. These case reports,
which have been deposited in ClinVar, will now be considered
when the genetic evidence for MPV17 variants and CMT2EE is
objectively reviewed.

While genetic testing to diagnose NMDs is now the standard
of care in developed countries to achieve a definitive molecular
diagnosis, the South African probands described in this report were
able to access exome and genome sequencing only through their
participation in research studies. Although the sequencing data was
generated largely by international consortia outside of South Africa,
it is noteworthy that the raw data for this report were analysed and
interpreted locally as a critical exercise in capacity building, which is
essential for the future implementation of local NGS-based genetic
testing strategies.

The proportion of our cohort that remains without a genetic
diagnosis is similar to other population cohorts, suggesting a
common biological, genetic mechanism underlying this missing
heritability, such as noncoding genetic variants, complex structural
changes, or epigenetic changes (61). Such classes of genetic
variation are not adequately examined by short-read approaches,
and long-read whole genome sequencing is expected to drive
disease gene discovery for these disorders in the future.

5. Conclusion

This first cohort analysis from a South African neurology
clinic using whole exome and whole genome sequencing data
suggests that the mutational profile of both genetic neuropathies
and hereditary spastic paraplegias (and spastic ataxias) is different
in subjects with African ancestry compared to those with European
ancestry. This highlights the importance of including genetically
diverse cohorts in research programs with the ultimate goal of
therapy development.
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