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A B S T R A C T   

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized primarily by progressive 
loss of motor neurons. Although ALS occurs worldwide and the frequency and spectrum of identifiable genetic 
causes of disease varies across populations, very few studies have included African subjects. In addition to a 
hexanucleotide repeat expansion (RE) in C9orf72, the most common genetic cause of ALS in Europeans, REs in 
ATXN2, NIPA1 and ATXN1 have shown variable associations with ALS in Europeans. Intermediate range ex-
pansions in some of these genes (e.g. ATXN2) have been reported as potential risk factors, or phenotypic 
modifiers, of ALS. Pathogenic expansions in NOP56 cause spinocerebellar ataxia-36, which can present with 
prominent motor neuron degeneration. Here we compare REs in these genes in a cohort of Africans with ALS and 
population controls using whole genome sequencing data. Targeting genotyping of short tandem repeats at 
known loci within ATXN2, NIPA1, ATXN1 and NOP56 was performed using ExpansionHunter software in 105 
Southern African (SA) patients with ALS. African population controls were from an in-house SA population 
control database (n = 25), the SA Human Genome Program (n = 24), the Simons Genome Diversity Project (n =
39) and the Illumina Polaris Diversity Cohort (IPDC) dataset (n = 50). We found intermediate RE alleles in 
ATXN2 (27–33 repeats) and ATXN1 (33–35 repeats), and NIPA1 long alleles (≥8 repeats) were rare in Africans, 
and not associated with ALS (p > 0.17). NOP56 showed no expanded alleles in either ALS or controls. We also 
compared the differences in allele distributions between the African and n = 50 European controls (from the 
IPDC). There was a statistical significant difference in the distribution of the REs in the ATXN1 between African 
and European controls (Chi-test p < 0.001), and NIPA1 showed proportionately more longer alleles (RE > 8) in 
Europeans vs. Africans (Fisher’s p = 0.016). The distribution of RE alleles in ATXN2 and NOP56 were similar 
amongst African and European controls. In conclusion, repeat expansions in ATXN2, NIPA1 and ATXN1, which 
showed associations with ALS in Europeans, were not replicated in Southern Africans with ALS.   

1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegener-
ative disease, characterized primarily by progressive loss of motor 
neurons in the brain and spinal cord, resulting in death within 2–5 years 
of symptom onset. ALS occurs worldwide although the incidence and 
genetic causes may differ among different populations, which may have 

a biological basis (Vucic et al., 2020; Henning et al., 2020). A family 
history of ALS is present in about 10% of cases with an identifiable ge-
netic cause of disease present in ~15% of patients, including a small 
proportion without a family history (Taylor et al., 2016). More than 16 
different genes harbor mutations considered to be causative of ALS, and 
most of these are missense mutations. However, the most common 
mutation in Europeans with ALS is a large hexanucleotide repeat 
expansion (RE) mutation in the non-coding region of C9orf72 (Renton 
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et al., 2011; DeJesus-Hernandez et al., 2011). While genetic studies 
which include Africans are few, we have previously reported a similar 
frequency of C9orf72 expansion mutations in South African ALS patients 
who self-categorized as having mixed-African ancestry (probable Euro-
pean admixture), compared with European-ancestry cases; notably, 
however, no C9orf72 repeat expansions were identified in the small 
number of black South Africans included in this cohort (Nel et al., 
2019a). Similarly, Asian ALS populations also have a very low frequency 
of the C9ORF72 expansion mutation (Liu et al., 2018). 

Non-coding large repeat expansions are known to be the primary 
pathogenic mutation in several inherited neurological diseases such as 
the autosomal dominant spinocerebellar ataxias (SCA) and hereditary 
spastic paraplegia (HSP), but intermediate expansions of these non- 
coding repeats may also be risk factors for diseases such as ALS, or 
may exert their effect by modifying the phenotype. In Europeans, in-
termediate REs in ATXN2 (Wang et al., 2014), NIPA1 (Blauw et al., 
2012) and ATXN1 (Tazelaar et al., 2020) have shown variable associa-
tions with ALS. REs in the NOP56 gene cause SCA type 36, which can 
present with prominent motor neuron degeneration, have also been 
investigated for association with ALS. Replicating genetic associations in 
different populations strengthens the pathogenetic hypothesis, and if not 
replicated, may open new questions regarding pathogenetic 
mechanisms. 

2. Method 

The ALS cohort included 105 African ancestry subjects, satisfying 
either El Escorial criteria for clinically definite ALS in almost all cases, or 
clinically probable ALS in one (Brooks et al., 2000). Participants pro-
vided an EDTA sample from which DNA was extracted for whole genome 
sequencing (WGS) as previously described (Nel et al., 2019a, 2019b). 
Thirty-four of these were participants in the CReATe Consortium’s 
Phenotype-Genotype-Biomarker study (clinicaltrials.gov: NCT02327845). 
Participants categorized themselves according to the following SA racial 
census categories (http://www.statssa.gov.za): black African (n = 27), 
Cape mixed-African ancestry (M/A) (n = 78). Cape mixed-African 
ancestry (M/A) refers to the individuals with admixture (European 
and South East Asian) but predominantly represents genetic ancestry 
from Khoisan and black Africans (De Wit et al., 2010). The study was 
approved by the University of Cape Town Research Ethics Committee. 

The WGS datasets of non-ALS African ancestry population controls 
(n = 138) were collected from various studies and included individuals 
from South-, East-, West- and North Africa: n = 24 healthy individuals 
from the South African (SA) Human Genome Program (Choudhury et al., 
2017), n = 25 SA individuals with myasthenia gravis, an 
immune-mediated neuromuscular disease (Nel et al., 2019b), n = 39 
healthy individuals from the Simons Genome Diversity Cohort (SGDP) 
(Mallick et al., 2016) and n = 50 healthy individuals from the Illumina 
Polaris Diversity Cohort (IPDC) represented in the 1000 Genomes 
project (Genomes Project et al., 2015). To compare the African control 
population architecture of these RE loci with European controls, we 
included 50 individuals from Northern and Southern Europe from the 
IPDC dataset. All samples (ALS and non-ALS controls) were analyzed 
together using the same pipeline (https://github.com/grbot/varcall) 
which included alignment to the NCBI GRCh38 reference genome (with 

al contigs) and joint variant calling according to the Genome Analysis 
Toolkit (GATK) best practice guidelines (https://gatk.broadinstitute.org 
/hc/en-us). Since the data was obtained from different studies, 
sequencing libraries were prepared using different kits (which resulted 
in different read lengths (100 or 150 bp)) and samples were sequenced 
using different instruments (all Illumina). All samples were sequenced to 
a read depth ≥ 30x (i.e. high coverage). 

Repeat alleles sizes in ATXN2, NIPA1, ATXN1 and NOP56 were 
determined using the Illumina ExpansionHunter v4.0.2 tool (Dolzhenko 
et al., 2017). Relevant reads were extracted from the WGS BAM file and 
aligned to an appropriate sequence graph representing each locus. The 
ExpansionHunter algorithm uses a combination of spanning, flanking 
and in-repeat reads to determine the genotype (including confidence 
interval). Ambiguous genotypes were either resolved or excluded from 
the analysis following visual inspection of the pileup of read alignments 
at the RE locus using the Illumina GraphAlignmentViewer (https://gith 
ub.com/Illumina/GraphAlignmentViewer/). With the exception of 
ATXN1, the distribution of RE allele lengths between groups could not 
be compared statistically as the conditions to perform an overall Chi-test 
were not met. Instead, we used the Fisher’s exact test to assess the 
proportion of intermediate or short RE lengths between groups. A 
Bonferroni correction was performed on the Chi-test assessing the 
exploratory comparison of control populations. Statistical analysis was 
performed in GraphPad Prism v8.4.3. 

3. Results 

The Southern African ALS cohort comprised 105 individuals (53% 
male, 19% bulbar onset) with an average age of onset of 51 years 
(Table 1). At clinical presentation, the majority of patients (81%) had 
clinical evidence of both upper and lower motor neuron involvement, 
which is defined as the ALS-variant motor neuron disease, whereas the 
remainder presented initially with other clinical phenotypes (i.e. pure 
upper motor neuron syndrome or pure lower motor neuron syndrome), 
before progressing to the ALS phenotype. Two participants had fronto-
temporal dementia and ALS at presentation. Three participants had a 
family history of ALS. 

3.1. ATXN2 

Pathogenic expansions of ≥ 35 CAG repeats in the 5′ untranslated 
region of the ATXN2 gene, result in SCA2. Assessing intermediate ex-
pansions of 27–33 CAG repeats among South Africans, only 2 (0.9%) 
ALS cases had an RE of ≥30, compared to no African controls (0/114) 
with intermediate expansions in the range 30–33 (Fig. 1A). We found no 
statistical difference in the allele distribution among ALS cases and 
controls (range 2–30 alleles; p = 0.17). The repeat allele distribution 

Abbreviations 

RE Repeat expansion 
SA South Africa 
ALS Amyotrophic lateral sclerosis 
SCA Spinocerebellar ataxia 
HSP Hereditary spastic paraplegia  

Table 1 
Demographic and clinical characteristics of African ALS cohort (n = 105).   

ALS African genetics n = 105 

Age at onset, years, mean (± SD) 51 (±14) 
Male, n (%) 56 (53%) 
Familial ALS, n (%) 3 (3%) 
Region of symptom onset, n (%)  

Cognitive 3 (3%) 
Bulbar 20 (19%) 
Cervical 37 (35%) 
Diaphragm 2 (2%) 
Lumbosacral 43 (41%) 

Phenotype at presentation  
Mixed upper motor and lower motor neuron 85 (81%) 
Pure upper motor neuron 11 (10%) 
Pure lower motor neuron 7 (7%) 
ALS-FTD 2 (2%) 

Familial ALS refers to families in which there are at least 2 biologically related 
individuals with ALS. FTD -frontotemporal dementia. 
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among the SA population controls (n = 114 alleles; range between 2 and 
25, Fig. 1A) were similar to an independent SA sample which assessed 
Huntington disease phenocopies (n = 178 alleles; range between 6 and 
25 (Baine et al., 2018)). Although the most frequent allele of 22 repeats 
was similar between African and European controls (62% vs 85%, 
respectively), we observed more very short repeats (<22) in Africans 
compared to the Europeans (5% vs 1%, respectively), whereas inter-
mediate alleles (RE 27–33) were very rare in Africans (Africans <1%; 
European controls 2%). However, these results were not statistically 
significant (Fig. 1B). 

3.2. NIPA1 

Exon 1 of the Non-imprinted in Prader-Willi/Angelman syndrome 
region protein 1. (NIPA1) encodes a GCG repeat which most frequently 
results in an allele length of 7 or 8 in healthy controls. In South Africans, 
the repeat allele distribution between ALS cases vs controls were similar 
(p = 0.67) (Fig. 2A). Four cases and a control each carried a long allele 
(≥9 GCG repeats). Although the NIPA1 allele size range is narrow among 
controls, the distribution of longer alleles with 9–10 GCG repeats, was 
extremely rare in Africans (0.4%) whereas 6% of European controls had 
alleles of 9–10 GCG repeats (p = 0.016) (Fig. 2B). 

3.3. ATXN 1 

The pathogenic range of the CAG expansion in Ataxin-1 (ATXN1), 
which results in SCA1, is ≥39 repeats, whereas the intermediate range 
REs ≥ 33 was reported to associate modestly with European ALS pa-
tients (Lattante et al., 2018; Conforti et al., 2012; Tazelaar et al., 2020). 
In this SA cohort, the CAG repeats in ALS cases ranged from 21 to 37, 

compared to 24–35 in controls; the allele distribution was not different 
between the two groups (p = 0.99), including a similar proportion of 
intermediate ATXN1 alleles (REs 33–35) amongst SA ALS and SA con-
trols (both ~14%) (Fig. 3A). The overall distribution of RE alleles was 
significantly different between African and European controls (corrected 
p < 0.001); this difference appears to result from a higher frequency of 
short alleles < 29 amongst Africans (30% vs 3% in Europeans) while the 
frequency of intermediate RE ≥ 33 alleles was similar in both groups. 

3.4. NOP56 

An abnormal hexanucleotide repeat expansion (>650 repeats) 
located in intron 1 of nucleolar protein 56 (NOP56), results in SCA36 
(Garcia-Murias et al. 2012; Kobayashi et al. 2011). The interest in ALS 
arose from observing individuals with SCA36 developing prominent 
features of motor neuron degeneration in up to two-thirds of cases 
(Garcia-Murias et al. 2012). In the SA sample the NOP56 repeat allele 
size ranged between 4 and 11 repeats, with a similar distribution in ALS 
and controls (p = 0.99) (Fig. 4A). Similarly, there was no difference 
found between the distribution of NOP56 RE alleles (≥10) comparing 
African with European controls (p = 0.66) (Fig. 4B). 

4. Discussion 

Expanded motifs in ATXN2, NIPA1, ATXN1 and NOP56 genes in 
South Africans with African genetic ancestry, did not show associations 
with ALS. However, the associations of intermediate range repeat ex-
pansions in ATXN2, NIPA1 and ATXN1 were modest in Europeans with 
ALS, and this sample may have been too small to be informative of low 
frequency association signals. We also evaluated the genetic 

Fig. 1. ATXN2 repeat allele frequencies in A. a Southern African (SA) cohort with ALS vs matched SA ancestry controls, and B. controls from across Africa (AFR) 
compared to Europe (EUR). % refers to the proportion of alleles in the groups. NS refers to Fisher exact test which was not significant. 

Fig. 2. NIPA1 repeat allele frequencies in A. a Southern African (SA) cohort with ALS vs matched Southern African ancestry controls, and B. controls from across 
Africa (AFR) compared to Europe (EUR). % refers to the proportion of alleles in the groups. Fisher exact tests were performed; NS refers to not significant. 
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architecture of these loci in a modest sample of population controls and 
found a non-significant tendency for Africans to have more shorter 
repeat expansion alleles compared to their European counterparts. 

4.1. ATXN2 

Unlike Africans with ALS, in whom we found no association with 
intermediate repeat expansions (CAG 27–33), in Europeans this 
occurred twice as often in ALS patients compared to controls (Elden 
et al., 2010; Wang et al., 2014). However, the ATXN2 expansion archi-
tecture is complex because, despite African controls having relatively 
more shorter ATXN2 repeats compared to Europeans [this study, (Baine 
et al., 2018)], SCA2, which is due to a larger ATXN2 RE (>36 repeats), is 
more frequent among South Africans with African genetic ancestry 
compared to those with European ancestry (Smith et al., 2012). Simi-
larly, Cuba also has a high frequency of SCA2, but without evidence of 
increased frequencies of intermediate alleles as pre-mutations (Laffi-
ta-Mesa et al., 2012) or an increased frequency of ALS (Ryan et al., 
2019). Our results, and those of others, suggest that the association of 
ATXN2 intermediate RE amongst non-European populations is either 
weak (Chinese individuals with ALS) (Chen et al., 2011) or absent (Af-
ricans with ALS). Therefore, while there are consistent association sig-
nals of ATXN2 intermediate RE in Europeans with ALS (Wang et al., 
2014), emerging indications of a role in ALS pathogenesis (Yang et al., 
2019; Elden et al., 2010; Lagier-Tourenne and Cleveland, 2010) and the 
increasing focus on its therapeutic potential in ALS (van den Heuvel 
et al., 2014), our results suggest that ATXN2 may be less important in 
ALS populations without European genetic ancestry. 

4.2. NIPA1 

In this study we found no difference between long alleles (≥9 GCG 
repeats) among South African ALS and controls; this contrasts with 
previous reports in northern Europeans in which the long alleles were 
>1.5x more likely in cases with ALS (Blauw et al., 2012; Tazelaar et al., 
2019). However, our results are similar to a recent multicohort analysis 
from ProjectMinE, which included substantial numbers of cases with 
ALS (and controls) from the United Kingdom and the United States, and 
which found similar frequencies of NIPA1 long alleles between ALS cases 
and controls (4.7 vs 4.4%) (Tazelaar et al., 2019; van Blitterswijk et al., 
2014). 

4.3. ATXN1 

A modest association between ATXN1 intermediate REs 33–38 and 
ALS in Europeans has been reported (Tazelaar et al., 2020), but this was 
not replicated in this African sample. Although the allele frequencies 
amongst African and European controls differed overall, there were no 
significant differences in the frequencies of the intermediate alleles 
(14% vs 13%, respectively). 

4.4. NOP56 

We found no association between NOP56 allele frequencies and ALS 
cases in this SA cohort, which is similar to the results in Chinese and 
Japanese cohorts (Lee et al., 2016; Kobayashi et al., 2011). The normal 
range of allele sizes amongst African controls ranged between 3 and 10 
repeats whereas Europeans and Chinese controls carried between 4 and 
14 (this study; Garcia-Murias et al., 2012; Lee et al., 2016). 

Fig. 3. ATXN 1 repeat allele frequencies in A. a Southern African (SA) cohort with ALS vs SA ancestry controls, and B. controls from across Africa (AFR) compared to 
Europe (EUR). % refers to the proportion of alleles in the groups. X2 refers to uncorrected Chi-test. 

Fig. 4. NOP56 repeat allele frequencies in A. a Southern African (SA) cohort with ALS vs SA ancestry controls, and B. controls from across Africa (AFR) compared to 
Europe (EUR). % refers to the proportion of alleles in the groups. Fisher exact tests were performed; NS refers to not significant. 
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Within the last decade, a large repeat expansion in C9orf72 was 
found to be the most common genetic mutation in both sporadic (7%) 
and familial (38%) ALS cases with European genetic ancestry (Rade-
makers and van Blitterswijk, 2013). A founder C9orf72 expansion mu-
tation was suggested to have arisen in Northern Europe (Rademakers 
and van Blitterswijk, 2013). Populations with 17th century European 
admixture, which may include South Africans with mixed-African 
ancestry and Chinese individuals from Taiwan, and who have ALS, 
appear to have higher frequencies of the C9orf72 expansion mutation 
than ALS populations without European admixture, such as Asians and 
black Africans (Liu et al., 2018; Nel et al., 2019a). The modest associ-
ation signals of co-inheritance of ATXN2 intermediate alleles with large 
C9orf72 expansions in Europeans with ALS, have suggested that ATXN2 
could be acting as a disease modulator (van Blitterswijk et al., 2014). 
This postulate is supported by experimental evidence that expanded 
repeats within ATXN2 (Elden et al., 2010; Yang et al., 2019) and ATXN1 
(Tazelaar et al., 2020) may impact TDP-43 biology. The aforementioned 
pathogenic pathways may be important in Europeans with ALS, but not 
in Africans, and support the different oligogenic multi-step hypothesis of 
ALS in East Asians (and possibly Africans) vs. Europeans (Vucic et al., 
2020). 

Herein we determined genotypes using computational tools, and 
these results have not been validated by repeat-primed PCR (RP-PCR). 
However, benchmarking of ExpansionHunter results against RP-PCR 
results for the C9orf72 hexanucleotide repeat locus showed that the al-
gorithm is highly specific for detecting pathogenic expansions (Dolz-
henko et al., 2017). In our previous report we found 100% concordance 
between pathogenic C9orf72 expansions detected by ExpansionHunter 
from sequences generated by PCR-free methods, and RP-PCR (Nel et al., 
2019a). The relatively small size of this African ALS cohort compared 
with the larger European and Chinese cohorts, has to be considered a 
limitation. However, South Africans have substantial ancient KhoiSan 
genetic contributions adding to their rich genetic diversity and short 
linkage disequilibrium blocks (Choudhury et al., 2017); these differ-
ences in genetic architecture enhances the informative value of 
including Africans in the search for pathogenic ALS pathways. 

5. Conclusion 

This report sheds light on population-specific genetic differences in 
individuals with ALS. Intermediate length repeat expansions in ATXN2, 
NIPA1 and ATXN1, which showed associations with ALS in Europeans, 
were not replicated in a small sample of Southern Africans with ALS. Our 
results underscore the importance of including individuals with 
different genetic ancestries to comprehensively dissect the pathogenetic 
mechanisms underlying ALS and to uncover the missing heritability 
contributing to large proportions of cases with ALS. 
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