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With the advent of gene therapies for amyotrophic lateral sclerosis (ALS), there is a surge in gene testing for this dis
ease. Although there is ample experience with gene testing for C9orf72, SOD1, FUS and TARDBP in familial ALS, large 
studies exploring genetic variation in all ALS-associated genes in sporadic ALS (sALS) are still scarce. Gene testing in a 
diagnostic setting is challenging, given the complex genetic architecture of sALS, for which there are genetic variants 
with large and small effect sizes. Guidelines for the interpretation of genetic variants in gene panels and for counsel
ling of patients are lacking.
We aimed to provide a thorough characterization of genetic variability in ALS genes by applying the American College 
of Medical Genetics and Genomics (ACMG) criteria on whole genome sequencing data from a large cohort of 6013 
sporadic ALS patients and 2411 matched controls from Project MinE.
We studied genetic variation in 90 ALS-associated genes and applied customized ACMG-criteria to identify pathogen
ic and likely pathogenic variants. Variants of unknown significance were collected as well. In addition, we determined 
the length of repeat expansions in C9orf72, ATXN1, ATXN2 and NIPA1 using the ExpansionHunter tool.
We found C9orf72 repeat expansions in 5.21% of sALS patients. In 50 ALS-associated genes, we did not identify any 
pathogenic or likely pathogenic variants. In 5.89%, a pathogenic or likely pathogenic variant was found, most com
monly in SOD1, TARDBP, FUS, NEK1, OPTN or TBK1. Significantly more cases carried at least one pathogenic or likely 
pathogenic variant compared to controls (odds ratio 1.75; P-value 1.64 × 10−5). Isolated risk factors in ATXN1, 
ATXN2, NIPA1 and/or UNC13A were detected in 17.33% of cases. In 71.83%, we did not find any genetic clues. A com
bination of variants was found in 2.88%.
This study provides an inventory of pathogenic and likely pathogenic genetic variation in a large cohort of sALS pa
tients. Overall, we identified pathogenic and likely pathogenic variants in 11.13% of ALS patients in 38 known ALS 
genes. In line with the oligogenic hypothesis, we found significantly more combinations of variants in cases com
pared to controls. Many variants of unknown significance may contribute to ALS risk, but diagnostic algorithms to 
reliably identify and weigh them are lacking. This work can serve as a resource for counselling and for the assembly 
of gene panels for ALS. Further characterization of the genetic architecture of sALS is necessary given the growing 
interest in gene testing in ALS.
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Introduction
Amyotrophic lateral sclerosis (ALS) is a motor neuron disorder 
characterized by upper and lower motor neuron degeneration, 

which leads to progressive muscle weakness and wasting.1 Up to 

50% of patients develop extramotor symptoms, such as cognitive 

or behavioural dysfunction, as seen in frontotemporal dementia 

(FTD).1 The disease is relentlessly progressive and most people 

die between 2 and 5 years after disease onset, as effective treat

ments are lacking.1,2 ALS has a strong genetic component. In 

5–10%, there is a familial history of ALS (fALS). Highly penetrant 

causal variants are found in ∼70% of fALS patients, most commonly 

in C9orf72, SOD1, TARDPB and FUS, which are responsible for about 

40%, 20%, 4% and 3% of familial cases in Western populations, re

spectively.3 The remaining 90–95% of patients present with appar

ently sporadic ALS (sALS),4 but mutations in the same genes are 

found at lower frequencies.5 Twin studies suggest a heritability in 

sALS patients of around 60%.6 Both rare variants with a variable 

effect size, common variants with small effect size and combina
tions of such variants are thought to confer genetic risk in sALS pa
tients, but convincing data showing this are still lacking.7,8

Nevertheless, much of the genetic architecture of ALS remains un
known. Over the past few years, many efforts have been made to 
unravel the missing heritability. Genetic research has linked a con
siderable number of genes and variants to ALS through various 
techniques.7,9 However, strong evidence for association is variable, 
and some findings have failed to be replicated in subsequent stud
ies.10 Furthermore, the clinical significance of individual variants is 
often unclear (e.g. monogenetic with high penetrance, modifier, 
risk factor or in linkage with causal variant), especially in sALS pa
tients. As the risk of ALS is age-dependent, the life-time risk is in 
the order of 1/400 for males and 1/550 for females and since many 
of the reported disease-associated variants have been associated 
with incomplete penetrance (in fALS pedigrees), such variants 
will invariably also be found in control populations.11 One of the 
difficulties in the interpretation of variants in complex genetic dis
eases like ALS is how to weigh the pathogenicity of variants, since 
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consensus criteria are not available and different methods for scor
ing genetic variants are used.12,13

With the advent of precision medicine for genetic subtypes of 
ALS, the interest in gene testing is increasing. It is common practice 
to offer gene testing for fALS, but much less so for sALS. Large stud
ies systematically describing the genetic variation in sALS are 
rare.14,15 However, a better insight in the level of pathogenicity of 
single variants is essential for the interpretation of variants in a 
diagnostic setting, for counselling of patients and their families 
and for use in clinical drug trials.

We analysed whole genome data of a large cohort of 6013 spor
adic ALS patients and focused on a set of 90 genes reported to be as
sociated with causing ALS.16 We implemented an automatic 
pipeline for classification of variants using modified criteria of the 
American College of Medical Genetics and Genomics (ACMG) to ad
judicate the variants.17 Here, we present a comprehensive overview 
of the pathogenic and likely pathogenic variants encountered in 
these ALS-associated genes, simultaneously validating the associ
ation of some of these genes with ALS in our cohort. In light of 
the oligogenic inheritance model of ALS, we also searched for the 
occurrence of combinations of such variants.

Materials and methods
Patient selection

This study used whole genome sequencing (WGS) data of a total of 
9600 samples of ALS cases and age- and sex- matched controls from 
Project MinE. Samples were mostly of people of European descent 
and collected from 17 centres across 13 countries: Belgium, The 
Netherlands, Switzerland, Spain, France, UK, Ireland, Israel, Italy, 
Portugal, Sweden, Turkey, and USA. The diagnosis of ALS was 
made based on the revised El Escorial criteria in the including cen
tre, which also provided clinical information. Case/control ratio 
was two to one. For more detailed information on patient and con
trol selection we refer to the pilot study of Project MinE.16 A set of 
8940 genomes passed quality control, of which 6529 unrelated 
ALS index patients and 2411 unrelated healthy controls. fALS pa
tients, defined as having a family member with ALS in the first or 
second degree, were excluded for this analysis (n = 301). Patients 
with primary lateral sclerosis (n = 74), progressive muscular atro
phy (n = 90) and progressive bulbar palsy (n = 51) were also ex
cluded. Our final cohort consisted therefore of 6013 sALS patients 
and 2411 controls.

Whole genome sequencing and bioinformatics 
analysis

DNA was extracted and sequenced on the Illumina Hiseq 2000 and 
Hiseq X platforms. Sequencing data was then aligned to GRCh37 
using the iSAAC Aligner, and variants called using the iSAAC vari
ant caller; both the aligner and caller are standard to Illumina’s 
aligning and calling pipeline. Liftover to GRCh38 was performed 
using picard LiftoverVcf (v2.20.2-SNAPSHOT). Quality control was 
performed at sample and variant level as described previously.18

Gene selection

A list of ‘ALS-associated genes’ was selected from four databases 
(search conducted on 28 April 2021): OMIM (search term ‘amyo
trophic lateral sclerosis’), the neuromuscular homepage (NMHP), 
the online version of the gene table and ALSoD (genes with defini
tive and strong evidence).19–22 All genes were included to provide 

an unbiased selection, regardless of the evidence that was available 
for an association with ALS. This resulted in a set of 91 genes 
(Supplementary Table 1). For one gene, NOTCH2NLC, the liftover 
to GRCh38 failed because of mappability issues, excluding this 
gene from further analysis. This brought the total number of eli
gible genes to 90. Additionally, we randomly selected 90 genes 
with expression in brain as obtained from the GTEx Portal for com
parison (Supplementary Table 2).23

The exact genomic regions corresponding to these genes were 
extracted from Ensembl (version 96), to which we added a buffer re
gion of 2500 base pairs both upstream and downstream.24 For each 
gene, we selected the canonical transcript (Supplementary Table 1).

Variant extraction and annotation

We extracted all sequencing variants located in the genomic region 
of the selected genes from WGS data of patients and controls. 
Variants were annotated using nsemble-vep (v96.0-0). Vcfanno 
(v0.3.1) was used to add precalculated scores of the dbnsfp (v4.1a) 
and dbscsnv (v1.1) databases and add the allele frequency from 
Gnomad (v2.1.1 liftover_grch38).

Repeat expansions in C9orf72 (the GGGGCC-repeat sequence in 
intron 1a) and NIPA1, as well as intermediate repeat expansions 
in ATXN1 and ATXN2, were identified in our WGS data using the 
ExpansionHunter tool.25 Cut-offs used were repeat lengths: 30 for 
C9orf72, 39 for ATXN1, 33 for ATXN2 and 10 for NIPA1. Expanded 
means that the lower bound of the estimated repeat length range 
is higher or equal to the cut-off. Normal means that the upper 
bound of the range is lower than the cut-off. Intermediate means 
that the result is in between ‘expanded’ and ‘normal’. Where avail
able, results from ExpansionHunter were compared with wet lab re
sults (repeat primed PCR). Inconsistent means that a discrepancy 
between the result from ExpansionHunter and the wet lab was 
found. Unknown means the length of the repeat could not be deter
mined. The single nucleotide polymorphism (SNP) rs12608932 in 
UNC13A is a known risk factor for ALS.26 Frequency of the CC geno
type was distilled from our data.

Attribution of variant pathogenicity

To predict variant pathogenicity we used the software tool CharGer 
(Characterization of Germline variants), an open-source framework 
conducting a fully automated variant interpretation based on the 
ACMG-criteria, enriched with custom modules and a user- 
adjustable scoring system.27 We partially customized the criteria 
and included some changes to make them more suitable for com
plex diseases. A summary of how we customized the ACMG criteria 
can be found in Supplementary Figs 1 and 2 and Supplementary 
Tables 1 and 3. After applying these modified criteria on the ex
tracted sequencing variants, we selected all variants with a classi
fication of pathogenic (class V) or likely pathogenic (class IV).

Expansions in ATXN1, ATXN2 and NIPA1 and the SNP rs12608932 
in UNC13A were not considered pathogenic but were logged as risk 
factors.

Known mutations associated with ALS

We extracted variants associated with ALS in the 90 genes of inter
est from two databases: ClinVar and the NMHP.20,28 We reclassified 
these variants as described in Supplementary Fig. 1 and selected 
the variants with a final classification as pathogenic and likely 
pathogenic as ‘known ALS-associated mutations’. An overview of 
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the number of variants reclassified per gene is provided in 
Supplementary Table 4.

Statistical analysis

R (v3.6.3) was used to perform Fisher exact tests to compare variant 
frequency between cases and controls in our dataset assuming a 
dominant model. Odds ratios (ORs) with zero cell counts in the con
trol population were estimated by assuming the control population 
had a count of one, these ORs are denoted with a tilde. Multiple test
ing correction was performed using the Holm method as imple
mented in p.adjust. For comparison between patients with and 
patients without pathogenic and likely pathogenic variants χ2 test 
was performed for categorical variables and a t-test for continuous 
variables.

GnomAD

To calculate ORs compared to GnomAD v3, the variants that 
passed quality control were downloaded from https://gnomad. 
broadinstitute.org and processed through our modified ACMG criteria, 
retaining only the pathogenic and likely pathogenic variants.29 These 
were compared to the pathogenic and likely pathogenic variants pre
sent in our ALS cohort after removing the variants that were also re
moved in GnomAD. Fisher’s exact test was then used as described 
above.

Graphical representation

Graphical representations called ‘lolliplots’ were created in R (ver
sion 3.6.0) using the Bioconductor package trackViewer (version 
1.20.5).27,30

Ethical approval

The study was approved by the national ethical committees of the 
participating centres. All participants signed an informed consent, 
which also included permission to publish scientific results at the 
group level. The Commission of medical ethics of UZ KU Leuven 
gave permission for sample collections (S50354) and for exome/ 
genome sequencing (S52853).

Data availability

The data that support the findings of this study are available on re
quest from the corresponding author. The data are not publicly 
available due to privacy restrictions.

Results
Our final cohort consisted of 6013 sALS patients and 2411 controls. 
The MinE project was set up to discover new ALS genes, so patients 
with known causal mutations might be underrepresented. The 
main characteristics of the cohort are summarized in Table 1.

Using the ExpansionHunter tool, we identified 313 cases (5.21%) 
with a C9orf72 hexanucleotide repeat expansion. Looking at the 90 
genes, we identified 365 pathogenic and likely pathogenic sequen
cing variants in 354 (5.89%) cases and 87 pathogenic and likely 
pathogenic sequencing variants in 83 controls (3.44%) (Table 2, 
Supplementary Table 5 and Supplementary Table 6). Significantly 
more cases carried at least one pathogenic or likely pathogenic se
quencing variant compared to controls (OR 1.75; P-value 1.64 ×  
10−5). Pathogenic and likely pathogenic sequencing variants were 
observed in 40 of the 90 genes, that is in 38 genes in cases and in 

24 genes in controls (Table 2, Supplementary Table 5, Fig. 1 and 
Supplementary Fig. 3). In 25 genes, a higher proportion of patients 
carried at least one pathogenic or likely pathogenic variant com
pared to controls. For 10 genes, the OR for carrying a pathogenic 
or likely pathogenic variant was higher than two, with a P-value be
low the significance threshold of 0.05 for the genes NEK1 (OR 21.84; 
P-value 2.57 × 10−7), SOD1 (OR 7.66; P-value 3.15 × 10−4), FUS (OR 
∼6.43; P-value 9.40 × 10−3), OPTN (OR 4.83; P-value 1.58 × 10−2) and 
TARDBP (OR ∼5.22; P-value 2.59 × 10−2). P-values remained below 
the adjusted significance threshold only for NEK1 and SOD1 after 
correcting for multiple testing. However, by increasing the size of 
the control population by taking data from gnomAD, we could con
firm these top five genes, obtaining even lower P-values. Some 
other genes also reached P-values below the significance threshold 
when compared to gnomAD after correction for multiple testing. 
However, only TBK1 could be added to the list of significant genes 
using a more stringent genome wide correction for the ±20 000 
genes in the genome. The ORs and their 95% confidence interval 
after comparison to gnomAD are illustrated in Fig. 2. The known 
Asp91Ala (D91A) variant in SOD1 was discarded by our pipeline, be
cause rule BS1 was triggered (allele frequency higher than expected 
for the disorder). We extracted the frequencies in a separate ana
lysis and found 19 sALS patients with a heterozygous SOD1 D91A 
variant, 21 with a homozygous variant and five controls with a het
erozygous variant. In 15 genes, a higher proportion of controls 

Table 1 Summary of the main characteristics of the MinE 
cohort

Cases  
(n = 6013)

Controls  
(n = 2411)

Sex
Female, n 2399 (39.90%) 1140 (47.28%)
Male, n 3614 (60.10%) 1271 (52.72%)

Age at onset
Number of patients for 
whom data was available

5878 –

Mean age at onset, years 60.35 –
Age at time of blood sample

Number of patients for 
whom data was available

4883 2197

Mean age at time of 
blood sample, years

62.20 61.30

Site of onset
Bulbar 1617 (26.89%) –
Spinal 3916 (65.13%) –
Generalized 201 (3.34%) –
Thoracic/respiratory 107(1.78%) –
FTD 7 (0.12%) –
Unknown 165 (2.74%) –

El Escorial (most recent value)
Definite 1385 (23.03%) –
Probable 2309 (38.40%) –
Possible 515 (8.56%) –
Suspected 57(0.95%) –
Unknown 1747 (29.05%) –

C9orf72 RE status
Expanded 313 (5.21%) 7 (0.29%)
Intermediate 18 (0.30%) 4 (0.17%)
Normal 5659 (94.11%) 2397 (99.42%)
Inconsistent 22 (0.37%) 0 (0%)
Unknown 1 (0.02%) 3 (0.12%)

Numbers in parentheses refer to percentage of total. RE = repeat expansion.
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carried at least one pathogenic or likely pathogenic variant. The 
P-value was below the significance threshold of 0.05 only in NEFH 

(OR 0.30; P-value 3.26 × 10−2) but did not survive correction for mul

tiple testing and was also not significant when controls from 

gnomAD were added. In 50 genes, we did not find any pathogenic 

or likely pathogenic variant. Variants of unknown significance 

(VUS) are listed in Supplementary Table 7. Patients with pathogenic 

and likely pathogenic variants were more often diagnosed with FTD 

(32.41% versus 21.56% of patients with data available, P-value 1.70 ×  
10−2) and had younger age of onset (58.62 years versus 60.56 years, 

P-value 1.17 × 10−4) (Supplementary Table 8). In the set of 90 ran

domly selected genes, we did not find significantly more pathogenic 

variants in cases or controls, neither in total nor at the individual 

gene level (OR 1.46; P-value 3.39 × 10−1) (Supplementary Table 9). 

Of the variants associated with ALS in ClinVar and the NMHP, 367 

were reclassified as likely pathogenic or pathogenic by applying 

our modified ACMG criteria. These variants were considered 

‘known ALS-associated mutations’. In our cohort, 60 (23.0%) of the 

unique identified variants in cases were known ALS-associated 

mutations, the majority were novel variants.
Taken together, 313 cases (5.21%) were explained by a C9orf72 

hexanucleotide repeat expansion. A pathogenic or likely pathogen

ic sequencing variant was observed in SOD1, FUS, TARDBP, NEK1, 

OPTN and TBK1 in 38 (0.63%), 16 (0.27%), 13 (0.22%), 54 (0.90%) and 

24 (0.40%) and 16 (0.27%), respectively. Of the remaining cases, 

179 (2.98%) had a mutation in one of the outstanding genes. In the 

remaining part of the cohort, we detected one or more susceptibil

ity factors in 1042 (17.33%) cases. In the other 4319 (71.83%) cases, 

we did not find any genetic clue. In the control cohort, a C9orf72 

hexanucleotide repeat expansion was observed in seven (0.29%) 

controls. Pathogenic or likely pathogenic sequencing variants 
were observed in SOD1, NEK1, OPTN and TBK1 in two (0.08%), one 
(0.04%), one (0.04%) and one (0.04%) control, respectively. 
Pathogenic or likely pathogenic sequencing variants in the other 
genes were found in 76 (3.15%) controls [not statistically different 
from the proportion of 2.98% in cases (P-value 0.72)]. We found 
only susceptibility factors in 387 (16.05%) controls. No variants of 
interest were found in 1934 (80.22%) controls.

To evaluate the incidence of combinations of variants, we took 
following variants into account: pathogenic and likely pathogenic 
sequencing variants, C9orf72 repeat expansions and ALS suscepti
bility factors including ATXN1 and ATXN2 intermediate repeat ex
pansions, NIPA1 repeat expansions and homozygosity for the 
C-allele of rs12608932 in UNC13A. A combination of two of these 
variants was found in 164 (2.73%) cases and 34 (1.41%) controls 
(OR 1.96; P-value 2.31 × 10−4) and a combination of three variants 
in nine (0.15%) cases and in two (0.08%) controls (OR 1.81; P-value 
0.74) (Fig. 3 and Supplementary Table 10).

Discussion
We here present a comprehensive genetic profile of a large sALS 
cohort. In total, 10.85% of the studied cases with sALS diagnosis 
had a pathogenic variant—5.21% had a pathogenic repeat expan
sion in C9orf72 and 2.66% a pathogenic or likely pathogenic muta
tion in either SOD1, TARDBP, FUS, NEK1, OPTN or TBK1. We 
observed potentially causative variants in other ALS-associated 
genes in an additional 3.26% of sALS patients (in 2.98% when pa
tients carrying a combination with a C9orf72 hexanucleotide re
peat expansion or with variants in SOD1, FUS, TARDBP, NEK1, 

Table 2 Genes with pathogenic or likely pathogenic variants in cases and/or controls

GnomAD

Gene Case (%) Control 
(%)

P-value Adj. 
P-value

Est. 
OR

95% CI GnomAD 
(%)

P-value Adj. 
P-value

Est. 
OR

95% CI

NEK1 54 (0.90) 1 (0.04) 2.57 × 10−7 1.03 × 10−5 21.84 3.75–875.45 52 (0.04) 9.19 × 10−31 3.58 × 10−29 11.84 7.93–17.68
SOD1 38 (0.63) 2 (0.08) 3.15 × 10−4 1.23 × 10−2 7.66 1.98–65.66 8 (0.01) 4.47 × 10−34 1.79 × 10−32 54.09 24.83–133.75
FUS 16 (0.27) 0 (0.00) 9.40 × 10−3 0.36 ∼6.43 1.55–Inf 5 (0.00) 5.01 × 10−14 1.85 × 10−12 36.19 12.67–126.77
OPTN 24 (0.40) 2 (0.08) 1.58 × 10−2 0.58 4.83 1.2–42.2 20 (0.01) 2.29 × 10−15 8.72 × 10−14 13.62 7.2–26.01
TARDBP 13 (0.22) 0 (0.00) 2.59 × 10−2 0.93 ∼5.22 1.22–Inf 6 (0.00) 1.12 × 10−10 3.92 × 10−9 24.57 8.71–79.01
NEFH 6 (0.10) 8 (0.33) 3.26 × 10−2 1.00 0.30 0.09–0.99 32 (0.02) 0.23 1.00 1.73 0.53–4.48
PRPH 9 (0.15) 0 (0.00) 6.79 × 10−2 1.00 ∼3.61 0.79–Inf 29 (0.02) 2.85 × 10−3 7.40 × 10−2 3.51 1.46–7.63
TBK1 16 (0.27) 2 (0.08) 0.12 1.00 3.21 0.75–28.84 3 (0.00) 2.88 × 10−13 1.04 × 10−11 52.92 14.76–285.4
ITPR2 12 (0.20) 1 (0.04) 0.13 1.00 4.82 0.71–205.93 47 (0.03) 2.48 × 10−3 6.70 × 10−2 2.89 1.4–5.54
SPG11 32 (0.53) 7 (0.29) 0.16 1.00 1.84 0.8–4.94 126 (0.09) 1.28 × 10−6 4.35 × 10−5 2.88 1.89–4.28
C19orf12 0 (0.00) 1 (0.04) 0.29 1.00 0.00 0–15.64 13 (0.01) 0.62 1.00 0.00 0–3.68
SQSTM1 0 (0.00) 1 (0.04) 0.29 1.00 0.00 0–15.64 10 (0.01) 1.00 1.00 0.00 0–5.05
CHRNA4 2 (0.03) 2 (0.08) 0.32 1.00 0.40 0.03–5.53 9 (0.01) 0.23 1.00 2.48 0.26–11.99
VCP 5 (0.08) 0 (0.00) 0.33 1.00 ∼2.01 0.37–Inf 4 (0.00) 3.36 × 10−4 1.04 × 10−2 14.15 3.05–71.34
ALS2 7 (0.12) 5 (0.21) 0.34 1.00 0.56 0.15–2.24 32 (0.02) 3.57 × 10−2 0.81 2.48 0.92–5.71
SYNE1 18 (0.30) 10 (0.41) 0.41 1.00 0.72 0.32–1.75 116 (0.09) 3.72 × 10−2 0.81 1.76 1.01–2.9
CACNA1H 29 (0.48) 15 (0.62) 0.41 1.00 0.77 0.4–1.56 27 (0.02) 1.91 × 10−3 5.55 × 10−2 3.77 1.56–8.27
LRP10 1 (0.02) 1 (0.04) 0.49 1.00 0.40 0.01–31.48 13 (0.01) 1.00 1.00 0.87 0.02–5.8
TAF15 1 (0.02) 1 (0.04) 0.49 1.00 0.40 0.01–31.48 11 (0.01) 1.00 1.00 1.02 0.02–7
CHRNA3 9 (0.15) 5 (0.21) 0.56 1.00 0.72 0.22–2.74 58 (0.04) 0.12 1.00 1.76 0.76–3.57

List of the first 20 of 40 genes in which pathogenic or likely pathogenic variants were found in cases and/or controls (sorted on increasing P-value). On the left, the absolute 

number of ALS patients and controls of our cohort with minimal one pathogenic or likely pathogenic variant in that gene is indicated along with the proportion of total cases 

(n = 6013) and controls (n = 2411) as a percentage in brackets. P-value, adjusted (Adj.) P-value after correction for multiple testing, estimated odds ratio and 95% confidence 

interval are shown in separate columns. To the right, a comparison with controls of the gnomAD database. Repeat expansions and SNP rs12608932 in UNC13A are not included in 
this table. The full table with all 40 genes can be found in the Supplementary material (Supplementary Table 5). Adj = adjusted; CI = confidence interval; Est = estimated; Inf =  
infinity; NMHP = neuromuscular homepage; OR = odds ratio.
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Figure 1 Lolliplots showing pathogenic and likely pathogenic variants encountered in NEK1, SOD1, FUS, OPTN, TARDBP and TBK1 in cases and controls. 
Lolliplots showing the mutational spectra of the displayed genes in cases (n = 6013) and controls (n = 2411). For each gene, exons and untranslated re
gions are represented as grey bars, connected by introns shown as grey lines (reduced with a factor 1/100). Protein domains and motifs are shown as 
coloured bars. Each lollipop represents a pathogenic or likely pathogenic variant encountered in cases (top) or controls (bottom). The absolute number of 
cases and controls with the variant is reflected by the height of the lollipop. Known ALS-associated mutations (from ClinVar and the NMHP) are shown 
as red lines. AXH = ataxin-1/HBP1 domain; CCD1 = coiled-coil domain 1; NMHP = neuromuscular homepage; RRM = RNA recognition motif; 
ULD = ubiquitin-like domain; UTR = untranslated region.
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OPTN and TBK1 were excluded). In 17.33%, we found isolated risk 
factors, but of importance, in 71.83%, no genetic significant var
iants were detected.

Until now, similar projects have mainly focused on fALS pa
tients. Here we describe the genetic landscape of a large cohort of 
sporadic ALS patients.13 An overview of the genetic findings in 
ALS patients is a first step to get better understanding of the genetic 
architecture of ALS. Especially in the era of next generation sequen
cing and with the advent of gene-specific therapies, genetic screen
ing is offered to an increasing number of patients. Therefore, a 
comprehensive genetic characterization of sALS patients is indis
pensable for informed counselling of these patients. Evidence on 
the strength of association of genes with ALS is also valuable for 
the development and analysis of gene panels.

Overall, when we analysed genetic variation in 90 genes for 
which association with ALS has been reported, we observed an en
richment of pathogenic and likely pathogenic sequencing variants 
in cases compared to controls. In NEK1, SOD1, FUS, OPTN and 
TARDBP enrichment was significant. That these genes end up as 
top genes is not surprising since it is known that 2–3% of sALS pa
tients carry pathogenic mutations in these genes.5 That only 
NEK1 and SOD1 survived multiple testing is probably due to the 
low numbers of variants per individual gene. This strongly reduces 
statistical power, even though this is the largest sALS cohort 

described to date. Using data from the gnomAD database to supple
ment our control data, all five originally significant genes were con
firmed with higher significance levels. The low statistical power 
might also provide an explanation for the non-significant results 
in some of the 33 other genes with pathogenic and likely pathogenic 
variants, as illustrated by TBK1. For most of these genes without sig
nificant enrichment however, especially for the ones with ORs close 
to 1, we suspect that the probability of an association with ALS is ra
ther low. The same is true for the 52 genes without pathogenic or 
likely pathogenic variants detected in cases. Nevertheless, we can
not exclude that some of these genes harbour truly pathogenic mu
tations in only a small minority of sALS patients which are 
therefore not detected in our cohort. Genes conferring moderate 
risk for ALS are also not reliably identified by our pipeline, as is illu
strated by the known polymorphism in UNC13A.

The yield of WGS (combined gene panel analysis and C9orf72 re
peat expansion detection in WGS data) in sALS patients was 11.09% 
overall and 7.87% when only taking C9orf72 repeat expansions, 
SOD1, FUS, TARDBP, NEK1, OPTN and TBK1 into consideration. This 
is lower than what is reported by others, but in those studies less 
stringent variant selection was performed (e.g. all novel and rare 
variants and/or ATXN2 intermediate expansions were reported in 
the yield) and a different number of genes was sequenced.15,31 In 
71.83% of sALS patients, we did not find any pathogenic or likely 

Figure 2 Odds ratios and their 95% confidence intervals. Illustration of the odds ratios and their 95% confidence intervals for the 40 genes with patho
genic or likely pathogenic variants in. Odds ratios are calculated compared to gnomAD v3.
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pathogenic variants, so genetic determinants in this patient group 
remain unknown. Possible explanations are the presence of var
iants in as yet unidentified genes, variants in noncoding regions 
of the genome, multiple polygenic additive contributions or epigen
etic variation. Another possible reason is an oligogenic architecture 
where multiple less penetrant variants together constitute the risk 
of ALS in these patients. Such variants are not easily identified 
using the ACMG criteria. However, the fact that we found a signifi
cantly higher incidence of combinations in cases compared to con
trols could be a hint to a complex inheritance of (risk) variants in 
multiple genes.8 Furthermore, the presence of pathogenic and like
ly pathogenic variants in our control cohort points towards a re
duced penetrance, which also fits with the oligogenic model. Even 
in SOD1, we found two controls carrying a pathogenic variant 
(0.08%), which is higher than the expected frequency (0.0025%) in 
controls, assuming a lifetime risk for ALS of 1/400 and a frequency 
of 1% SOD1 mutations in sporadic patients.32 This illustrates that 
the penetrance at the population level is lower than what is ex
pected based on smaller clinical cohorts, as has been shown for 
other neurodegenerative disorders before.33,34 Probably other gen
etic and environmental factors play a role and explain why some 
mutation carriers seem more resistant to developing a clinical 
phenotype. That we found a higher frequency of variants in con
trols (3.15%) compared to cases (2.98%) in the remaining genes after 
excluding repeat expansions in C9orf72 and variants in SOD1, FUS, 
TARDBP, NEK1, OPTN and TBK1 can have multiple explanations: 
not all genes are robustly associated with ALS, some variants 
have a low penetrance or there is an overrepresentation of some 
variants because of populations stratification in a small control co
hort. The occurrence of pathogenic and likely pathogenic variants 
in 3.44% of controls might thus be indicative for reduced pene
trance and oligogenic inheritance but should be interpreted with 

caution because of the reasons mentioned above. It is important 
to acknowledge that the finding of a likely pathogenic or pathogenic 
variant in an ALS gene does not automatically imply Mendelian in
heritance of ALS. It would be interesting to follow up controls with 
these variants longitudinally, as well as controls with a C9orf72 re
peat expansion, however this is not intended in the design of 
Project MinE. Further exploration of the penetrance of variants 
and the meaning of the presence of variants in the control popula
tion is of great importance since this dramatically influences genet
ic counselling in patients.

One of the problems in the analysis and interpretation of var
iants in complex genetic disorders such as ALS is the lack of ad
equate scoring systems to assess the pathogenicity of variants. 
Frequently used criteria such as the ACMG guidelines are designed 
for Mendelian disorders and less applicable for diseases where var
iants might have low penetrance, be risk factors or might only be 
pathogenic in certain combinations.17,35 Furthermore, these cri
teria are often vaguely defined, and standard algorithms for imple
menting them are lacking, which leads to leeway and subjectivity 
in their practical implementation.17,36 This makes an automated 
implementation on large datasets challenging. Since better classifi
cation systems are lacking, there is no consensus on how to as
sess the pathogenicity for variants in complex disorders, and 
different methods are used through literature.12,13 International 
attempts to correct this, such as ClinGen Gene Curation Expert 
Panels and Variant Curation Expert Panels, may represent a 
way forward. For this project, we used the software tool 
CharGer applying modified ACMG-criteria.27 Despite our modifi
cations, our criteria still favour the identification of more dele
terious variants (e.g. nonsense and truncating variants) that are 
more often encountered in Mendelian disorders. On the other 
hand, some of the identified variants are equally present in cases 

Figure 3 Waterfall plot: combinations of variants. A waterfall plot shows for all cases (left) and controls (right) which variants they carry: repeat expan
sions in C9orf72; pathogenic or likely pathogenic sequencing variants in NEK1, SOD1,  FUS,  OPTN,  TARDBP,  TBK1 or in one of the other ALS-associated 
genes; risk factors such as (intermediate) repeat expansions in ATXN1,  ATXN2 and NIPA1 or the CC-genotype of the SNP rs12608932 in UNC13A. 
Brown = repeat expansions; grey = pathogenic (P) and likely pathogenic (LP) sequencing variants; purple = non-repeat expansion risk variants.
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and controls. Although the classification of pathogenic and likely 
pathogenic variants already entails many challenges, the inter
pretation of VUS variants is even more complicated. This under
lines the need for better classification systems for variants in 
complex diseases.

There are some limitations to this study. Since Project MinE is a 
multicentre study, our cohort is composed of samples from differ
ent countries. Patients are mostly of European descent, which 
makes it a good reference work for this population, but caution is 
needed for the extrapolation to other populations. Although the 
control population was matched for the different populations in
cluded, the size of the control population was too small to calculate 
robust ORs for every single variant. Furthermore, the samples were 
not included according to strict criteria other than the revised El 
Escorial criteria, which might have led to small differences in inclu
sion criteria per centre. Lastly, the definition of ‘familial ALS’ has 
been slippery over the years.37 Extensive data about the familial 
history was not (always) available (e.g. occurrence of FTD in the 
family, ALS in third degree family members), so only the more ‘ob
vious’ fALS cases were excluded in this study, possibly leading to an 
overinflation of sALS cases.

In conclusion, this paper constitutes an inventory of pathogenic 
variation in a large cohort of European-ancestry sALS patients, 
which can serve as a valuable resource for genetic counselling 
and for the design of ALS gene panels. We could not provide evi
dence for association with ALS for all genes. However, further re
search is needed to exclude very rare pathogenic variants or 
variants with moderate risk factors in these genes. To better ex
plore the oligogenic hypothesis, even larger cohorts are needed to 
reach acceptable statistical power. A challenging journey lies ahead 
to obtain reliable comprehensive gene testing and counselling of 
sALS patients. However, it is a priority for clinical trial design and 
therapy development in ALS.
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