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Spectrum and frequency of genetic variants 
in sporadic amyotrophic lateral sclerosis
Wolfgang P. Ruf,1 Matej Boros,2 Axel Freischmidt,1,3 David Brenner,1 
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Albert C. Ludolph1,3 and Kathrin Müller1,2 on behalf of the German Motor Neuron Disease 
Network (MND-NET)

Therapy of motoneuron diseases entered a new phase with the use of intrathecal antisense oligonucleotide therapies treating patients 
with specific gene mutations predominantly in the context of familial amyotrophic lateral sclerosis. With the majority of cases being 
sporadic, we conducted a cohort study to describe the mutational landscape of sporadic amyotrophic lateral sclerosis. We analysed 
genetic variants in amyotrophic lateral sclerosis-associated genes to assess and potentially increase the number of patients eligible for 
gene-specific therapies. We screened 2340 sporadic amyotrophic lateral sclerosis patients from the German Network for motor neu-
ron diseases for variants in 36 amyotrophic lateral sclerosis-associated genes using targeted next-generation sequencing and for the 
C9orf72 hexanucleotide repeat expansion. The genetic analysis could be completed on 2267 patients. Clinical data included age at 
onset, disease progression rate and survival. In this study, we found 79 likely pathogenic Class 4 variants and 10 pathogenic Class 
5 variants (without the C9orf72 hexanucleotide repeat expansion) according to the American College of Medical Genetics and 
Genomics guidelines, of which 31 variants are novel. Thus, including C9orf72 hexanucleotide repeat expansion, Class 4, and 
Class 5 variants, 296 patients, corresponding to ∼13% of our cohort, could be genetically resolved. We detected 437 variants of un-
known significance of which 103 are novel. Corroborating the theory of oligogenic causation in amyotrophic lateral sclerosis, we 
found a co-occurrence of pathogenic variants in 10 patients (0.4%) with 7 being C9orf72 hexanucleotide repeat expansion carriers. 
In a gene-wise survival analysis, we found a higher hazard ratio of 1.47 (95% confidence interval 1.02–2.1) for death from any cause 
for patients with the C9orf72 hexanucleotide repeat expansion and a lower hazard ratio of 0.33 (95% confidence interval 0.12–0.9) 
for patients with pathogenic SOD1 variants than for patients without a causal gene mutation.

In summary, the high yield of 296 patients (∼13%) harbouring a pathogenic variant and oncoming gene-specific therapies for 
SOD1/FUS/C9orf72, which would apply to 227 patients (∼10%) in this cohort, corroborates that genetic testing should be made 
available to all sporadic amyotrophic lateral sclerosis patients after respective counselling.
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Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal motoneuron 
disease (MND) with very limited treatment options.1 Many 
causal therapies target familial ALS (fALS) cases with 
ALS-associated genetic mutations through intrathecal anti-
sense oligonucleotides. For the most frequently mutated 
Mendelian ALS genes, antisense oligonucleotide-based ther-
apies are being tested (ION363 for FUS-ALS),2 or early ac-
cess programs are already available (Tofersen for 
SOD1-ALS).3 Despite a setback for the antisense oligo-
nucleotide therapy against the C9orf72 hexanucleotide re-
peat expansion (HRE), new clinical trials for 
variant-specific antisense oligonucleotide therapies for 
C9orf72-ALS/frontotemporal dementia (FTD) are already 
recruiting patients (WVE-004 for C9orf72-ALS/FTD). 
While the overall percentage of pathogenic variants in 

fALS is very high ranging from 50 to 85%,4,5 the reported 
proportion of pathogenic variants in sporadic amyotrophic 
lateral sclerosis (sALS) is highly variable depending on the re-
spective study and population, ranging from 7.4% for 
European sALS to 2.9% for Japanese sALS.6 Furthermore, 
many studies focused on key genes only, such as C9orf72, 
SOD1, TARDBP and FUS, making an overall estimation of 
ALS-associated variants in sALS difficult. Therefore, obtain-
ing a comprehensive overview of the mutational landscape 
in a large cohort of sALS in most ALS-associated genes might 
help to identify more cases eligible for targeted therapy. In 
addition, a more accurate description of the frequencies of 
pathogenic variants in ALS genes for which valid frequency 
distributions in larger cohorts are not yet available may attract 
further research investments to develop individualized therap-
ies. Hence, we set out to screen 2340 sporadic ALS cases from 
Germany for pathogenic variants in 36 ALS-associated genes 
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and classify the variants according to the guidelines of the 
American College of Medical Genetics and Genomics 
(ACMG), aiming at updating the population statistics of 
known pathogenic variants and identifying novel variants.

Materials and methods
Study design
Patients were recruited in 17 academic referral centres of the 
German Motor Neuron Disease Network (MND-NET): 
University Hospital of Bochum, Erlangen, Essen, Göttingen, 
Halle, Jena, Mannheim, Ulm, Wuerzburg, Berlin Charité, 
Technical University of Munich, Technische Universität 
Dresden, Ludwig-Maximilian-University Munich, Alfried 
Krupp Hospital Essen, Hannover Medical School, Diako 
Mannheim and DKD Helios Clinics Wiesbaden. ALS patients 
were diagnosed according to the revised El-Escorial criteria,7

primary lateral sclerosis patients were diagnosed according to 
the criteria of Pringle et al.8 The diagnosis of sALS and sporadic 
primary lateral sclerosis was based on the absence of a first- or 
second-degree relative with ALS/FTD spectrum disorder based 
on the patient’s or family members’ reporting. Genetic testing 
was offered to all sALS and sporadic primary lateral sclerosis 
patients enrolled in the MND-NET project. All patients in-
cluded provided written informed consent to participate in 
the genetic studies, which were approved by the local medical 
ethics committees (lead EC Ulm University, approval no 19/ 
12). In total, 2340 patients could be enrolled in this cohort 
study from February 2019 to June 2022.

Clinical data collection
Demographic and clinical patient data, including sex, age at 
onset, the phenotype of the disease and ALS Functional 
Rating Scale-Revised (ALSFRS-R) score, were collected dur-
ing the visit to the respective centre. Disease progression was 
defined as the rate of decrease in the ALSFRS-R score at enrol-
ment (Δ ALSFRS-R/m) and was calculated as follows: 
Δ ALSFRS-R/m = (48-ALSFRS-R score at visit)/(date of the 
visit − date of onset in months). Patients were followed up 
at subsequent visits to the respective centres collecting current 
ALSFRS-R scores. For 47 patients, there was a change in the 
family history for ALS, e.g. newly affected family members 
(n = 38) or a revision of the final diagnosis of ALS (n = 9), 
which were then excluded from the study. Survival time was 
defined as the interval from symptom onset to the endpoint 
event or the last follow-up, where death from any cause was 
defined as an endpoint event. The censoring date for survival 
data was 1500 days after symptom onset. Patients lost to 
follow-up were censored at the last known living data point.

Blood collection
The collection of human peripheral venous blood was per-
formed according to the respective standard operating proce-
dures of each centre.

Genetic analysis
DNA was extracted from whole ethylenediaminetetraacetic 
acid-containing venous blood samples.9 C9orf72 genotyping 
in all samples was carried out by fragment analysis and repeat- 
primed PCR.10,11 All normal homozygotes and expanded al-
leles were confirmed with Southern blot.12 The size or length 
of the DNA was estimated by the marker that was run on the 
gel along with the DNA sample. The length of each lane con-
taining a different DNA sample was analysed separately based 
on the migration distance of the DNA containing the 
GGGGCC-hexanucleotide repeat in C9orf72 in comparison 
to the known marker using a semilogarithmic paper. For the 
targeted gene sequencing, a custom panel from Illumina 
with 36 genes was used (Supplemental Table 1). The subse-
quent sequencing was performed for 150 cycles by generating 
2× 74 bp paired-end reads on the NextSeq 550 (Illumina) or 
the MiSeq (Illumina). The coverage of all genes was at least 
20×. Enrichment for targeted gene sequencing was performed 
with the Nextera Rapid Capture Custom Kit (Illumina).

Variant analysis
Burrows–Wheeler Aligner (0.7.17) with standard parameters 
was used for reading alignment against the human genome as-
sembly hg19 (GRCh37). We performed single-nucleotide 
variant (SNV) and small insertion and deletion (indel) variants 
calling specifically for the targeted regions using SEQNEXT 
(JSI medical systems) with standard parameters. The variants 
were lifted over from GRCh37 to GRCh38 with the 
ENSEMBL tool Assembly converter Ensembl release 106, 
when necessary for further analysis.13 Variants were then fur-
ther processed with ensembl variant effect predictor 
(ensemble-vep, version 106.1) and SNPEff version 5.1.14

The genomic coordinates of the mutations refer to the 
GRCh38 genome and were determined using ensemble-vep. 
The affected part of the transcript was also derived from 
ensemble-vep. The predicted variant effects in ensemble-vep 
and SNPEff were combined, and a consensus effect is given 
in Supplemental Table 1. The ACMG classification criteria 
were used to classify the variants into benign Class 1 (C1), 
likely benign Class 2 (C2), variant of uncertain significance, 
Class 3 (C3), likely pathogenic Class 4 (C4) and pathogenic 
variants Class 5 (C5).15 We extracted the mode of inheritance 
for different traits of the genes from the Clinical Genomic 
Database16 or Online Mendelian Inheritance in Man.17

Whether loss of function (LoF) is a known mechanism of dis-
ease for the respective gene was evaluated by multiple sources 
(Online Mendelian Inheritance in Man), Varsome.com18 and 
by literature research.19-21 For the BS1 rule (Allele frequency is 
greater in databases than expected for the disorder) we used a 
benign cut-off frequency of 0.0001, except for genes for which 
pathological variants exist that are more frequent than this 
limit, e.g. SOD1. Here, we used a cut-off frequency corre-
sponding to the known pathogenic variant with the highest al-
lele frequency which is given in Supplemental Table 1. As 
reference databases, we used Genome Aggregation Database 

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
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(GnomAD 2.1.1/3.1.2),22 Exome Aggregation Consortium 
(ExAC),23 NCBI Allele Frequency Aggregator,24 National 
Heart Lung and Blood Institute Exome Sequencing Project 
(ESP6500, http://evs.gs.washington.edu/EVS/) [November 
2021]), Thousand Genomes Project (TGP),25 (UK10K),26

The UK Adult Twin Registry (TWINSUK)27 and National 
Heart Lung and Blood Institute Trans-Omics for Precision 
Medicine (TOPMED).28 Additionally, we screened the 
Project MinE databrowser to check if the variants of this study 
have already been described.29,30 The maximum frequency is 
given in Supplemental Table 1 when found in the above data-
bases. We used sorts intolerant from tolerant, Primate AI, 
MetaLR, MetaSVM and REVEL31 scores as prediction tools 
to assess the biological effect of the mutation. The scores for 
each variant were extracted from the respective sources when 
possible. To evaluate the conservation at the specific mutation 
sites, we used the phyloP100 vertebrate conservation score.31

Selection of investigated genes
The association of the known ‘ALS genes’ with ALS is highly 
variable ranging from risk, over candidate to Mendelian 
genes.32 The most commonly used classification of ALS 
genes is based on the Amyotrophic Lateral Sclerosis online 
Database (ALSoD).33 We selected 36 genes from ALSoD 
which were divided into two groups. Group 1 contains genes 
of the ALSoD categories ‘definitive ALS gene’, ‘strong evi-
dence’ and ‘moderate evidence’. Group 2 contains genes of 
the ALSoD category ‘tenuous’. Given the weaker association 
for the genes in Group 2 with ALS, we report the identified 
Class 4–Class 5 (C4–C5) variants in this group separately 
in Supplemental Table 4. For each gene, we tested for the en-
richment of pathogenic variants in certain regions to identify 
mutational hotspots. Accumulation was tested with the χ2 

contingency table test34 for genes that had at least one 
exon with more than 2 mutations. For multiple testing cor-
rections, we used the Benjamini–Hochberg procedure.35

Statistical analysis
Statistical analysis was performed with R 4.2.1.36 For the distri-
bution analysis of age at onset and Δ ALSFRS-R/m, we used a 
two-sided t-test. For multiple testing corrections, we used the 
Benjamini–Hochberg procedure. We used a Cox proportional 
hazards regression model for the analysis of death from any 
cause. The model describes the probability of an event or its 
hazard ratio (HR) for death from any cause for each gene.37

We used the Surv() function of the survival package38 to create 
a survival object. We then used the coxph() function from the 
survival package with standard parameters with sex as a covari-
ate as sex is an independent determinant of survival in ALS.39-41

Only genes containing survival data for more than 10 patients 
were included in the model. P-values are from the Wald statis-
tics. The number of events corresponds to reported deaths from 
any cause within the observation period of 1500 days since dis-
ease onset. Global P-value corresponds to the overall signifi-
cance of the model using the likelihood ratio test.42

Results
Study design and patient cohort
In this study, we enrolled 2340 sporadic ALS patients from 
17 centres of the German MND-NET to screen for variants 
in 36 ALS-associated genes and the C9orf72 HRE. 
Forty-seven patients were excluded because of inconsistent 
information about diagnosis and/or family history. 
Nineteen patients were excluded because they did not reach 
the quality criteria in the next-generation sequencing. For se-
ven patients, no C9orf72 HRE data were available. Thus, the 
present analysis included 2267 patients (Fig. 1). The share of 
females to males was 953:1314 (42:58%) (Supplemental 
Table 2). The mean age at onset was 60.9 years (±11.1 
years), which is very close to the mean age at onset of other 
European sALS cohorts.43,44 Included phenotypes com-
prised spinal ALS (43.4%), bulbar ALS (18.5%), upper mo-
tor neuron predominant ALS (UMN-ALS) (6.9%), lower 
motor neuron predominant ALS (16.7%), Flail Arm 
Syndrome (5.1%), Flail Leg Syndrome (1.4%), ALS with 
FTD (5.6%) and primary lateral sclerosis (2.2%). The 
mean decrease rate of the ALSFRS-R score45 was −0.78 
points per month (±0.75) (Supplemental Table 2). Overall, 
based on the demographic and clinical patient data of our co-
hort, there was no evidence of a selection bias in this study.

Investigated genes
An overview of the investigated genes in this study is given in 
Supplemental Table 1. Despite a large number of 
ALS-associated genes, a clear convergence of the affected 
pathways and cellular functions is evident. The genes can 
be predominantly categorized into four disease-associated 
mechanisms: (i) protein trafficking, stability and degrad-
ation, (ii) RNA processing and nuclear export/import, (iii) 
cytoskeletal and axonal function and (iv) mitochondrial 
function, with only minor exceptions (e.g. VEGFA).21,46

Furthermore, many ALS-associated genes affect cellular 
function mainly or partially via a loss-of-function mechan-
ism (Supplemental Table 1). For ARHGEF28, FIG4, FUS, 
GRN, MAPT, SPG11 and TARDBP, we could demonstrate 
the enrichment of pathogenic variants as genetic hotspots in 
specific exons (Supplemental Table 1).

Cohort analysis
Out of 2267 included patients, we found 181 patients with 
the pathological C9orf72 HRE corresponding to roughly 
8% of the total cohort, which is higher compared with 
sALS cohorts of other ethnicities.6 From these 181 patients, 
we identified 7 patients harbouring the C9orf72 HRE and an 
additional pathogenic variant (Fig. 1). Thirty-three C9orf72 
HRE patients were identified that had an additional C3 vari-
ant. From the C9orf72 HRE negative patients, 96 patients 
were identified with a single pathogenic variant (73 patients 
with a C4 variant and 23 patients with a C5 variant). 

http://evs.gs.washington.edu/EVS/
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
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Nineteen patients showed combinations of variants (3 pa-
tients with multiple pathogenic variants, 16 patients with a 
pathogenic variant and an additional C3 variant). For pa-
tients with multiple variants, the clinical characteristics are 
provided in Supplemental Table 3. Regarding C3 variants, 
we identified 342 patients with a singular C3 variant and 
30 patients with combinations of C3 variants. One thousand 
one hundred and seventy-five (51.8%) patients showed sole-
ly wild-type alleles in all 36 investigated genes (Fig. 1). Four 
hundred and twenty-four patients showed variants classified 
as benign or likely benign (C1/C2) or were heterozygous for 
genes associated with autosomal recessive traits e.g. ALS2, 
CFAP410, GLE1, SIGMAR1, SPG11 and VEGFA, which 

were added to the wild-type group, hereafter referred to as 
reference group (Fig. 1). Two patients were homozygous 
for mutations in the GLE1 gene (each one GLE1: 
c.1422C>A and GLE1:c.5C>G), which were classified as 
C3 variants, and three patients showed compound heterozy-
gous variants in the SPG11 gene (each one SPG11: 
c.2305C>T/SPG11:c.6944A>C, SPG11:c.3320G>C/SPG11: 
c.6475G>C and SPG11:c.3956T>C/SPG11:c.6907C>G), 
which were also classified as C3 variants.

Variant analysis
In total, we found 89 pathogenic variants (without the 
C9orf72 HRE) of which 31 variants are novel and, to our 

Analysis Data Set 

Eligible participants enrolled 

2267 participants
17 centers 

Changed family history/ 
altered final diagnosis

Failed targeted 
sequencing 

2340 patients
17 centers

Failed sALS criteria
47 patients

Failed quality control or failed
to reach coverage limit

19 patients

C9orf72 HRE + 
Class 3 variant

Only C9orf72 HRE 

Combination of variants 

141 patients (6.2%)

Single variants ≥Class 4 Variant

96 patients (4.2%)

C9orf72 HRE Testing 

C9orf72 HRE + 

Targeted NGS
(36 genes tested) 

Failed / Missing 
C9orf72 HRE 
determination 

No C9orf72 HRE data
7 patients

181 patients 

Class 4 

73 patients
(3.2%) 

1175 patients
(51.8%) 

No sequence 
variation (wt)

No causal variants

1599 patients (70.5%) 

C9orf72 HRE -
2086 patients 

424 patients
(18.7%) 

Benign variants Class 5 

C9orf72 HRE + 
Class 4/5 variant

Class 3 variants

19 patients (0.8%)

Multiple Class 4 

3 patients
(0.1%) 

16 patients
(0.7%) 

Class 4+3 

372 patients (16.4%)

Single Class 3 Multiple Class 3 

342 patients
(15.1%)

30 patients
(1.3%)

7 patients 
(0.3%) 

33 patients
(1.5%) 

23 patients
(1.0%) 

Figure 1 Study flow chart. Two thousand three hundred and forty ALS patients of 16 centres of the German MND-NET with a negative family 
history of ALS were enrolled in the study. Forty-seven patients dropped out due to a change in the family history of ALS or a change in the final 
diagnosis. Nineteen patients dropped out because quality criteria in sequencing were not met. Seven patients were excluded as no C9orf72 HRE 
data were available. The final analysis data set contained 2267 patients. All variants were classified according to the ACMG guidelines. C, ACMG 
variants class; HRE, hexanucleotide repeat expansion; NGS, next-generation sequencing; wt, wild-type.

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
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knowledge, have not been described previously. Four hun-
dred and thirty-seven C3 variants (15.4%) were identified in-
cluding 103 novel C3 variants (Fig. 2). A few pathogenic 
variants e.g. SOD1:c.272A>C (p.D91A), as well as some 
C3 variants that have higher frequencies in the control data-
bases, were recurrent. There were no indications of any fam-
ily relationships between patients harbouring recurrent 
variants. The frequency of occurrence of the variants is given 
in the respective tables (Tables 1 and 3, Supplemental Tables 
4 and 5). With C3 variants not considered, we found 
C9orf72 HRE (7.81%) to be the most common pathogenic 
gene variant, followed by pathogenic variants in the SOD1 
(1.75%), NEK1 (0.49%), TARDBP (0.36%), SQSTM1 
(0.36%), TBK1 (0.31%), OPTN (0.31%), FUS (0.27%), 
FIG4 (0.27%), SETX (0.22%), MAPT (0.13%), ARHG 
EF28 (0.13%), DCTN1 (0.09%), ERBB4 (0.09%), 
CHMP2B (0.04%), GRN (0.04%), VCP (0.04%), HNR 
NPA2B1 (0.04%) and NEFH (0.04%) genes. In total, 
12.74% of all patients showed a C9orf72 HRE or a patho-
genic variant in one of the investigated genes (Fig. 2).

Overview of novel pathogenic 
variants
We found novel pathogenic variants in the following 
16 genes: NEK1, SPG11, MAPT, TBK1, ARHGEF28, 
OPTN, SETX, DCTN1, ERBB4, FUS, GRN, 
HNRNPA2B1, SOD1, SQSTM1, TARDBP and ALS2. 
We identified 16 frameshift, 9 splice-site, 4 stop-variants 
and 2 in-frame deletions. For the three genes with the highest 
number of novel pathogenic variants NEK1, TBK1 and 
OPTN, we show a graphical visualization of the pathogenic 
variants in their respective gene products (Fig. 3). We classi-
fied novel and known variants according to the ACMG 

guidelines and provide the maximum frequencies in the ref-
erence databases, as well as various prediction and conserva-
tion scores for all, found C4–C5 variants in Tables 1–3. For 
the genes with the ALSoD category ‘tenuous’, we provide an 
overview of the detected C4–C5 variants in Supplemental 
Table 4. All C3 variants found in this cohort are provided 
in Supplemental Table 5.

Clinical features and demographic 
data of different subgroups
Analysing clinical features and demographic data of different 
groups [no causal variants, single pathogenic variants (with-
out the C9orf72 HRE), combination of pathogenic variants 
in different genes], we could show a significantly younger age 
at onset (P-adj < 0.004) for patients with a single pathogenic 
variant in comparison to patients without a causal variant. 
Despite a small number of patients, we could confirm a 
significantly younger age at onset (P-adj < 0.009) for pa-
tients with combinations of pathogenic variants in different 
genes than for patients with a single pathogenic variant 
which has previously been described47 (Fig. 4A). The Δ 
ALSFRS-R/m between the three groups was not significantly 
different (data not shown). For patients harbouring the 
C9orf72 HRE, we could not detect an earlier age at onset 
for patients with an additional pathogenic variant than for 
patients with the C9orf72 HRE alone. However, patients 
with the C9orf72 HRE and an additional pathogenic variant 
showed a significantly higher decrease rate of ALSFRS-R/m 
(P-adj < 0.003) in comparison to patients with the C9orf72 
HRE alone (Fig. 4B). A higher decrease rate of the 
ALSFRS-R/m score is associated with a shorter overall 
survival.48

WT/C1-2

C3 variants

C9orf72

SOD1

NEK1

TARDBP

SQSTM1

OPTN

TBK1

FIG4

FUS

SETX

MAPT

ARHGEF28

DCTN1

ERBB4

CHMP2B

GRN

VCP

HNRNPA2B1

NEFH

n=2227 

71.8 

15.4 

7.8 

1.8 

3.2 
n=286 

60.8 

13.6 

3.8 

2.8 

2.8 

2.4 

2.4 

11.2 

Figure 2 Pie charts of the abundance of gene variants in all investigated genes. Patients with multiple Class 4 variants (n = 3), multiple 
Class 3 variants (n = 30) and patients harbouring the C9orf72 HRE and an additional pathogenic variant (n = 7) were excluded from the graphical 
visualization as they could not be assigned to a single gene. The left pie plot presents Class 3/variant of uncertain significance variants as a separate 
group with 15.4% of all patients falling into this group. The right pie plot shows only Class 4 variants, the most abundant pathogenic variants are in 
the C9orf72 gene (C9orf72 HRE), followed by pathogenic variants in the SOD1, NEK1, TARDBP, SQSTM1, TBK1, OPTN, FUS, FIG4, SETX, MAPT, 
ARHGEF28, DCTN1, ERBB4, CHMP2B, GRN, VCP, HNRNPA2B1 and NEFH genes. n, total number of patients included in the respective 
analysis, numbers in chart slices: percentage of all patients in the respective analysis.

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad152#supplementary-data
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Gene-specific HRs for death from any 
cause show an increased HR for the 
C9orf72 HRE and a decreased HR for 
pathogenic SOD1 variants
Survival data were available for 1424 patients, comprising 
an observation period of 1500 days after symptom onset. 
All patients with C3 variants or combinations of pathogenic 
variants were excluded from this analysis. We found that 
most genes harbour very diverging variants concerning their 
HRs for death from any cause, giving less meaningful and va-
gue overall HRs per gene. However, for genes harbouring 
more homozygous variants and for the C9orf72 HRE we 
found an increased HR of 1.47 (95% confidence interval 
1.02–2.1) for the C9orf72 HRE and a decreased HR of 
0.33 (95% confidence interval 0.12–0.9) for pathogenic var-
iants in the SOD1 gene in comparison to patients without a 
causal gene variant (Fig. 5).

Discussion
In this study, we genetically and clinically characterized a 
large sALS cohort from Central Europe, to provide a com-
prehensive summary of the frequencies of known pathogenic 
gene variants in the context of sALS in Central Europe and to 
identify novel variants. Thirty-one novel C4/C5 variants 
(without the C9orf72 HRE) were found which could be help-
ful in mechanistic research.

For the C9orf72 gene, we found a higher prevalence of the 
C9orf72 HRE in Caucasian sALS patients (∼8%) compared 
with other populations: Japan (0.4%),49 China (0.9%),50

Latin America (3.4%) and North America (5.2%).51 A simi-
lar frequency for the C9orf72 HRE (∼7%) has previously 
been described in a Caucasian cohort.52 This underlines 
the importance of C9orf72 HRE testing even in the absence 
of a positive familial history for ALS/FTD. While 96 patients 
were identified with a single C4–C5 variant (without the 
C9orf72 HRE) (4.2%), 342 patients were detected with a 
C3 variant which corresponds to around 15% of the cohort. 
The high number of C3 variants poses a particular challenge 
to the clinician, due to their common occurrence and their 
unknown impact on the disease. However, with expanding 
genetic and clinical data in the field of MNDs, more C3 var-
iants will be classified into clinically more meaningful classes 
like benign and pathogenic variants. While the majority of 
cases showed single pathogenic variants in one of the ALS 
genes, 10 patients had combinations of pathogenic variants 
in more than one tested gene. The prognostic assessment of 
such combinations is difficult due to their innumerable pos-
sible combinations. However, we could show that the age at 
onset for patients with pathogenic variants in multiple genes 
is significantly younger than for patients with a singular 
C4/C5 variant. Additionally, we could show that the 
Δ ALSFRS-R/m is higher for patients harbouring the 
C9orf72 HRE and an additional pathogenic variant than T

ab
le

 3
 O

ve
rv

ie
w

 o
f p

at
ho

ge
ni

c 
va

ri
an

ts
 in

 A
L

S
 g

en
es

 T
–Z

 (
de

fin
it

iv
e 

A
L

S
 g

en
e,

 s
tr

on
g 

an
d 

m
od

er
at

e 
ev

id
en

ce
)

G
en

e
c.

H
G

V
S

p.
H

G
V

S
A

C
M

G
 

cl
as

s

S
N

P
E

ff
/V

E
P

 
co

ns
en

su
s 

ef
fe

ct
T

ra
ns

cr
ip

t
M

ax
F

re
q 

da
ta

ba
se

N
o 

of
 

pa
ti

en
ts

S
IF

T
P

ri
m

at
eA

I
M

et
aL

R
 

sc
or

e
M

et
aS

V
M

 
sc

or
e

R
E

V
E

L
 

sc
or

e
ph

yl
oP

10
0w

ay
 

ve
rt

eb
ra

te
K

no
w

n 
va

ri
an

t
N

ul
l 

va
ri

an
t

T
A

R
D

BP
c.

85
9G

>
A

p.
G

28
7S

4
m

is
E6

/6
0.

00
01

00
1

0.
34

0.
84

0.
49

−
0.

24
0.

42
7.

7
Y

es
N

o
c.

88
1G

>
T

p.
G

29
4V

4
m

is
E6

/6
0.

00
00

29
1

0.
1

0.
68

0.
63

0.
12

0.
53

4.
63

Y
es

N
o

c.
88

3G
>

C
p.

G
29

5R
4

m
is

E6
/6

0.
00

00
09

1
0.

14
0.

71
0.

64
0.

12
0.

66
7.

13
Y

es
N

o
c.

96
2C

>
G

p.
A

32
1G

4
m

is
E6

/6
0.

00
00

00
1

0.
15

0.
71

0.
78

0.
56

0.
56

7.
59

Y
es

N
o

c.
10

09
A

>
G

p.
M

33
7V

5
m

is
E6

/6
0.

00
00

18
1

0.
13

0.
8

0.
81

0.
7

0.
7

8.
95

Y
es

N
o

c.
11

44
G

>
A

p.
A

38
2T

5
m

is
E6

/6
0.

00
00

66
3

0.
13

0.
6

0.
76

0.
3

0.
52

2.
95

Y
es

N
o

c.
12

43
_*

3d
el

in
sA

T
C

G
A

T
G

4
st

_l
os

&
fs

E6
/6

0.
00

00
00

1
0

0
0

0
0

0
N

o
N

o
T

BK
1

c.
78

_7
9d

el
A

A
p.

G
R

26
G

*f
s*

3
4

fs
E2

/2
1

0.
00

00
00

1
0

0
0

0
0

0
N

o
Y

es
c.

22
8 

+
 1

G
>

A
4

sp
_d

o&
in

t
I3

/2
0

0.
00

00
00

1
0

0
0

0
0

8.
01

Y
es

Y
es

c.
10

69
C

>
T

p.
R

35
7*

4
st

_g
ai

n
E9

/2
1

0.
00

00
23

2
0

0
0

0
0

4.
57

Y
es

Y
es

c.
13

41
-2

de
lA

4
sp

_a
c&

in
t

I1
1/

20
0.

00
00

00
2

0
0

0
0

0
0

N
o

Y
es

c.
17

60
 +

 1
G

>
C

4
sp

_d
o&

in
t

I1
6/

20
0.

00
00

00
1

0
0

0
0

0
8.

27
Y

es
Y

es
c.

18
52

G
>

T
p.

E6
18

*
4

st
_g

ai
n

E1
7/

21
0.

00
00

00
1

0
0

0
0

0
7.

93
N

o
Y

es
c.

19
27

G
>

T
p.

E6
43

*
4

st
_g

ai
n

E1
8/

21
0.

00
00

00
1

0
0

0
0

0
6.

31
Y

es
Y

es
V

C
P

c.
57

2G
>

A
p.

R
19

1Q
5

m
is

E5
/1

7
0.

00
21

00
1

0.
02

0.
86

0.
96

1.
07

0.
82

7.
77

Y
es

N
o

H
G

V
S,

 h
um

an
 g

en
om

e 
va

ri
at

io
n 

so
ci

et
y;

 c
.H

G
V

S,
 c

od
in

g 
D

N
A

 r
ef

er
en

ce
 s

eq
ue

nc
e 

H
G

V
S 

no
ta

tio
n;

 p
.H

G
V

S,
 p

re
di

ct
ed

 c
on

se
qu

en
ce

s 
on

 p
ro

te
in

 le
ve

l; 
A

C
M

G
 C

la
ss

, A
m

er
ic

an
 C

ol
le

ge
 o

f M
ed

ic
al

 G
en

et
ic

s 
an

d 
G

en
om

ic
s 

C
la

ss
; V

EP
, e

ns
em

bl
 

va
ri

an
t e

ffe
ct

 p
re

di
ct

or
; m

is
, m

is
se

ns
e 

va
ri

an
t; 

in
t, 

in
tr

on
 v

ar
ia

nt
; s

t_
lo

s:
 st

op
-lo

ss
 v

ar
ia

nt
; s

t_
ga

in
, s

to
p-

ga
in

 v
ar

ia
nt

; f
s,

 fr
am

es
hi

ft
 v

ar
ia

nt
; i

nf
_d

el
, i

n-
fr

am
e 

de
le

tio
n;

 in
f_

in
s,

 in
-f

ra
m

e 
in

se
rt

io
n;

 sp
_d

o,
 sp

lic
e-

do
no

r v
ar

ia
nt

; s
p_

re
, s

pl
ic

e 
re

gi
on

 v
ar

ia
nt

; 
sp

_t
r,

 s
pl

ic
e 

tr
ac

t 
va

ri
an

t; 
sp

_a
c,

 s
pl

ic
e 

ac
ce

pt
or

 v
ar

ia
nt

; s
yn

, s
yn

on
ym

ou
s 

va
ri

an
t; 

5p
rU

T
R

, 5
 p

ri
m

e 
U

T
R

 v
ar

ia
nt

; c
od

, c
od

in
g 

se
qu

en
ce

 v
ar

ia
nt

; n
on

co
d_

ex
, n

on
-c

od
in

g 
tr

an
sc

ri
pt

 e
xo

n 
va

ri
an

t; 
nm

d,
 n

on
se

ns
e-

m
ed

ia
te

d 
m

R
N

A
 d

ec
ay

 v
ar

ia
nt

; E
, 

ex
on

; I
, i

nt
ro

n;
 M

ax
Fr

eq
 D

at
ab

as
e,

 m
ax

im
um

 fr
eq

ue
nc

y 
of

 th
e 

va
ri

an
t i

n 
on

e 
of

 th
e 

da
ta

ba
se

s 
us

ed
; S

IF
T

, s
or

ts
 in

to
le

ra
nt

 fr
om

 to
le

ra
nt

, s
co

re
 ≤

0.
05

 is
 p

ro
ba

bl
y 

de
le

te
ri

ou
s 

an
d 

a 
sc

or
e 

>
0.

05
 is

 p
ro

ba
bl

y 
to

le
ra

te
d;

 P
ri

m
at

eA
I, 

th
re

sh
ol

d 
of

 >
0.

8 
is

 
lik

el
y 

pa
th

og
en

ic
, <

0.
6 

is
 li

ke
ly

 b
en

ig
n,

 a
nd

 0
.6

–0
.8

 is
 in

te
rm

ed
ia

te
; M

et
aL

R
, r

an
ge

 b
et

w
ee

n 
0 

an
d 

1,
 h

ig
he

r 
sc

or
es

 a
re

 m
or

e 
de

le
te

ri
ou

s;
 M

et
aS

V
M

, r
an

ge
 b

et
w

ee
n 

0 
an

d 
1,

 h
ig

he
r 

sc
or

es
 a

re
 m

or
e 

de
le

te
ri

ou
s;

 R
EV

EL
, r

an
ge

 b
et

w
ee

n 
0 

an
d 

1,
 h

ig
he

r 
sc

or
es

 r
efl

ec
t a

 g
re

at
er

 li
ke

lih
oo

d 
th

at
 a

 v
ar

ia
nt

 is
 d

is
ea

se
-c

au
si

ng
; P

hy
lo

P1
00

w
ay

, c
on

se
rv

at
io

n 
sc

or
e:

 th
e 

gr
ea

te
r 

th
e 

sc
or

e,
 th

e 
m

or
e 

co
ns

er
ve

d 
th

e 
si

te
, n

ot
 c

on
se

rv
ed

 <
1.

4,
 w

ea
kl

y 
co

ns
er

ve
d 

<
3.

81
, c

on
se

rv
ed

 >
6.

8 
an

d 
hi

gh
ly

 c
on

se
rv

ed
 >

7.
2;

 
K

no
w

n 
va

ri
an

t, 
ha

s 
al

re
ad

y 
be

en
 d

es
cr

ib
ed

 in
 t

he
 li

te
ra

tu
re

; N
ul

l v
ar

ia
nt

, i
s 

a 
nu

ll 
va

ri
an

t 
(n

on
se

ns
e,

 fr
am

es
hi

ft
, e

xo
n 

de
le

tio
n,

 s
ta

rt
 lo

ss
 v

ar
ia

nt
 a

nd
 in

tr
on

ic
 v

ar
ia

nt
 w

ith
in

 ±
2 

ba
se

s 
of

 t
he

 t
ra

ns
cr

ip
t 

sp
lic

e 
si

te
).



Mutational spectrum in sALS                                                                                       BRAIN COMMUNICATIONS 2023: Page 11 of 14 | 11

E618*

Protein kinase Ubiquitin−
like domain

Interaction AZI2, 
TANK

and TBKBP1

0 200 400 600 729

TBK1

AA

E102*

D
iso

rd

0 500 1000

Protein kinase

D
iso

rd

D
iso

rd

D
iso

rd

D
iso

rd

1286

N182*fs*27 R366*fs*6 W465*

GR26G*fs*3

NEK1

Interaction with Rab8
Interaction with HD domain

Interaction with MYO6

0 200 400 577

D
iso

rd

D
iso

rdOPTN

AA

AA

S528*fs*1

125*fs*24/-128*fs*22 S262*

R127* I381N S1036*

R357* E643*

Figure 3 Graphical visualization of pathogenic variants in selected genes of our cohort. Variants are depicted in the lollipop plot 
overlying the respective gene structure. Lollipops with brown filling represent novel pathogenic variants, lollipops with purple filling represent 
known pathogenic variants found in our cohort and lollipops with black filling represent known variants in the literature. The horizontal bars 
represent functional protein domains. Arabic numerals correspond to amino acid numbers. Disord, disordered protein region according to 
MobiDB-lite rules; fs, frameshift; AA, amino acid; AZI2, 5-azacytidine induced 2; TANK, TRAF family member-associated NF-kappa-B activator; 
TBKBP1, TBK1 binding protein 1; MYO6, myosin VI; HD domain, histidine-aspartate domain.

30

50

70

0

1

2

3

A
ge

 a
t o

ns
et

 -
 y

no causal
variants

single pathogenic
variant

combination of
pathogenic variants

**

*

**

C9orf72 hexanucleotide
repeat expansion 

(HRE)

C9orf72 
hexanucleotide repeat expansion

(HRE) + pathogenic variant

  -
 Δ

 A
LS

F
R

S
-R

/m
 

A B

Figure 4 Point diagram of the distribution of demographic and clinical patient data in different groups. (A) Distribution of age at 
onset shows a significantly younger age at onset for patients with a single pathogenic variant [without the C9orf72 hexanucleotide repeat 
expansion (HRE), n = 96] compared with the reference group (n = 1599) and younger age at onset for patients with combinations of pathogenic 
variants (n = 3) compared with patients with a single pathogenic variant. (B) A higher Δ ALSFRS-R/m for patients harbouring the C9orf72 HRE and 
an additional pathogenic variant (n = 7) than for patients with the C9orf72 HRE alone (n = 141) are shown (two-sided t-test followed by Benjamini– 
Hochberg corrections *P < 0.05, *P < 0.005).



12 | BRAIN COMMUNICATIONS 2023: Page 12 of 14                                                                                                          W. P. Ruf et al.

for patients with the C9orf72 HRE alone. These findings are 
in line with a previous study suggesting that multiple muta-
tions may have synergistic clinical effects53 and corroborate 
the theory of oligogenic causation in a proportion of ALS 
cases. The co-occurrence of pathogenic variants is also im-
portant for the design of gene-specific therapeutic trials, 
where stratification of these patient groups might be neces-
sary. It also suggests that combinatorial therapeutic ap-
proaches targeting different disease mechanisms may be a 
promising strategy. Finally, we analysed survival data show-
ing that for most genes the HR for death from any cause is 
very heterogeneous. Here, a gene-wise ALS-related progno-
sis estimation is of limited information, and a variant-wise 
approach for HRs should be preferred whenever possible. 
However, given the limited survival data, considering each 
gene variant individually, a gene-wise HR estimation for 
genes with clinically more homogenous phenotypes like 
C9orf72 HRE can give valuable information. Thus, we could 
show a higher HR for the C9orf72 HRE and a lower HR for 
pathogenic variants in the SOD1 gene.

Altogether we identified 227 patients (∼10% of our co-
hort) that would be eligible for one of the three gene-specific 
therapies (SOD1/FUS/C9orf72), who would have remained 

undetected if the patient selection for genetic screening was 
solely based on the presence of a positive family history for 
ALS. So, our findings corroborate that genetic testing should 
be made available to all sALS patients after respective coun-
selling. With the increase of genetic and clinical data for 
sALS, preferably in the form of a central database, a better 
prognosis estimation based on variant-wise approaches 
would be possible and more of the numerous C3 variants 
could be translated into benign or pathogenic variants.

Supplementary material
Supplementary material is available at Brain Communications 
online.
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