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Abstract
Mutations in FUS and TBK1 often cause aggressive early-onset amyotrophic lateral sclerosis (ALS) or a late-onset ALS and/
or frontotemporal dementia (FTD) phenotype, respectively. Co-occurrence of mutations in two or more Mendelian ALS/FTD 
genes has been repeatedly reported. However, little is known how two pathogenic ALS/FTD mutations in the same patient 
interact to shape the final phenotype. We screened 28 ALS patients with a known FUS mutation by whole-exome sequencing 
and targeted evaluation for mutations in other known ALS genes followed by genotype–phenotype correlation analysis of 
FUS/TBK1 double-mutant patients. We report on new and summarize previously published FUS and TBK1 double-mutant 
ALS/FTD patients and their families. We found that, within a family, mutations in FUS cause ALS while TBK1 single 
mutations are observed in FTD patients. FUS/TBK1 double mutations manifested as ALS and without a manifest difference 
regarding age at onset and disease duration when compared to FUS single-mutant individuals. In conclusion, TBK1 and 
FUS variants do not seem to interact in a simple additive way. Rather, the phenotype of FUS/TBK1 double-mutant patients 
appears to be dominated by the FUS mutation.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating motor 
neuron disease. Its heritability is estimated to be in the range 
of 30–60%. Overall, mutations in more than 30 genes have 
been associated with ALS and the clinically and genetically 

overlapping disease frontotemporal dementia (FTD) in the 
last decades [1, 2]. Five percent of the patients present with 
a positive family history for ALS/FTD compatible with an 
autosomal-dominant and very rarely autosomal-recessive 
or X-linked dominant Mendelian mode of inheritance. Fur-
thermore, an oligogenic causation in familial and sporadic 
ALS/FTD is increasingly appreciated [3, 4]. Co-occurrence 
of mutations in two or more ALS disease genes in the same 
patient may increase the penetrance of some ALS-associated 
mutations that have a low effect size. In genetic mouse mod-
els, the presence of two different ALS mutations can modify 
the disease phenotype in a complex manner: We and others 
have previously shown that expression of mutant SOD1 or 
TARDBP/TDP-43 in mice interacts with heterozygous loss-
of-function (LoF) mutations in TBK1 to alter the motor 
neuron disease phenotype in mice [5–7]. However, little is 
known about the possible interaction of two different ALS 
mutations in humans. One reason for this is the rarity of 
identical double mutations in patients, and consequently the 
small number of patients whose phenotype could be com-
pared to patients with respective single mutations. Moreover, 
very rarely a pedigree has been published of affected family 
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members carrying mutations in either one or both genes, 
what would allow phenotypic comparisons on a similar 
genetic background.

Mutations in the ALS causing genes FUS and TBK1 are 
observed in about 4% and 2% of familial ALS (FALS) cases 
in Germany, respectively [8]. Mutations in the RNA-binding 
protein FUS can cause ALS and FTD in very rare instances. 
ALS-causing mutations in FUS lead to a nucleocytoplas-
mic redistribution and cytoplasmic aggregation of FUS 
protein [9, 10]. The heterozygous ALS- and FTD-causing 
mutations in TBK1 usually lead to a loss of function of one 
TBK1 allele and have been suggested to impair the cellular 
role of TBK1 in autophagy and glial immune responses [5]. 
Thus, both genes act most likely at an upstream position 
in different cellular pathways. It is plausible to hypothesize 
that the presence of mutations in both genes in the same 
patient may result in an enhanced penetrance or a synergis-
tic exaggeration of the clinical manifestation. Indeed, we 
and others have previously described several ALS patients 
with simultaneous mutations in FUS and TBK1 [11, 12]. In 
this paper, we compare the co-segregation of genotypes and 
phenotypes in two families in which mutations in TBK1 and 
FUS occur separately or in combination and compare them 
with previously reported and newly identified TBK1/FUS 
double-mutant patients.

Results

Screening for patients with variants in FUS and TBK1

Based on previous findings of co-occurrence of FUS and 
TBK1 mutations in familial ALS patients [11, 12], we 
screened 28 ALS patients (21 FALS index patients and seven 
affected relatives) with a known FUS mutation by whole-
exome sequencing and targeted evaluation for mutations in 
other known ALS genes. A prior screening for C9ORF72 
had been unsuspicious in these patients. Indeed, we found 
two additional familial ALS patients with FUS/TBK1 dou-
ble mutations: FUS c.1540A > G; p.R514G together with 
TBK1 c.1328_1331del; p.I443Nfs*3 and FUS c.1562G > A; 
p.R521H in combination with TBK1 c.1522C > A; p.L508I 
(patients A and C in Table 1). In addition, we found FUS 
mutations to co-occur with missense variants in ANXA11 
(c.772C > T; p.V258M) and SETX (c.2113A > C; p.I705L) 
in two patients (see Supplementary Information and Sup-
plementary Table 1).

Overview of previously published FUS/TBK1 
double‑mutant families

Lattante and colleagues have previously performed genetic 
testing of 413 Italian ALS patients (32 FALS and 381 SALS) Ta
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using panel analysis of 32 known ALS/FTD genes [12]. This 
screen revealed three SALS patients carrying both a TBK1 
variant and a variant in FUS. All three FUS variants were 
located in the 3’ UTR in FUS (patients E–G in Table 1). 
Furthermore, de Majo et al. described a FUS c.1561C > T; 
p.R521C together with a TBK1 c.1073G > A; p.R358H muta-
tion in two first-degree relatives (patient D in Table 1) [13]. 
In a cohort of 252 whole-exome sequenced German FALS 
patients, we had previously identified another pedigree with 
a TBK1 LoF variant (c.555 T > A; p.Y185*) co-occurring 
with a FUS missense mutation (c.1570A > G; p.R524G) 
(Fig. 1B; family B in Table 1) [11]. Thus, to our knowledge, 
at least five index patients have been previously reported 
who carry both a TBK1 and a FUS variant. Together with 
the new data from this paper, we summarize different TBK1 
and FUS variants found to co-occur in a total of seven index 
patients, of which four carry a diagnosis of familial ALS. 
However, the evidence for pathogenicity of the respective 
mutations differs between these patients. Only in two of the 
seven FUS/TBK1 double-mutant index patients (patients A 
and B in Table 1) pathogenicity can be regarded to be proven 
for both the FUS and the TBK1 variants (patients A and 

B), as outlined in detail in Table 1 and the Supplementary 
Information.

FUS mutations define the ALS phenotype of FUS/
TBK1 double patients

Our further analysis focuses on the pedigrees with patients 
with evidence for causality in both FUS and TBK1, specifi-
cally the families of index patients A and B. We performed 
Sanger sequencing of both genes in available members of 
the two families and identified two additional FUS/TBK1 
double-mutant ALS patients. This resulted in a group of 
four double-mutant FUS/TBK1 ALS patients consisting of 
patients A II.4, B II.3, B II.5, and B III.2 (see Table 2). Com-
pared to an international cohort of 188 FUS-ALS patients 
[14], this group had a similar mean age at onset of ALS of 
42 ± 3.5 (SD) vs. 39.97 ± 16.2 years (p = 0.8) and a mean 
disease duration (time since disease onset until death or tra-
cheostomy) of 57.8 ± 53.3 vs. 41.9 ± 43.6 months (p = 0.48) 
(Fig. 1C and D). However, we point out that the disease 
characteristics of the cohort in Naumann et al. are promi-
nently influenced by FUS mutations that are more aggressive 

Fig. 1  Genotype–phenotype analysis of FUS/TBK1 double-mutant 
patients. A, B Pedigrees of the two FALS families with co-occurrence 
of mutations in TBK1 and FUS. Arrows indicate index patients. Age 
at onset (in years) and duration of disease (in months) are indicated 
next to or below each patient. C, D Bar graphs showing age of onset 

and disease duration (time since disease onset until death or trache-
ostomy) of FUS/TBK1 double-mutant ALS patients (consisting of 
patients A II.4, B II.3, B II.5, and B III.2 in Table 2) compared to a 
large international cohort of FUS-ALS patients
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than the mutations p.R514G and p.R524G so that this com-
parison is admittedly suboptimal. The disease onset in the 
FUS/TBK1 double-mutant patients was spinal or bulbar 
(Table 2). Double-mutant patients did not exhibit comorbid 
FTD. Although the number of FUS/TBK1 double-mutant 
patients is low, the present results suggest that a combination 
of pathogenic variants in FUS and TBK1 does not exacerbate 
the ALS phenotype compared to pathogenic FUS variants 
only.

To gain insight into the phenotypic manifestations of 
FUS/TBK1 double variation on a similar genetic back-
ground, we compared single- and double-mutant members 
of families A and B (Table 1). As shown by Fig. 1, the single 
mutations in FUS and TBK1 co-segregate with ALS or FTD, 
respectively. In the symptomatic members of both families, 
the TBK1 variants alone precipitate a FTD phenotype. By 
contrast, FUS variants alone, or in combination with the 
TBK1 variants, cause ALS without FTD, while an obvious 
additive or synergistic effect of FUS and TBK1 variants on 
the phenotype is not observed in these two families.

In family A, the likely FUS mutant father (I.1) shows 
an unusually late ALS onset, while his FUS/TBK1 double-
mutant son (II.4) had a very early onset of ALS. In family B, 
both the obligate FUS mutant father (I.2) and the FUS/TBK1 
double-mutant children (II.3 and II.5) and grandson (III.2) 
show similarly early onsets of ALS (Fig. 1B). Unfortunately, 
DNA from the family B member II.4 was unavailable. While 
the disease duration of the ALS patient I.2 with the obligate 
isolated FUS mutation is not known, his children with FUS/
TBK1 double mutations (II.3 and II.5) both displayed a rela-
tively long disease course if compared to the mean survival 
time of FUS-ALS patients (Fig. 1D). The FUS/TBK1 dou-
ble-mutant index patient II.5 of family B has even survived 
for more than 13 years after ALS onset. By contrast, the 
grandson (III.2) shows an aggressive disease course.

Discussion

In this analysis, we extend the previous knowledge about 
FUS/TBK1 double-mutant patients by whole-exome 
sequencing of additional 28 patients with FUS mutation. 
Overall, we report and summarize eight patients with rare 
variants in both FUS and TBK1, weigh the evidence for their 
pathogenicity, and study the phenotype of double-mutant 
compared to single-mutant ALS patients. Importantly, we 
report several single- and double-mutant ALS patients in 
two families, i.e., on a comparable genetic background.

The rationale to perform the extended screening for TBK1 
variants in FUS mutation carriers was based on the previous 
description of patients with concomitant variants in FUS 
and TBK1 [11, 12]. Our study revealed additional double-
mutant individuals, and both TBK1 and FUS belong to the 

less frequently mutated ALS disease genes. Nevertheless, 
larger patient numbers will be required to show that muta-
tions in both genes occur more frequently than expected by 
chance. If not a by chance finding, the penetrance of muta-
tions in FUS and TBK1 could be increased when mutations 
in both genes co-occur in one individual, thus increasing 
the probability to be detected in a patient. The 72-year-old 
asymptomatic FUS mutation carrier in family B (II.2) may 
be regarded as support for a lower penetrance in single-
mutant patients.

In our two FUS/ALS families, the combination of TBK1 
and FUS variants led to early-onset ALS without FTD 
comorbidity, while the TBK1 variants alone caused FTD and 
the isolated FUS variants precipitated early-onset ALS. Pos-
sibly, FUS/TBK1 double mutation carriers with early ALS 
do not survive to the later age at which TBK1-associated 
FTD usually starts. Consequently, the FUS mutations prin-
cipally shape the disease phenotype in FUS/TBK1 patients.

A surprising finding of our study is that our initial 
“double-hit” hypothesis — that the presence of two muta-
tions in the same patient would result in an exacerbated 
disease through summated neurotoxicity — did not prove 
true. Comparing the disease characteristics of the group of 
double FUS/TBK1 mutant ALS patients of this study (four 
patients) with a large cohort of mostly single FUS mutant 
ALS patients, we found that the age of onset and disease 
duration were unaltered by the combination of FUS and 
TBK1 mutations. Considering the apparently complementary 
pathomechanisms of FUS and TBK1 mutations (in particular 
impaired protein quality control due to TBK1 haploinsuf-
ficiency and FUS proteinopathy as a consequence of FUS 
mutations), this is a remarkable finding. Nevertheless, a 
larger cohort of FUS/TBK1 double-mutant patients together 
with mechanistic studies using FUS/TBK1 double-mutant 
disease models are warranted to corroborate the findings 
of our study.

In conclusion, the neurotoxic effects of TBK1 and FUS 
mutations do not seem to add up in a simple way in patients. 
Rather, the phenotype of FUS/TBK1 double-mutant patients 
appears to be dominated by the FUS mutation. These 
insights may have relevance also for the design of gene-spe-
cific therapies for both single- and double-mutant patients.

Methods

Patients and ethics statements

All ALS patients were diagnosed according to the EFNS 
Consensus criteria [15]. The study was approved by the 
medical ethical review boards of the universities of Ulm 
and Umea. With informed written consent and in accord-
ance with the Declaration of Helsinki, EDTA blood samples 
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were drawn from controls, ALS patients, and their unaf-
fected relatives during visits at the Neurology departments 
of the University Hospitals of Ulm and Umea. DNA was 
extracted from EDTA blood samples according to standard 
procedures.

Genotyping of patients for SOD1 and C9ORF72 
mutations

Mutations in SOD1 and C9ORF72 were excluded prior to exome 
sequencing of familial ALS cases as described before [11].

Whole‑exome sequencing

Whole-exome sequencing, read mapping, and variant calling 
were performed on HiSeq2000/2500 systems (Illumina) as 
described previously [11].

Statistics

For comparison of two groups, the unpaired two-tailed Stu-
dent’s t test was used. Data are presented as means ± SEM 
in bar graphs. Statistical significance was reported by the p 
value of the statistical test procedures and was assessed as 
significant (*, P < 0.05), strongly significant (**, P < 0.01), 
or highly significant (***, P < 0.001; ****, P < 0.0001). All 
statistical analyses were performed with Prism software 
(version 9.1.1; GraphPad Software).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10048- 021- 00671-4.
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