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N. Dupré, MD, FRCP(C)

G.A. Rouleau, MD, PhD

ABSTRACT

Background: The identification of mutations in the TARDBP and more recently the identification of

mutations in the FUS gene as the cause of amyotrophic lateral sclerosis (ALS) is providing the

field with new insight about the mechanisms involved in this severe neurodegenerative disease.

Methods: To extend these recent genetic reports, we screened the entire gene in a cohort of 200

patients with ALS. An additional 285 patients with sporadic ALS were screened for variants in

exon 15 for which mutations were previously reported.

Results: In total, 3 different mutations were identified in 4 different patients, including 1 3-bp

deletion in exon 3 of a patient with sporadic ALS and 2 missense mutations in exon 15 of 1

patient with familial ALS and 2 patients with sporadic ALS.

Conclusions: Our study identified sporadic patients with mutations in the FUS gene. The accumu-

lation and description of different genes and mutations helps to develop a more comprehensive

picture of the genetic events underlying amyotrophic lateral sclerosis. Neurology® 2009;73:

1176 –1179

GLOSSARY

ALS � amyotrophic lateral sclerosis; FALS � familial amyotrophic lateral sclerosis; FTD � frontotemporal dementia; SALS �

sporadic amyotrophic lateral sclerosis.

The profile of genes mutated in amyotrophic lateral sclerosis (ALS) has expanded considerably

since 2006. The primary causative gene remains the zinc copper superoxide dismutase gene

(SOD1) as mutations in SOD1 explain �15%–20% of familial ALS (FALS) cases, which

altogether represents �2% of the combined sporadic (SALS) and FALS cases.1 However,

several mutations were recently reported in the TAR-DNA binding protein (TARDBP) gene

encoding the TDP-43 protein at the ALS10 locus.2 The TARDBP mutation search was initi-

ated following the discovery that TDP-43 is a major constituent of aggregates found in patients

with ALS or frontotemporal dementia (FTD).3 Mutations are almost exclusively situated at the

glycine-rich C-terminal portion of TARDBP in its sixth and last exon. The identification of

mutations in TARDBP helped convince researchers studying the ALS6 locus on chromosome

16 that the FUS gene was a good candidate for harboring mutations in patients with ALS.

The presence of a homozygous mutation in a recessive family with ALS from Cape Verde

combined with heterozygous changes in dominant ALS pedigrees that helped map the ALS6

locus led to the conclusion that FUS was the causative gene in that region.4,5 The product

encoded by the FUS gene (FUS) has a function similar to that of the TDP-43 protein. It is an

RNA-binding protein with hnRNP properties and it has a prior history of involvement in the
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nervous system: mouse glutamate receptors

help regulate the localization of FUS to den-

dritic spines.6 Moreover, FUS helps in actin

organization of dendritic spines via mRNA

transport of the actin-stabilizing protein Nd1-

L.7 Initially, FUS/TLS (fusion/translated in li-

posarcomas) was identified as a t(12;16)

translocation product which combines its

N-terminal portion with the C-terminal portion

of the CHOP gene leading to round cell liposar-

comas.8 FUS knockout mice have been gener-

ated and no neurologic defects were reported.9,10

We sought to validate the results recently ob-

tained on chromosome 16 by sequencing the

FUS gene in a panel of FALS and SALS cases.

This led to the identification of 2 mutations that

were previously reported4 and 1 novel mutation.

METHODS Standard protocol approvals, registra-

tions, and patient consents. Protocols were approved by the

ethics committee on human experimentation of the Centre Hos-

pitalier de l’Université de Montréal and the Comite d’Ethique de

la Salpêtrière. All patients gave written informed consent, after

which patient information and blood were collected.

Subjects. Patients were collected from the province of Quebec,

Canada (n � 100), and from France (n � 100) between 2004

and 2009. DNA was extracted from peripheral blood using stan-

dard protocols. A total of 80 patients with FALS and 120 pa-

tients with SALS were screened for the 15 coding exons of the

FUS gene as well as 190 ethnically matched controls and 285

patients with schizophrenia or autism as part of an unrelated

project. An additional cohort of 285 patients with SALS were

screened for variants in exon 15, considering that most of the

mutations already identified are located in the c-terminus of the

protein.4

Gene screening. Primers were designed using the ExonPrimer

software from the UCSC human genome browser Web site

(www.genome.ucsc.edu). Twelve sets of primers were sufficient

to cover the 15 exons in FUS (NM_004960.2). Primer se-

quences and amplification conditions are listed in table e-1 on

the Neurology® Web site at www.neurology.org. PCR products

were sequenced at the Genome Quebec Innovation Center.

Variants were tested in patients and controls using the same pro-

cedure of direct sequencing.

Protein sequence alignment. Cluster analysis was per-

formed using the Clustal W method. The closest homologue in

several species was retrieved by use of NCBI’s BLAST program

(figure e-1).

Phosphorylation sites prediction. The phosphorylation

site prediction scores corresponding to the deletion p.S57 were

obtained using the NetPhos neural network-based method

(table e-2).

RESULTS The complete sequencing of the FUS

gene in 200 patients with ALS and the sequencing of

exon 15 for an additional 285 SALS cases led to the

identification of 2 missense mutations and 1 3-bp

deletion in 3 patients with SALS and 1 patient with

FALS (table). These mutations were not found in

285 patients with schizophrenia or autism used as a

non-ALS disease cohort, nor in 190 controls

matched for age and ethnicity. A 3-bp heterozygous

deletion (c.169_171delTCT, p.S57del) was identi-

fied in a patient with sporadic ALS. This TCT dele-

tion results in the loss of the serine-57 residue and an

overall decreased phosphorylation score (table e-2).

Two mutations were present at amino acid 521: an

arginine to cysteine (c.1561 C�T, p.R521C) in 1

patient with SALS, and an arginine to a histidine (c.

1562 G�A, p.R521H) in 1 patient with SALS and 1

patient with FALS (figure). Notably, these 2 mis-

sense mutations are the same as reported by Kwiat-

kowski et al.4 We were unable to test for segregation

in the patient with FALS as no additional family

members were available. All the patients with muta-

tions had a typical ALS profile. No documented his-

tory of FTD or cognitive impairment was present in

these patients.

A rare missense variant (c.188 A�G, p.N63S) was de-

tected in a SALS case; however, it was also present in

8 of 190 controls, suggesting that it is a benign poly-

morphism. This particular base pair change is not

well conserved across species and the serine residue is

present in the rhesus monkey. Additionally, a 9-bp

deletion (c.676_684delGGCGGCGGC) was de-

tected in exon 6, which results in the loss of 3 glycine

residues (p.G226_G228del). This variant was de-

Table Clinical and genetic profile of patients with ALS with mutations in the FUS gene

Variant
Amino acid
change

Nucleotide
change Exon

Chr16
position* Origin

Family
history Sex

Age at
onset, y

Duration,
mo

Site of
onset

1 p.S57del c.169_171 del TCT 3 31,101,465 France SALS M 80 10 Spinal

2 p.R521C c.1561 C�T 15 31,110,240 France SALS M 26 27 Spinal

3 p.R521H c.1562 G�A 15 31,110,241 Quebec FALS (affected
father)

M 54 30 Spinal

4 p.R521H c.1562 G�A 15 31,110,241 France SALS F 32 72 Spinal

*Human genome build 36.1.

ALS � amyotrophic lateral sclerosis; SALS � sporadic amyotrophic lateral sclerosis; FALS � familial amyotrophic lateral

sclerosis.
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tected in a patient with ALS as well as 1 in 190 con-

trols (table e-3).

The entire FUS gene was sequenced in 285 pa-

tients with schizophrenia and autism, and only 1

coding variant was detected, a GGC insertion in

exon 6, resulting in the introduction of a glycine

residue (c.684_685insGGC, p.G228_G229insG).

This is at the same location where a 9-bp deletion

was detected in a patient with ALS and a control

individual, suggesting that this particular glycine

stretch is prone to expansion/contractions. Thus, the

frequency of FUS variants is not particularly high in

a population of patients without ALS (table e-3).

DISCUSSION Our study identified 3 SALS cases

with mutations in the FUS gene. These patients were

labeled sporadic considering that the cases were iso-

lated and that the family history was negative.

Two mutations that were previously described by

Kwiatkowski et al.4 were also identified in this study,

the p.R521H and p.R521C mutations. One new de-

letion was also identified in a patient with SALS. The

overall percentage of mutations identified in this

study was 1 of 80 FALS or 1.25%, and 3 of 405

SALS or 0.74%. This is less than the original reports.

Also, our study only detected heterozygous changes,

while the other reports described homozygous and

heterozygous changes.4,5

Future identification of more sporadic cases with

missense and deletion mutations in FUS will provide a

more comprehensive picture of the proportion of muta-

tions involved in ALS pathology. The accumulation

and description of different mutations in ALS cases and

future detection of mutations in more patients with

SALS will help us understand the genetic mechanisms

involved in this neurodegenerative disease. The identifi-

cation of new genes represents a highly informative

event for the selection of candidate genes to be investi-

gated in the future, considering that the genetic factors

underlying a substantial proportion of ALS cases re-

mains unknown. Further investigation of the function

of those genes will progressively stimulate the develop-

ment of drug treatment and therapy for the disease.
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nard, Isabelle Thibault, and Pierre Provencher for sample collection and

organization.

Figure Sequence traces and position of mutations in FUS

(A) Sequence trace for the wild-type allele is presented over top of the sequence of the mutated allele. The amino acid that

is changed is listed below. (B) Schematic (not to scale) of the FUS gene. Dots represent the exons in which mutations were

identified. In the lower panel, the amino acid position of the mutations is indicated by the arrows. The position of the

RNA-recognition motif (RRM) is also highlighted in green.
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