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SUMMARY

Mutations of the FUS gene were first reported to cause amyotrophic lateral sclerosis (ALS).
Subsequent studies confirmed the role of mutations in ALS and also implicated them in
frontotemporal dementia (FTD). Recently, through Next-Generation Exome sequencing
approaches a mutation resulting in a substitution (p.Q290X) in the nuclear export domain of the
FUS protein was nominated as a cause of autosomal dominant essential tremor (ET) in a large
kindred. In addition, recent reports suggest a possible role for TDP-43 mutations in parkinsonism;
TDP-43 is another RNA-binding protein implicated in ALS. Given these findings we investigated
the role of FUS variants in Parkinson’s disease (PD). We sequenced specific regions of the gene
encoding three functional domains of the FUS protein in 702 patients with PD. Our sequencing
study did not identify any novel non-synonymous variant that would appear to affect the subjects’
susceptibility to Parkinson’s disease. These findings and previous studies have shown that variants
within the FUS gene are not a common cause of PD or ET, in comparison to their role in ALS.
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1. Introduction

The fused in sarcoma gene (FUS) was first identified as a fusion oncogene in human
liposarcoma and encodes a ubiquitously expressed RNA/DNA-binding protein [1,2]. FUS
plays a role in RNA transport between the nucleus and the cytoplasm; it is also reported to
bind DNA and to be involved in DNA repair and transcriptional regulation [3]. FUS
function appears to be closely related to TDP-43 which is also known to be important in
neurodegeneration [3]. Genetic variation of the FUS and TDP-43 genes has been linked to
several neurodegenerative diseases.
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Mutations in FUS were first reported to cause amyotrophic lateral sclerosis (ALS)
accounting for up to 4% of familial cases [4,5]. Further studies identified a substitution in
FUS p.M254V in a patient suffering from frontotemporal dementia (FTD) [6]. The
overlapping clinical, pathologic and genetic factors in ALS and FTD, and the presence of
FUS pathology in a subset of cases with either disorder, supported pathogenicity. ALS/FTD-
related FUS mutations are suspected to cause FUS protein mislocalization to the cytoplasm
and result in protein inclusions although the underlying mechanisms are not fully
understood. Recently, a missense mutation (p.Q290X) was nominated as the cause of
autosomal dominant essential tremor (ET) in a large Canadian pedigree [7]. Subsequent ET
studies have yet to identify the p.Q290X variant, and although a number of other rare
variants have been identified the pathogenicity of FUS in ET remains to be determined. It is
noteworthy, the p.Q290X substitution occurs in the nuclear export sequence (NES), unlike
the FUS ALS/FTD mutations, and therefore may act through a different pathomechanism.

We recently reported the presence of a TDP-43 mutation in a patient with clinical
Parkinson’s disease (PD) [8]. Parkinsonism has also been reported in the phenotype of
ALS/FTD TDP-43 mutation carriers [9]. Given the evidence for the role for TDP-43 and
FUS mutations in these movement and cognitive disorders, we investigated the role of FUS
variants in PD. The present study focused on functional domains that harbor mutations
related to neurodegeneration: (1) the glycine-rich domain, (2) the nuclear export signal
(NES) and (3) the nuclear localization signal (NLS).

2. Methods

The combined patient—control series included 702 patients with clinical diagnosis of PD. We
sequenced 372 late-onset sporadic patients, 211 late-onset patients with family history of
PD, 69 patients with early-onset sporadic PD and 50 patients with early-onset familial PD.
Key demographic and clinical data are summarized in Table 1. All subjects are unrelated,
non-Hispanic Caucasians of mixed European ancestry, recruited at Mayo Clinic Florida.
Average age was 77x11 years (range 35-103) for cases and average age at onset was 62+13
(16-94). Bi-directional sequencing was performed as previously described [10]. Primer and
amplification conditions are available upon request. Call rate for sequencing was =299%. We
sequenced exons 5 to 8 which included the glycine-rich domain (amino acids 166-267),
exon 9 including the NES (amino acids 289-298) and exon 14 and 15 encompassing the
predicted NLS (amino acids 495-526) [6] (see Fig. 1). The ethical review boards at the
Mayo Clinic approved the study, and all participants provided informed consent.

3. Results

Sequencing of our US series of patients with PD (n = 702) for the FUS exons 5-9 and 14-15
identified a total of eight variants; six of the variants were within the exonic regions and two
were within intron 5 (see Table 2). All the coding variants identified were synonymous
variants. Of these variants three were located in exon 6 (p.G225G, p.G228G, and p.G229G),
one in exon 15 within the NLS region (R522R) and two were located upstream of the NLS
region in exon 14 (p.G482G, p.R487R). All the coding variants were databased within the
NCBI dbSNP dataset except p.R487R which was novel. All the variants detected were rare,
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being observed only once or twice in 1404 chromosomes examined, and either rarely present
or absent in the public exome variant server database (http://evs.gs.washington.edu/EVS);
see Table 2.

4. Discussion

FUS mutations are an established cause of ALS. A number of specific variants have also
been suggested to cause FTD and ET. These studies would implicate FUS in a myriad of
movement disorders. In addition, FUS protein pathology is observed in a subset of FTD
patients. The overlapping genetic and functional roles of mutations in FUS and TDP-43
nominate these two genes and altered proteins as determinants of specific subtypes of
neurodegeneration that may present as alternative clinical syndromes. A role for TDP-43 has
been suggested in parkinsonism, and based on these results, we set out to determine if
genetic variation at the FUS locus may also play a role in PD.

Interestingly, the FUS gene is located on chromosome 16 within one megabase of a PD
genome-wide association study nominated locus surrounding variant rs4889603 [11].
Correlation between rs4889603 and the HapMap SNPs in FUS is however low, r2 < 0.4
(tested using SNAP [12]). The region includes 48 genes but STX1B has been nominated as
the putative causal gene. The results of the sequencing study in our series of PD patients
would suggest that variants in the FUS glycine-rich region, NES or NLS are not a common
cause of parkinsonism. It is possible that variants outside of the coding region of FUS which
influence splicing or expression level may still have an effect on disease risk; additional
studies will have to be performed to assess this possibility.

It remains a possibility that FUS mutations may play a role in a specific subset of patients
with parkinsonism and it is becoming evident that a number of genes can harbor mutations
that present with overlapping clinical features. The identification of the FUS p.Q290X
nonsense mutation in a large family with ET occurred from the unbiased approach of whole-
exome sequencing. As next-generation sequencing approaches become more widely
accessible and cost-affordable we may find an increase in the identification of pathogenic
mutations in neurodegenerative-related genes for clinical phenotypes or signs that would not
typically be expected. These findings may provide important insights within the setting of
clinical diagnosis, prognosis and potential therapeutic applications.
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cDNA
5 6 78 9 14 15
S462F R495QfsX527 R514S/G515C
M464l G497AfsX527  H517D/PIQ
G466VfsX14  R502fsX15 R518G/K
G472VfsX57  G507D G519X
G478LfsX23  K510E/R G519IfsX9
Y485AfsX514  K510WfsX517 R521C/G/HIL/S
G492EfsX527  S513P R522G
. G225V R495X R514G/S R524S/T/W
Protein G175_G176insGG ~ G230C RA495EfsX527 R514S/E516V  P525L
R234C/L
G187S  Raac
S57del  S96del  G144_Y149del | |G191S S402_P411delinsGGGG
| LI
PE
I
1 166 ‘ | 262 289-298 495 526
|
P106L *G156E *G206S M254V Q290X R377W P431L
**R216C ***M392I

Fig. 1.
Protein domains and exons targeted for sequencing. The upper panel in blue represents the

coding sequence of the FUS gene with the sequenced exons identified with white numbers.
The lower panel represents the protein with the studied functional domain. Mutations shown
in black were identified in patients with amyotrophic lateral sclerosis (ALS), mutations in
blue were identified in patients with frontotemporal dementia (FTD), and mutations in red
were identified in patients with essential tremor (ET). *G156 and *G206S were found in
FTD/ALS. **R216C was identified in ALS, ET and one control. ***M3921 is associated
with an increased risk of developing ET. E, Nuclear export signal; NLS, nuclear localization
signal.
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PD patients’ demographics?

Table 1

PD phenotype Age Age at onset Gender (count
M F
Late onset
Sporadic (n=372) 81+8(57-103)  68+8 (51-94) 236 131
Familial (n=211) 7948 (61-96) 668 (51-83) 134 77
Early onset
Familial (n=50)  62+12 (40-94) 4246 (29-50) 30 20
Sporadic (n = 69) 61+10 (34-94)  42+8(16-50) 45 29
Total (n = 702) 77+11 (34-103)  62+13 (16-94) 445 257

aThe sample mean+SD (minimum-maximum) is given for age and age at onset.
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