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Abstract

Amyaotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease that is familial in 10% of
cases. We have identified a missense mutation in the gene encoding fused in sarcoma (FUS) in a
British kindred, linked to ALS6. In a survey of 197 familial ALS index cases, we identified two
further missense mutations in eight families. Postmortem analysis of three cases with FUS
mutations showed FUS-immunoreactive cytoplasmic inclusions and predominantly lower motor
neuron degeneration. Cellular expression studies revealed aberrant localization of mutant FUS
protein. FUS is involved in the regulation of transcription and RNA splicing and transport, and it
has functional homology to another ALS gene, TARDBP, which suggests that a common
mechanism may underlie motor neuron degeneration.
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Amyotrophic lateral sclerosis (ALS) causes progressive muscular weakness due to the
degeneration of motor neurons in the brain and spinal cord. The average age at onset is 60
years, and annual incidence is 1 to 2 per 100,000. Death due to respiratory failure occurs on
average 3 years after symptom onset (1). Autosomal dominant familial ALS (FALS) is
clinically and pathologically indistinguishable from sporadic disease (SALS) and accounts
for ~10% of cases (2). Three genes have been confidently linked to classical FALS: SOD1,
encoding CuZn superoxide dismutase (SOD1) (ALS1 OMIM 105400) (3); ANG, encoding
angiogenin (4-6); and TARDP, encoding TAR DNA binding protein TDP-43 (ALS10 OMIM
612069) (7). SOD1 mutations are detected in 20% of FALS and 5% of SALS cases (3, 8).
Mice transgenic for mutant human SOD1 develop selective motor neuron degeneration due
to a toxic gain of function (9) that is not cell autonomous (10) and is associated with
multimeric detergent-resistant cytoplasmic mutant SOD1 aggregates (11). Ubiquitinated
TDP-43 inclusions are detected in the perikaryon in the motor neurons of ~90% of ALS
cases and in the cortical neurons of a subset of frontotemporal lobar dementia (FTLD) cases
(12, 13). Fourteen missense TDP-43 mutations have now been associated with ALS, and all
but one reside in the C-terminal domain (7, 14-16).

In addition, individual FALS kindreds have been linked to chromosomes 18q (ALS3, OMIM
606640) (17) and 20p (ALS7, OMIM 608031) (18), whereas multiple kindreds with ALS
and FTLD have been linked to chromosomes 9q (FTD/ALS1 OMIM 105550) (19) and 9p
(ALSFTD2, OMIM 611454) (20-22). We previously linked one large multigenerational
British kindred (F1) to a 42-Mb region on chromosome 16 with a multipoint lod score
(logarithm of the odds ratio for linkage) of 3.85 (ALS6 OMIM 608030) (23). As two more
individuals developed ALS, we repeated the genome-wide scan using the 10K single-
nucleotide polymorphism (SNP) arrays. This confirmed linkage to chromosome 16 with a
conserved haplotype containing more than 400 genes (fig. S1). Using a candidate gene
approach, we sequenced 279 exons from 32 genes and expressed sequence tags (ESTs) and
10 noncoding RNAs (tables S1 and S2). After our detection of mutations in TARDBP, we
prioritized six genes containing similar domains within the linked region. A single base-pair
change was identified in exon 15 of FUS (also known as translocation in liposarcoma or
TLS) in the proband from the F1 kindred (fig. S2A). This change is predicted to result in an
arginine to cysteine substitution at position 521 (R521C), which is in a highly conserved
region at the very C terminus of the protein (fig. S2, B and C). The 1561 C>T (R521C)
mutation was present in the DNA of all six affected members of F1 and cosegregated with
the linked haplotype (Fig. 1A).

To determine the frequency of FUS mutations in FALS, we screened 197 index FALS cases
in which SOD1, VAPB, ANG, Dynactin, CHMP2B, and TARDBP mutations had been
excluded. We identified the same R521C mutation in a further four families, including three
affected individuals from one kindred (ALS53) (Fig. 1B) and three more index FALS cases.
In addition, we found a different base-pair change that is predicted to result in an arginine to
histidine substitution, also at position 521 (1562 G>A, R521H) (fig. S2, A to C). The R521H
mutation was identified in two families where it segregates with disease (F1015 and
ALS156) (Fig. 1, C and D) and one index case. A third mutation was identified in exon 14
that is predicted to result in an arginine to glycine substitution at position 514 (1540 A>G,
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R514G) (fig. S2, A to C). This was detected in two affected members of the pedigree F1083
(Fig. 1E). No mutations were detected in exons 1 to 13 in the other FALS cases. Exons 14
and 15 of FUSwere sequenced in 400 age, sex, and ethnically matched controls, and no
mutations were detected. The frequency of FUS mutations in British and Australian SOD1-
negative cases is ~4% (equivalent to 3% of all FALS cases).

Sufficient information to define a clinical phenotype was available in 20 individuals with
FUS mutations. There was an even gender distribution (9 male, 11 female), the average age
at onset was 44.5 years (n = 20), and average survival was 33 months (n = 18). The site of
onset was cervical (10), lumbar (5), and bulbar (3). No affected individual developed
cognitive deficits. Three cases with the FUSRs21¢ and FUSRs214 mutations underwent
detailed neuropathological examination. All revealed severe lower motor neuron loss in the
spinal cord (Fig. 20) and to a lesser degree in the brain stem, whereas dorsal horn neurons
appeared unaffected. There was evidence of mild myelin loss in the dorsal columns, but only
one case had major pallor of the corticospinal tracts. There was mild to moderate upper
motor neuron loss in the motor cortex. Ubiquitin and p62-immunopositive skeinlike
cytoplasmic inclusions in anterior horn motor neurons of the spinal cord, which are
hallmarks of classical ALS, were very rare, and TDP-43—positive inclusions within the
cytoplasm and nucleus of neurons and glial cells were absent. Antibody to FUS labeled large
globular and elongated cytoplasmic inclusions in spinal cord motor neurons and dystrophic
neurites in all three ALS cases with FUS mutations (Fig. 2, A to F, and O). These were
absent in normal control individuals (Fig. 2, G, H, and M), SOD1 mutant ALS cases (Fig. 2,
I and J), and sporadic ALS cases (Fig. 2, K, L, and N).

To assess the functional importance of these mutations, we transiently expressed N-
terminally hemagglutinin(HA)-tagged wild-type FUS(FUS\y ) and two mutants, (FUSgs21¢c
and FUSRs21R) in CV-1 and N2A cell lines and rat cortical neurons. Staining for
endogenous FUS in nontransfected cells indicated that the protein is predominantly localized
to the nucleus. Transfected cells show an increase in cytoplasmic localization of the
FUSRs21c and FUSRs21H protein when compared to the wild type, both with
immunofluorscent labeling and by immunablot (Fig. 3).

FUS is a ubiquitously expressed, predominantly nuclear, protein that is involved in DNA
repair and the regulation of transcription, RNA splicing, and export to the cytoplasm. The N
terminus has a transcriptional activation domain which, after chromosomal translocation,
produces fusion proteins that can cause Ewing’s sarcoma and acute myeloid leukemia (24).
The C terminus contains RNA recognition motif (RRM), Arg-Gly-Gly (RGG) repeat rich,
and zinc finger domains involved in RNA processing. FUS binds to the motor proteins
kinesin (KIF5) (25) and myosin-Va (26) and is involved in mRNA transport; it is notable
that defects in axonal transport are a pathological feature of ALS (27).

Mutations in the C-terminal domain of TDP-43 have been linked to ALS (7, 14-16) and are
associated with mislocalization and inclusion formation, providing an almost exact parallel
with FUS mutations. In the case of TDP-43 proteinopathies, it is not clear whether disease is
due to a toxic gain, or loss, of function. Although toxicity might be a consequence of
misfolded proteins overwhelming the protein surveillance machinery, the loss of TDP-43
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from the nucleus in neurons with inclusions provides circumstantial evidence that nuclear
RNA processing may be impaired. Equally, the presence of cytoplasmic aggregates might
lead to the sequestration of proteins and/or RNAs in the cytoplasm, causing selective
toxicity to cortical and motor neurons. The absence of TDP-43 inclusions in mutant FUS
ALS cases implies that the FUS disease pathway is independent of TDP-43 aggregation. An
exploration of how these two functionally related proteins cause neurodegeneration should
provide new insights into the mechanisms underlying ALS pathogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Fng]S mutations segregate with disease in five dominant ALS kindreds. Affected individuals
are indicated by black symbols and unaffected individuals by open symbols. Slashed
symbols indicate deceased individuals. Asterisks indicates an affected individual for whom
DNA was available. All affected individuals tested carried their families” mutation. Gender,
birth order, and the mutation status of unaffected individuals have been omitted for reasons
of confidentiality.
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Fig. 2.
Patients with FUS mutations develop cytoplasmic FUS immunoreactive inclusions in lower

motor neurons. Antibody to FUS immunolabels inclusions within the anterior horn (dotted
line) of the spinal cord in patients with FUS mutations (A to F and arrowheads in O).
Staining in controls (G, H, and M), mutant SOD1 FALS (I and J), and SALS (K, L, and N)
demonstrate diffuse nuclear staining (arrows) with variable intensity without inclusions.
Scale bars, 12 um [(A) to (L)], 50 um [(M) to (O)].
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Fig. 3.

FSS mutations cause subcellular mislocalization. (A and B) The subcellular localization of
endogenous FUS, transfected wild-type (HA-FUS\yT), and FUS mutants (HA-FUSRs21c,
HA-FUSRs521) was determined in CV-1 cells (A) and rat cortical neurons (B) by
immunofluorescence. The plasma membrane (A, yellow dash) and nucleus (A, red dash) of
representative CV-1 cells are outlined on phase contrast (A, left panel) and corresponding
FUS immunofluorescence images (A, right panel). Nuclear diamidino-2-phenylindole
(DAPI) staining (B, left panel), FUS immunofluorescence (B, middle panel), and overlay (B,
right panel) of representative cortical neurons are shown. Scale bars, 25 pm (A), 10 um (B).
(C) The percentage of CV-1 cells (upper panel) and cortical neurons (lower panel) showing
FUS staining in the cytoplasm was significantly increased for mutant forms of FUS
compared to wild-type and endogenous. Statistical significance was determined by one-way
analysis of variance (P < 0.0001 for CV1 and neurons) followed by Bonferroni’s Multiple
Comparison Test (*, P < 0.05; ***, P <0.001). (D) FUS mutants show a significant increase
in the cytosolic fraction. N2A cells transfected with FUS\T, FUSRs21c, and FUSRs21H Were
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separated into cytosolic and nuclear fractions, and the amount of transfected FUS was
determined by densitometry of antibody to HA immunoblots (mean £ SEM, n= 3). The
purity of fractions was determined with antibody to SOD1 (cytosol) and antibody to histone
H3 (nucleus), and the transfection efficiencies were compared in total cell lysates. Statistical
significance was determined by Wilcoxon Signed Rank Test (*, P < 0.05).
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