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FUS-Immunoreactive Inclusions Are a
Common Feature in Sporadic and
Non-SOD1 Familial Amyotrophic
Lateral Sclerosis
Han-Xiang Deng, MD, PhD,1 Hong Zhai, MS,1 Eileen H. Bigio, MD,2
Jianhua Yan, MD, PhD,1 Faisal Fecto, MD,1 Kaouther Ajroud, PhD,1
Manjari Mishra, PhD,2 Senda Ajroud-Driss, MD,1 Scott Heller, MD,1
Robert Suﬁt, MD,1 Nailah Siddique, RN,1 Enrico Mugnaini, MD,3
and Teepu Siddique, MD1
Objective: Amyotrophic lateral sclerosis (ALS) is a fatal disorder of motor neuron degeneration. Most cases of ALS
are sporadic (SALS), but about 5 to 10% of ALS cases are familial (FALS). Recent studies have shown that
mutations in FUS are causal in approximately 4 to 5% of FALS and some apparent SALS cases. The pathogenic
mechanism of the mutant FUS-mediated ALS and potential roles of FUS in non-FUS ALS remain to be investigated.
Methods: Immunostaining was performed on postmortem spinal cords from 78 ALS cases, including SALS (n ⫽
52), ALS with dementia (ALS/dementia, n ⫽ 10), and FALS (n ⫽ 16). In addition, postmortem brains or spinal cords
from 22 cases with or without frontotemporal lobar degeneration were also studied. In total, 100 cases were
studied.
Results: FUS-immunoreactive inclusions were observed in spinal anterior horn neurons in all SALS and FALS cases,
except for those with SOD1 mutations. The FUS-containing inclusions were also immunoreactive with antibodies to
TDP43, p62, and ubiquitin. A fraction of tested FUS antibodies recognized FUS inclusions, and speciﬁc antigen
retrieval protocol appeared to be important for detection of the skein-like FUS inclusions.
Interpretation: Although mutations in FUS account for only a small fraction of FALS and SALS, our data suggest
that FUS protein may be a common component of the cellular inclusions in non-SOD1 ALS and some other
neurodegenerative conditions, implying a shared pathogenic pathway underlying SALS, non-SOD1 FALS, ALS/
dementia, and related disorders. Our data also indicate that SOD1-linked ALS may have a pathogenic pathway
distinct from SALS and other types of FALS.
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A

myotrophic lateral sclerosis (ALS) is a fatal paralytic
disorder caused by degeneration of motor neurons in
the brain and spinal cord. Most cases of ALS are of unknown etiology and appear as sporadic ALS (SALS).
About 5 to 10% of ALS cases have a family history. Some
forms of familial ALS (FALS) are linked to genetic mutations in specific genes. Mutations in the Cu/Zn super-

oxide dismutase gene (SOD1) account for approximately
20% of FALS cases.1,2 Mutations in the TAR DNAbinding protein gene (TARDBP or TDP43) may occur in
about 3 to 4% of FALS cases.3–5 Rare genetic defects in
several other genes have been found in ALS or ALS-like
motor neuron diseases.6 Recently, mutations in FUS have
been identified in 4 to 5% of FALS cases7,8 and some
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SALS cases.9 –14 Altogether, mutations in specific genes
have been identified in about 30% of FALS cases. The
causes for the remaining FALS cases have yet to be identified.
In contrast to FALS, the etiology and the pathogenic mechanisms underlying SALS, the most common
form of ALS, remain largely unknown. Understanding the
causes and pathogenic mechanisms of SALS remains a
major challenge.
Protein aggregation has been recognized as a pathological hallmark in several neurodegenerative disorders,
such as extracellular amyloid-beta plaques and intracellular tau neurofibrillary tangles in Alzheimer disease, and
alpha-synuclein containing Lewy bodies in Parkinson disease.15 In ALS, protein aggregates are most common in
spinal motor neurons, and the ubiquitin-immunoreactive
and skein-like aggregates are thought to be pathognomic
of ALS.16,17 SOD1-immunoreactive aggregates are a
prominent pathology in SOD1-mediated ALS, but not in
SALS.18 On the other hand, TDP43-immunoreactive aggregates have been identified in SALS, but not in SOD1ALS.19,20
Both TDP43 and FUS are DNA/RNA-binding proteins. They are predominantly present in cell nuclei in
physiological condition. However, in neurons with cytoplasmic TDP43 aggregates, nuclear TDP43 is diminished.19,20 It is currently unknown if FUS is involved in
the pathogenesis of SALS and other forms of FALS without FUS mutations.
In this study, we analyzed postmortem tissues using
immunostaining to explore post-translational involvement
of FUS in different types of ALS and other neurodegenerative disorders, as well as neurological disease-free controls.

Patients and Methods
Cases
Spinal cord sections from a total of 78 clinically and pathologically diagnosed ALS cases were analyzed using immunostaining
in this study. The analyzed ALS cases included SALS (n ⫽ 52),
ALS with dementia (ALS/dementia, n ⫽ 10), and FALS (n ⫽
16). We also analyzed frontal lobe or hippocampus sections
from patients with frontotemporal lobar degeneration (FTLD)
with (n ⫽ 4) or without progranulin mutations (n ⫽ 5), atypical FTLD with neuronal inclusions composed of an unidentified ubiquitinated protein (aFTLD-U or FTLD-FUS) (n ⫽ 2),
and controls without history of apparent neurological disorders
(n ⫽ 5). Spinal cord controls without motor neuron diseases
and other neurological disorders (n ⫽ 6) were also included in
this study. In total, 100 cases were analyzed.
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Genetic Analysis
Genomic DNA was extracted from whole blood, transformed
lymphoblastoid cell lines, or tissues by standard methods (Qiagen, Valencia, CA). Exonic DNA fragments of the TDP43,
FUS, and SOD1 genes were directly sequenced for 24 cases of
SALS, 6 cases of ALS/dementia, and 16 cases of FALS, using a
CEQ 8000 Genetic Analysis System (Beckman Coulter, Fullerton, CA).

Immunohistochemistry and Confocal
Microscopy
Immunohistochemistry and confocal microscopy were performed using previously described methods.21 In brief, 6m
sections were cut from formalin-fixed, paraffin-embedded spinal
cord and brain regions containing frontal lobe or hippocampus.
The sections were deparaffinized and rehydrated by passing the
slides in serial solutions: 3⫻ for 10 minutes each in xylene, 3⫻
for 5 minutes each in 100% ethanol, 3⫻ for 3 minutes each in
95% ethanol, once for 5 minutes each in 75% ethanol, 50%
ethanol, deionized water, and phosphate-buffered saline (PBS).
The antigens in the sections were retrieved using a decloaking
chamber with a 1X Antigen Decloaker solution (Biocare Medical, Walnut Creek, CA) at 125°C for 20 minutes. The sections
were cooled to room temperature for 30 minutes and rinsed
with deionized water for 5 minutes. For immunohistochemistry,
the endogenous peroxidase activities were blocked with 2% hydrogen peroxide. Nonspecific background was blocked with 1%
bovine serum albumin in PBS for 20 minutes at room temperature. An affinity-purified rabbit antihuman FUS polyclonal antibody (11570-1-AP, Proteintech Group, Chicago, IL) at a concentration of 0.5 to 3g/ml was applied to the slides and
incubated at room temperature for 1 hour. After rinsing the
slides 3⫻ for 5 minutes each, a biotinylated goat antirabbit immunoglobulin G (IgG) was applied to the slides as the secondary antibody (GR608H, Biocare Medical, Concord, CA). The
slides were incubated at room temperature for 30 minutes. The
excess secondary antibody was removed by rinsing the slides 3⫻,
5 minutes for each time. The signals were detected with
peroxidase-conjugated streptavidin (BioGenex, San Ramon, CA)
using 3-amino-9-ethylcarbazole as a chromogen. The slides were
counterstained with hematoxylin and sealed with Aqua Poly/
Mount (Polyscience, Warrington, PA). The slides were examined and photographed under a light microscope. In addition to
the anti-FUS antibody 11570-1-AP, we also tested 8 other antiFUS antibodies, including A300-292A, A300-293A, A300294A, and A300-302A (Bethyl Laboratories, Montgomery, TX),
ab23439 (Abcam, Cambridge, MA), sc-25540 and sc-47711
(Santa Cruz Biotechnology, Santa Cruz, CA), and HPA008784
(Sigma-Aldrich, Saint Louis, MO). For confocal microscopy,
FUS monoclonal or polyclonal antibodies were used in combination with either mouse anti-TDP43 monoclonal antibody
(60019-2-Ig, 6g/ml, Protein Tech Group, Chicago, IL), rabbit
anti-TDP43 polyclonal antibody (10782-2-AP, 5g/ml, Protein
Tech Group), mouse anti-ubiquitin monoclonal antibody (10RU101B, 3g/ml, Fitzgerald Industries International, Concord,
MA), or mouse anti-p62 monoclonal antibody (H00008878-
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M01, 6g/ml, Abnova Coporation, Taipei, Taiwan) as primary
antibodies. Fluorescence signals were detected with donkey antirabbit IgG conjugated with fluorescein isothiocyanate (Thermo
Scientific, Rockford, IL) and goat antimouse IgG conjugated
with rhodamine (R-6393, Invitrogen, Carlsbad, CA) using an
LSM 510 META Laser Scanning Confocal Microscope with the
multitracking setting. The same pinhole diameter was used to
acquire each channel.

Western Blot
Spinal cord tissues from the lumbar sections were washed with
1⫻ PBS and incubated with ice cold lysis buffer containing
20mM Tris pH 7.6, 150mM sodium chloride, 1% NP40, 1%
sodium dodecyl sulfate, 10% glycerol, 10mM magnesium chloride, 1⫻ HaltTM phosphatase inhibitor cocktail (Pierce Biotechnology, Rockford, IL) and proteases inhibitor cocktail
(Roche Molecular Biochemicals, Nutley, NJ). The tissues were
then homogenized, sonicated for 10 seconds, and centrifugated
at 800g for 10 minutes at 4°C. The supernatants were removed
and were subject to total protein quantification using a BCA kit
(Pierce). Twenty micrograms of the whole lysate total protein
were separated on 4 to 12% Bis-tris polyacrylamide gel electrophoresis and blotted on PVDF membrane (Millipore, Billerica,
MA). Two duplicate membranes were incubated overnight with
primary antibodies, either anti-FUS (Proteintech 11570-1-AP)
or anti-TDP-43 (Proteintech 10782-2-AP). After washing with
tris-buffered saline 0.1% Tween 20, the membrane was incubated with secondary antibody, antirabbit horseradish peroxidase
conjugated (BioRad, Hercules, CA) and visualized using an ECL
kit (GE Bio-sciences, Piscataway, NJ). The membranes were
striped and blotted with an antibody against actin (Sigma). A
FUS-positive control was derived from lysate of THP-1, a human monocytic leukemia cell line (sc-2238, Santa Cruz Biotechnology). The molecular weight standard was Novex Sharp
Prestained Protein Standards from Invitrogen (LC5800).

Results
FUS-Immunoreactive Aggregates/Inclusions in
SALS, ALS/Dementia, and Non-SOD1 FALS
Sequencing analysis of the FUS, TDP43, and SOD1 genes
in 46 ALS samples revealed 3 cases with SOD1A4V mutation, and 1 case each with SOD1G85R, FUSR521L, or
TDP43G298S mutation among the 16 FALS cases. No
mutations in the SOD1, FUS, and TDP43 genes were
found in 24 SALS and 6 ALS/dementia cases (unpublished data). Nine antibodies against FUS were initially
tested on spinal cord sections of 10 SALS cases (Supplementary Table). Among these antibodies, 2 affinitypurified FUS antibodies against human FUS (115701-AP and HPA008784) revealed FUS-immunoreactive
inclusions (Fig 1). Because the antibody 11570-1-AP
yielded more robust signals (see Fig 1 and Supplementary
Table), it was then used for further analysis throughout
this study. Immunohistochemical analysis of the spinal
June, 2010

FIGURE 1: FUS-immunoreactive aggregates/inclusions in
spinal cord of sporadic amyotrophic lateral sclerosis (SALS)
patients. (A, C) Representative FUS-immunoreactive inclusions detected with antibody 11570-1-AP in several spinal
anterior horn neurons of SALS cases. (B) Higher magniﬁcation image of the boxed area in A. (D) Representative FUSpositive inclusions detected with antibody HPA008784 in
SALS cases. Small arrows in A and C indicate representative neurons with FUS-positive inclusions. Large arrows in B
and D indicate neuronal cytoplasmic FUS-positive inclusions. Arrowheads in B and D indicate neuritic FUS-positive
inclusions. Bar: A, C ⴝ 100m; D ⴝ 25 m.

cord sections revealed that FUS-immunoreactive inclusions were present in some of the surviving spinal anterior
horn neurons from all 52 SALS cases, 12 SOD1-negative
FALS cases, and 10 ALS/dementia cases (Fig 2 and Supplementary Fig 1), but not in the 4 FALS cases with
SOD1 mutations. Previous studies have demonstrated
that SOD1/ubiquitin-positive inclusions in spinal motor
neurons are a pathological hallmark in ALS patients with
SOD1 mutations and in transgenic mice overexpressing
mutant SOD1.18,22 Supporting the notion that the FUSpositive inclusions are absent in SOD1-linked ALS, we
found that the ubiquitin-positive inclusions in spinal neurons were FUS-negative in patients with SOD1G85R or
SOD1A4V mutation and in the transgenic mice overexpressing SOD1G93A and SOD1L126Z (Supplementary Fig
2).21,23 We observed FUS-immunoreactive inclusions in a
case with FUSR521L mutation. Interestingly, we also observed FUS-immunoreactive inclusions in a patient with
TDP43G298S mutation. Most of the inclusions were
skein-like. Some compact inclusions were also observed.
The FUS inclusions appeared to be present predominantly in large anterior horn motor neurons and their
neuritic processes (see Figs 1 and 2 and Supplementary
Fig 1). Significantly increased FUS staining was also observed in some glial cells. In spinal cord sections with preserved dorsal root ganglia of 1 SALS patient, FUS inclusions were observed in the spinal anterior horn motor
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FIGURE 2:
Representative FUS-immunoreactive aggregates/inclusions in sporadic amyotrophic lateral sclerosis
(SALS), ALS/dementia, and non-SOD1 familial amyotrophic
lateral sclerosis (FALS). Human spinal cord sections were
analyzed with immunohistochemistry using an afﬁnity puriﬁed anti-FUS antibody (11570-1-AP). Representative FUSimmunoreactive aggregates/inclusions are shown here in
anterior horn neurons in patients with SALS (A), FALS without known genetic mutations in SOD1, FUS, or TDP43 (B),
ALS/dementia (C), FALS with FUSR521L mutation (D), and
FALS with TDP43G298S mutation (E). Most of the inclusions
were skein-like (A–E), but some of them appeared compact
(F). The FUS inclusions were predominantly localized in the
large neurons of the anterior horn (A–F). Some glial cells
exhibited signiﬁcantly increased FUS staining (G). No FUS
inclusions were found in primary sensory neurons of the
dorsal root ganglia (H) of a patient exhibiting FUS inclusions in spinal neurons (A). (I) Representative TDP43immunoreactive inclusions in spinal cord neurons of SALS
patients are shown. Bar, 50m.

munoreactive with the same TDP43 antibody used to detect TDP43 inclusions in ALS (Fig 3A–C).19
Ubiquitin- and p62-immunoreactive inclusions in
anterior horn motor neurons are hallmarks of ALS.24 To
test if the FUS- and TDP43-containing inclusions were
also immunoreactive to p62 and ubiquitin, we analyzed
inclusions using confocal microscopy. We found that the
FUS inclusions were also immunoreactive to p62 (see Fig
3D–F) and ubiquitin (see Fig 3G–I) antibodies. Consistent with the data seen in our immunohistochemical studies, these inclusions were present in cytosol and neurites.
Using immunohistochemistry, we observed FUS-positive
inclusions in spinal neurons of a patient with TDP43G298S
mutation (see Fig 2E). Confocal microscopy demonstrated
that TDP43-positive inclusions in this patient were also
immunoreactive to the anti-FUS antibody (see Fig 3J–L).
As the characteristic skein-like FUS inclusions detected with the FUS antibody 11570-1-AP were also immunoreactive to antibodies against TDP43, ubiquitin,
and p62, we further tested by confocal microscopy
whether the TDP43- and ubiquitin-positive inclusions
could be detected with other commercially available FUS

neurons, but not in the ganglionic primary sensory neurons. In the motor neurons, the FUS inclusions were located primarily in the cytoplasm and neurites. The shape
and distribution pattern of the FUS inclusions were similar to those of TDP43 inclusions observed in non-SOD1
ALS patients.19 The skein-like, cytoplasmic, and neuritic
FUS-positive inclusions appeared characteristic in these
non-SOD1 ALS cases. Even in some neurons with abundant lipofuscin, these FUS inclusions were apparent (see
Supplementary Fig 1U, V). But these inclusions were not
observed in 6 spinal cord samples from control cases without ALS (see Supplementary Fig 1W–B⬘).
Colocalization of TDP43, p62, and Ubiquitin
with FUS in Spinal Neuron Inclusions in NonSOD1 ALS Cases
Because the FUS inclusions were similar in morphology
and distribution pattern to the TDP43 inclusions observed in non-SOD1 ALS patients,19 we tested if FUS
and TDP43 were colocalized. Confocal microscopy demonstrated that the FUS-positive inclusions were also im742

FIGURE 3: Colocalization of TDP43, p62, and ubiquitin in
FUS-positive inclusions. FUS-positive inclusions (green)
were also immunoreactive to TDP43, p62, and ubiquitin
(red) antibodies (A–I). In a patient with the TDP43G298S
mutation, TDP43-positive inclusions (red) were also immunoreactive to the FUS antibody (green) (J–L).
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antibodies. Consistent with immunohistochemistry,
HPA008784 also recognized the skein-like and TDP43positive inclusions (Fig 4A–C). In addition, the TDP43positive inclusions were also positive with FUS monoclonal antibody sc-47711 (see Fig 4D–F). However, the
11570-1-AP antibody yielded apparently stronger FUS
immunofluorescence (IF) intensity than the other 2 (see
Figs 3 and 4 and Supplementary Fig 3). In approximately
two-thirds of the cells with TDP43-positive inclusions,
the FUS IF signals yielded by HPA008784 and sc-47711
were colocalized with strong TDP43 signals, but they
were less robust when TDP43 signals were weak (see Supplementary Fig 3D–I). The other FUS antibodies, however, did not show apparent costaining (see Supplementary Fig 3J–R and Supplementary Table). We also
observed nuclear staining of FUS in some cells where
FUS and TDP43 inclusions were present, although nuclear staining of the TDP43 were not apparent (see
Supplementary Fig 3D–F). Notably, the antibodies

FIGURE 5: Western blots with antibodies to FUS and
TDP43. Twenty micrograms of protein from spinal cord homogenates of amyotrophic lateral sclerosis (ALS) patients
were loaded and blotted using afﬁnity-puriﬁed rabbit antihuman FUS polyclonal antibody 11570-1-AP (A) and antiTDP43 antibody (B). (A) Lane 1, lysate of THP-1, a human
monocytic leukemia cell line (sc-2238, Santa Cruz Biotechnology); (B) lane 1, lysate of transiently transfected
HEK293 cells overexpressing TDP43; (A, B) lane 2, blank;
lanes 3–5, spinal cord homogenates from patients with
sporadic ALS; lane 6, spinal cord homogenates from a patient with FUSR521L mutation. A single FUS band of the
expected size (A) and multiple TDP43 bands (B) detected
with each antibody are indicated with arrows. Molecular
weight (MW) is indicated on the left in kilodaltons. Lower
panel, actin control.

HPA008784 and sc-47711, which recognize the inclusions, are raised using 2 separate polypeptides that are 61
amino acids apart (Supplementary Fig 4).

FIGURE 4: Confocal analysis of the FUS pathology with
different FUS antibodies. The representative FUS pathology is shown with FUS antibodies HPA008784 (A–C) and
sc-47711 (D–F) in spinal neurons of sporadic amyotrophic
lateral sclerosis cases. The ubiquitin-positive inclusions in
atypical frontotemporal lobar degeneration with neuronal
inclusions composed of an unidentiﬁed ubiquitinated protein were immunoreactive to FUS antibody (G–I), but not
to TDP43 antibody (J–L).

June, 2010

FUS pathology is independent of TDP43
pathology in aFTLD-U
Most cases of frontotemporal dementia (FTD) are associated with inclusions containing TDP43. Recently, a subgroup of approximately 10% FTD cases has been described, which presents an unusual clinical phenotype and
pathology characterized by frontotemporal lobar degeneration with neuronal inclusions composed of an unidentified ubiquitinated protein (atypical FTLD-U, aFTLDU).25 The inclusions in aFTLD-U are positive for
ubiquitin and FUS, but are negative for TDP43
(aFTLD-U or FTLD-FUS).25 To test if FUS-positive inclusions are the result of cross-reactivity of tested FUS
antibodies to TDP43, we analyzed hippocampus sections
of 2 patients with aFTLD-U. Consistent with previous
data,25 we found that pronounced oval or crescentic
ubiquitin-positive inclusions in the dentate granule cells
of the hippocampus were strongly immunoreactive with
the FUS antibody 11570-1-AP (see Fig 4G–I). However,
these FUS-positive inclusions were negative for TDP43
(see Fig 4J–L). Western blot using antibody 11570-1-AP
showed a single band of the expected size that did not
overlap with the TDP43 bands (Fig 5).
The robust immunoreactivity of the well-defined in743
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FIGURE 6: Sensitivity of FUS antibodies for detection of the FUS inclusions in atypical frontotemporal lobar degeneration
with neuronal inclusions composed of an unidentiﬁed ubiquitinated protein (aFTLD-U). Confocal microscopy shows the
hippocampal sections from 2 aFTLD-U cases stained with antibodies against ubiquitin and FUS.

clusions observed with 11570-1-AP in the FTLD-FUS led
us to further evaluate the sensitivity of the other FUS antibodies to the inclusions in the FTLD-FUS cases. Consistent with the data obtained from spinal cord sections,
744

the HPA008784 yielded strong signals, and the sc-47711
generated moderate signals (Fig 6). In addition, A300302A also yielded moderate signals, and the ab23439 revealed weak signals. The other 4 antibodies (sc-25540,
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A300-292, A300-293, and A300294) did not show apparent signals on the ubiquitin-positive inclusions (see Fig
6M–O, and Supplementary Table).
Antigen Retrieval-Related Detection of FUS
Pathology
FUS does not share homology with TDP43 at the protein
level. We observed FUS-positive inclusions in SALS and
non-SOD1 ALS using 3 of the 9 antibodies tested in this
study. Although the epitopes of 11570-1-AP overlap or
partially overlap with those of antibodies HPA008784
and sc-47711, the antibodies HPA008784 and sc-47711
have been raised using 2 separate polypeptides without
any overlap and are 61 amino acids apart in different species of hosts (see Supplementary Fig 4). Moreover, sc47711 is a monoclonal antibody. These FUS antibodies
also detected FUS inclusions in FTLD-FUS, where
TDP-43 inclusions were absent. Immunoblot using antibody 11570-1-AP, which is raised using the longest
polypeptide of the FUS, showed a single band that did
not overlap with the TDP43 bands. These data suggest
that the presence of the inclusions immunoreactive to
FUS antibodies is unlikely due to cross-reactivity of the
FUS antibodies to TDP-43; rather, FUS is a component
of the inclusions.
The FUS pathology in spinal cord has been previously evaluated using immunostaining, and FUS-positive
inclusions have not been identified in SALS and non-FUS
ALS cases.8,25,26 In our previous studies of SOD1 inclusions in spinal cord of SOD1-linked FALS patients and
SOD1 transgenic mice, we observed that antigen retrieval
methodology played an essential role in detection of
SOD1 inclusions in lower motor neurons,21,22 especially
in some human cases (unpublished data). We compared 3
antigen retrieval protocols: boiling and microwave, which
are most commonly used, and high-pressure decloaking
chamber. We found that antigen retrieval using the highpressure decloaking chamber was the most efficient in detection of SOD1 inclusions, and have therefore adopted
this protocol as the routine method for antigen retrieval.21,22 Because other studies failed to show FUS pathology in SALS using microwave protocol for antigen retrieval,8,25,26 we assumed that in addition to the
sensitivity of the antibodies, antigen retrieval methodology may be an important factor for influencing the detection of FUS-positive inclusions. To test this possibility,
we compared boiling and microwave protocols to the
high-pressure decloaking chamber protocol using spinal
cord sections from SALS cases. We observed that the
FUS-positive inclusions were only observed when the
high-pressure decloaking chamber protocol was used, and
the ubiquitin- and p62-positive inclusions were consisJune, 2010

tently negative for FUS when boiling or microwave protocol was used (Fig 7A–L). However, the ubiquitin-,
p62-, and TDP43-positive inclusions were consistently
observed with all 3 antigen retrieval protocols (see Fig
7A–P).
FUS Pathology in the Brain of FTLD-TDP43
with or without Progranulin Mutations, and
ALS/Dementia
We further tested frontal lobe sections from 4 FTLD
cases with different progranulin mutations and another 5
FTLD cases without progranulin mutations. We observed
that ubiquitin- and TDP43-immunoreactive inclusions
were also positive for FUS, although the inclusions were

FIGURE 7: Effect of the antigen retrieval protocols on
detection of the inclusions. The representative ubiquitinpositive (A–F) and p62–positive (G–L) inclusions in spinal
neurons of sporadic amyotrophic lateral sclerosis cases
were not apparently FUS-positive when antigen was retrieved using either boiling (A–C and G–I) or microwave
(D–F and J–L) protocol. (M–P) Representative TDP43- and
ubiquitin-positive inclusions are shown with microwave antigen retrieval protocol.
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rare in these cases (Supplementary Fig 5A–F). In sections
of the neocortex and hippocampus from 3 ALS/dementia
patients, rare ubiquitin-positive inclusions were also positive for FUS (see Supplementary Fig 5G–L), but the
FUS-immunoreactivity of the ubiquitin-positive inclusions in granule cells of hippocampal dentate gyrus appeared to be less intense compared to those in FTLDFUS cases (see Supplementary Fig 5J–L). We also
examined brain sections from frontal and hippocampal regions from 5 control cases without dementia, ranging in
age from 56 to 75 years. We did not observe FUSpositive inclusions in those cases.

Discussion
In this study, we observed FUS-positive inclusions in anterior horn neurons and their neurites in spinal cord of 52
SALS cases, 10 ALS/dementia cases, 1 case each with
TDP43 or FUS mutation, and other 10 FALS cases with
unknown genetic defects, but not in 4 cases with SOD1
mutations or SOD1-ALS transgenic mice. These data indicate that the FUS inclusions are involved not only in
mutant FUS-linked FALS, but also in sporadic ALS and
non-SOD1 FALS, representing a new finding with potentially significant implications.8,27 These data suggest that
the pathogenic pathway of mutant SOD1-mediated ALS
is largely independent from other forms of ALS, including
mutant FUS-linked ALS. We then explored possible explanations for the apparent discrepancy between our data
and previous reports, in which FUS-positive inclusions
were not observed in SALS or FALS without FUS mutation.8,25,26 We found that the high pressure decloaking
chamber technique might be more effective than boiling
and microwave methods for antigen retrieval of FUS in
the inclusions. Although the discrepancy in the immunostaining remains to be further studied, our data suggest
that the FUS in the inclusions of spinal motor neurons
may have a conformation that requires optimized conditions such as efficient antigen retrieval or that FUS may
be a less abundant component in the inclusions compared
to TDP43.
Three of the 9 antibodies to FUS evaluated in the
present study can be used for detection of FUS inclusions
in spinal cord sections by immunostaining. The 115701-AP yielded the most robust signals. The HPA008784
also revealed FUS signals, but less robust than the 115701-AP. These 2 antibodies were generated using much
longer polypeptides as immunogens (349 and 128 amino
acids, respectively). The other polyclonal antibodies generated using much shorter polypeptides failed to detect
FUS inclusions in ALS with immunostaining. A monoclonal antibody sc-47711 could also be used to detect
746

FUS inclusions by immunofluorescence, but not by immunohistochemistry. This antibody was generated using
the C-terminal half of FUS, but the epitope remains to be
mapped. In ALS cases, both FUS and TDP43 were
present in the inclusions. However, the presence of FUS
in TDP43-negative inclusions in the aFTLD-U cases suggests that neuronal FUS pathology is independent of
TDP43 pathology, at least in aFTLD-U. Although we did
not observe apparent FUS-positive inclusions in nonSOD1 ALS cases with 6 other antibodies in this study,
optimization of the immunostaining method may further
increase the sensitivity for detection of the FUS pathology
with other FUS antibodies.
A previous report demonstrated TDP43/ubiquitin
inclusions in all evaluated cases of SALS, ALS/ dementia, and SOD1-negative FALS.19 Our data support this
observation. Confocal analysis demonstrated that the
FUS-immunoreactive inclusions were also immunoreactive with antibodies to TDP43, ubiquitin, and p62. Our
study indicated that the FUS/TDP43/ubiquitin/p62positive inclusions are a common feature in SALS, ALS/
dementia, FUS or TDP43 mutation-linked FALS, and
other SOD1-negative FALS. These data suggest that
SALS, ALS/dementia, FUS or TDP43 mutation-linked
FALS, and other SOD1-negative FALS may share a
common downstream pathway in the pathogenesis of
motor neuron degeneration, although the initial cause of
disease in each specific case may differ. Obviously,
SOD1-linked ALS appears to have a pathogenic pathway
that is independent, at least in part, from other forms of
ALS.
The presence of FUS pathology in sporadic and
most familial forms of ALS parallels that of TDP43 in
ALS, ␤-amyloid in Alzheimer disease and ␣-synuclein in
Parkinson disease. Like TDP43, ␤-amyloid, and
␣-synuclein, FUS is involved in the formation of inclusions in sporadic disease, although genetic mutations
only account for a small fraction of the familial form of
these disorders. Moreover, FUS pathology has recently
been identified in aFTLD-U,25 neuronal intermediate
filament inclusion disease,26 and basophilic inclusion
body disease.28 We showed FUS pathology in FTLD
with or without progranulin mutations, as well as ALS/
dementia. These data suggest that post-translational
modification of FUS is involved in a wider range of neurodegenerative disorders in addition to motor neuron
degeneration in ALS.
The TDP43 and FUS are multifunctional proteins
with DNA/RNA binding properties. They have been implicated in transcription, splicing, and transport of RNA,
protein translation, microRNA biogenesis, apoptosis, and
Volume 67, No. 6
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cell division.29,30 The pathogenetic mechanisms by which
FUS mutations cause motor neuron degeneration remain
to be elucidated. It is not clear whether these FUS/
TDP43/ubiquitin/p62-positive inclusions per se present as
toxic components to motor neurons, or if the formation of
inclusions sequesters and thereby deprives neurons of other
essential proteins, or RNA, or whether some other mechanism exists. Transgenic and knockout animal models may
help address these issues. A previous study demonstrated
that FUS-deficiency (FUS⫺/⫺) leads to perinatal death in
mice, whereas heterozygous mice (FUS⫹/⫺) appear to have
normal phenotype,31 favoring but not proving the hypothesis that mutations in FUS cause the disease through a gain
of function mechanism. Colocalization of FUS and TDP43
in neuronal inclusions raises the possibility that interactions
of FUS and TDP43 with other cellular components may
be a common theme in motor neuron degeneration in
most, if not all, SOD1-negative forms of ALS. Investigation of the common pathway involving these posttranslationally modified proteins may offer a novel avenue
for developing therapies for most forms of ALS and related
disorders. We believe that demonstration of FUS, along
with TDP43 in SALS, non-SOD1 ALS, and ALS/dementia, is a major step forward in formulating a common
pathogenetic pathway for these disorders.
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