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Abnormal intracellular accumulation of the fused in sarcoma (FUS) protein is the character-
istic pathological feature of cases of familial amyotrophic lateral sclerosis (ALS) caused by
FUS mutations (ALS-FUS) and several uncommon disorders that may present with sporadic
frontotemporal dementia (FTLD-FUS). Although these findings provide further support for
the concept that ALS and FTD are closely related clinical syndromes with an overlapping
molecular basis, important differences in the pathological features and results from experi-
mental models indicate that ALS-FUS and FTLD-FUS have distinct pathogenic mechanisms.

ver the past few decades, there has been
Oincreasing evidence that amyotrophic lat-
eral sclerosis (ALS) and frontotemporal demen-
tia (FTD) are closely related conditions with an
overlapping molecular basis. Approximately
10% of patients who initially present with ALS
develop dementia, which often has features of
FTD (Murphy et al. 2007), and a significant
proportion of patients with FTD eventually de-
velop pyramidal motor-system dysfunction
(Lomen-Hoerth et al. 2002). In addition, a
number of families have been reported with au-
tosomal dominant disease in which affected
members develop ALS, FTD, or both (Vance
et al. 2006; Boxer et al. 2011). In 2006, the trans-
active response DNA-binding protein with M,
of 43 kDa (TDP-43) was identified as the path-
ological protein that accumulates in most cases

of ALS and in the most common pathological
subtype of FTD (previously known as fronto-
temporal lobar degeneration [FTLD] with
ubiquitin-positive inclusions, FTLD-U, and
subsequently renamed FTLD-TDP) (Arai et al.
2006; Neumann et al. 2006; Davidson et al.
2007). More recently, abnormal expansion of a
hexanucleotide repeat in a noncoding region of
the chromosome 9 open reading frame 72 gene
(C90rf72) was discovered to be the most com-
mon genetic cause of both ALS and FTD and
the basis on which both ALS and FTD occur in
most families (Dejesus-Hernandez et al. 2011;
Renton et al. 2011).

In early 2009, mutations in the fused in sar-
coma (FUS) gene (also known as the translocat-
ed in liposarcoma [TLS] gene) were reported to
cause a small proportion of familial ALS (fALS)
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cases (ALS-FUS), in which the associated pa-
thology is characterized by inclusions that are
FUS-immunoreactive (FUS-ir) but TDP-43-
negative (Kwiatkowski et al. 2009; Vance et al.
2009). Subsequently, the role of FUS was inves-
tigated in the remaining subtypes of FTLD for
which the molecular basis was still uncertain.
The discovery that most of these tau/TDP-neg-
ative conditions are characterized by FUS-ir pa-
thology (Munoz et al. 2009; Neumann et al.
2009a,b) led to the formation of a new molec-
ular class of FTLD (FTLD-FUS) (Mackenzie
et al. 2010a) and provided further evidence
that FTD and ALS are closely related conditions.
However, despite some overlap in the pheno-
type and pathological features of ALS-FUS
and FTLD-FUS, significant differences in their
molecular pathology have recently been identi-
fied that have helped to elucidate their distinct
underlying pathogenic mechanisms (Dormann
et al. 2010, 2012; Neumann et al. 2011, 2012;
Mackenzie and Neumann 2012).

NORMAL FUNCTION OF FUS

The biology and genetics of FUS are covered in
detail in Guo and Shorter (2016) and have re-
cently been reviewed by Sama et al. (2014). The
FUS gene, located on chromosome 16, consists
of 15 exons that encode a 526-amino-acid
protein (Aman et al. 1996). The N-terminus
functions in transcriptional activation, whereas
the C-terminus region contains multiple nucle-
ic acid—binding domains and a nonclassical
nuclear localization signal (Prasad et al. 1994;
Sama et al. 2014). FUS is a ubiquitously ex-
pressed protein (Aman et al. 1996; Andersson
et al. 2008) that binds to RNA (Crozat et al.
1993; Zinszner et al. 1997) and DNA (Baechtold
et al. 1999) and is involved in diverse cellular
processes including cell proliferation (Bertrand
et al. 1999), DNA repair (Baechtold et al. 1999;
Bertrand et al. 1999), transcription regulation,
RNA splicing (Yang et al. 1998), and RNA
transport between intracellular compartments
(Zinszner et al. 1997). In most cell types, FUS
is present in both the nucleus and cytoplasm;
however, in neurons, there is proportionally
more in the nucleus, and its expression in glia

is exclusively nuclear (Andersson et al. 2008). In
the central nervous system, FUS has been
reported to bind to RNA from more than
5500 genes, primarily through a GUGGU-bind-
ing motif (Lagier-Tourenne et al. 2012), and it
may be involved in neuronal plasticity and the
maintenance of dendritic integrity by trans-
porting mRNA (including those encoding
actin-related proteins) to dendritic spines for
local translation in response to synaptic stim-
ulation (Fujii and Takumi 2005; Fujii et al.
2005).

As the name indicates, the FUS gene was
first identified because chromosomal transloca-
tion of the 5" portion of FUS results in several
fusion oncogenes that are each associated with
specific types of human cancer, including myx-
oid liposarcoma, Ewing’s sarcoma, and acute
myeloid leukemia (Law et al. 2006). The discov-
ery that other types of FUS mutations cause
fALS was the first association between this pro-
tein and a neurodegenerative condition (Kwiat-
kowski et al. 2009; Vance et al. 2009).

ALS WITH FUS PATHOLOGY

ALS is acommon neurodegenerative disorder in
which the relentless destruction of upper and
lower motor neurons causes progressive weak-
ness, typically leading to death within a few
years. Approximately 10% of ALS is inherited,
and fALS has been genetically linked to a num-
ber of chromosomal loci with causal mutations
identified in several genes (http://alsod.iop.kecl
.ac.uk/index.aspx) (Chen et al. 2013).

In 2009, mutations in the FUS gene were
identified as the cause of fALS type 6 (Kwiat-
kowski et al. 2009; Vance et al. 2009). Subse-
quently, genetic screening of ALS cohorts
from many centers in North America, Europe,
and Asia have confirmed that FUS mutations
are responsible for ~3% of fALS cases and
<1% of sporadic ALS (sALS) cases (collectively
referred to here as ALS-FUS) (reviewed in
Mackenzie et al. 2010b). The associated clinical
phenotype is usually classical ALS, with early
features of both upper and lower motor neuron
involvement but without any associated cogni-
tive dysfunction.
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Most of the FUS mutations that cause ALS
affect highly conserved regions in exons 12—15
that encode the C-terminus of the protein and
disrupt or delete a region characterized as a
nonclassical nuclear localization signal. These
changes result in impaired transportin (TRN)-
mediated nuclear import with redistribution of
FUS to the cytoplasm (Bosco et al. 2010; Dor-
mann et al. 2010; Ito et al. 2011). Several studies
have shown a correlation between disease se-
verity (age of onset and disease duration) and
the degree to which the causal FUS mutation
impairs FUS nuclear transport (Dormann
et al. 2010; Kino et al. 2011; Niu et al. 2012).
Mutations in other regions of the FUS gene
(mainly exons 3—6) have mostly been reported
in cases of SALS or fail to segregate with disease
in fALS and are of uncertain pathogenicity. Fur-
thermore, there have been no autopsy reports

FUS Neuropathology

describing FUS-ir pathology in an ALS patient
carrying one of these mutations.

Neuropathology of ALS-FUS

Cases with FUS mutations show typical features
of ALS, including loss of primary upper and
lower motor neurons, chronic reactive changes,
and degeneration of the corticospinal tracts and
motor nerves. Bunina bodies, which are a char-
acteristic finding in ALS with TDP-43 patholo-
gy, are absent. In most cases, at least some motor
neurons contain sharply defined, single or mul-
tiple, round, oval, or multilobulated cytoplas-
mic inclusions with a pale blue-gray color on
hematoxylin and eosin (H&E) staining, referred
to as basophilic inclusions (BIs) (Fig. 1A) (Mac-
kenzie et al. 2011a). In addition to classical BIs,
some cases also have smaller, more darkly stain-
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Figure 1. Neuropathology of ALS-FUS. (A) Basophilic inclusions (BIs) in the cytoplasm of motor neurons are a
common feature of most cases of ALS caused by FUS mutations. In early-onset cases, the predominant finding
with fused in sarcoma (FUS) immunohistochemistry (IHC) is (B) large, round neuronal cytoplasmic inclusions
(NCIs) that correspond to BI. In late-onset cases, (C) FUS-positive, tangle-like neuronal inclusions predom-
inate and (D) glial cytoplasmic inclusions are more numerous. Neuropathology in A is shown by hematoxylin

and eosin staining; in B—D, by FUS ITHC.
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Table 1. Frequency and morphology of cellular inclusions in ALS-FUS

Bl Bl Bl FUS-ir ~ FUS-ir FUS-ir FUS-ir  FUS-ir
NCI NCI NCI NCI GCl
Motor Lower motor Motor Lower motor
cortex  Subcort neurons cortex  Subcort neurons Morph
Early onset, short ++ + ++ +++ + 42 +4++ Round +
duration
Late onset, long - - + + ++° +++ Tangles +++
duration

Based on data in study by Mackenzie et al. 2011a.
Grading: +, few; ++, moderate; ++ +, numerous.

ALS-FUS, Amyotrophic lateral sclerosis caused by FUS mutations; BI, basophilic inclusion; ir, immunoreactive; NCI,
neuronal cytoplasmic inclusion; GCI, glial cytoplasmic inclusion.
*Nucleus of the basis pontis, cerebellar dentate nucleus, and substantia nigra.

"Basal ganglia, thalamus, and substantia nigra.

ing basophilic deposits in motor neurons. A
consistent feature is the presence of neuronal
cytoplasmic inclusions (NClIs), which are im-
munoreactive for FUS (Fig. 1B,C) and variably
reactive for components of the ubiquitin—pro-
teasome system (such as ubiquitin and p62) but
negative for TDP-43 (Kwiatkowski et al. 2009;
Vance et al. 2009; Blair et al. 2010; Groen et al.
2010; Hewitt et al. 2010; Huang et al. 2010;
Kobayashi et al. 2010; Rademakers et al. 2010;
Yamamoto-Watanabe et al. 2010; Robertson
et al. 2011; Suzuki et al. 2012). FUS immuno-
histochemistry (IHC) also shows variable num-
bers of glial cytoplasmic inclusions (Fig. 1D),
primarily in oligodendrocytes (Hewitt et al.
2010; Kobayashi et al. 2010; Yamamoto-Wata-
nabe et al. 2010; Mackenzie et al. 2011a; Suzuki
et al. 2012). Although most inclusion-bearing
cells show an absence of normal nuclear FUS
immunoreactivity, there may be some retention
(Rademakers et al. 2010; Robertson et al. 2011).

There is significant variation in the mor-
phology, abundance, and anatomical distribu-
tion of Bls and FUS-ir inclusions among ALS-
FUS cases. Most of the published descriptions
are individual case reports or very small series
that vary in methodology and the amount of
detail provided, making it difficult to compare
cases directly and to determine genetic, clinical,
and pathological correlations. The largest series
published to date provides a comparative anal-
ysis of six cases of ALS-FUS, which include

sporadic and familial cases with both juvenile
and adult onset and with four different FUS
mutations (Mackenzie et al. 2011a). There was
significant pathological heterogeneity among
these cases, with two distinct patterns identified
that correlated with disease severity and the spe-
cific mutation (Table 1). Three cases with early
onset and rapid disease progression, including
two with the p.P525L mutation, were found to
have moderate numbers of Bls in lower motor
neurons and the primary motor cortex. These
Bls were most often large, round, and pale bod-
ies (classical); however, all of these early-onset
cases also had some basophilic inclusions that
were smaller, darker-staining, and sometimes
multiple in number. Basophilic inclusions
were also occasionally found in other regions,
such as the substantia nigra and the nuclei of the
basis pontis. The predominant FUS-ir patholo-
gy shown in early-onset cases was large, round,
compact NClIs that likely corresponded to Bls
(Fig. 1B). In contrast, cases with later disease
onset and slower progression, including two
cases with the p.R521C mutation, had few Bls
(always with classical morphology) that were
restricted to the lower motor neurons. In these
cases, FUS THC primarily showed filamentous-
tangle-like NCIs (Fig. 1C) and numerous glial
cytoplasmic inclusions (Fig. 1D). There were
also differences noted in the anatomic distribu-
tion of FUS-ir pathology between the two
groups of cases. All cases had many NClIs in
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the lower motor neurons; however, the early-
onset cases had significant pathology in the
primary motor cortex, substantia nigra, basis
pontis, and cerebellar dentate nucleus, whereas
the late-onset cases had more consistent in-
volvement of the basal ganglia and thalamus.
It is important to note that although many of
the other published case reports of ALS-FUS
have described clinical, genetic, and pathologi-
cal correlations consistent with one of these two
patterns (Kwiatkowski et al. 2009; Vance et al.
2009; Blair et al. 2010; Groen et al. 2010; Hewitt
et al. 2010; Huang et al. 2010; Yamamoto-Wa-
tanabe et al. 2010), other combinations have
also been reported (Hewitt et al. 2010; Kobaya-
shi et al. 2010; Tateishi Tet al. 2010; Suzuki et al.
2012), indicating a wider range of variability.
Following the discovery of FUS mutations, a
number of previously reported cases of ALS
with BIs were reevaluated (Baumer et al. 2010;
Huang et al. 2010; Kobayashi et al. 2010; Suzuki
et al. 2010; Tateishi et al. 2010; Yamamoto-Wa-
tanabe et al. 2010; Fujita et al. 2011; Matsuoka
etal. 2011). These studies showed that the Bls in
cases of ALS are consistently FUS-ir and that
most are associated with a FUS mutation
(Baumer et al. 2010; Huang et al. 2010; Koba-
yashi et al. 2010; Suzuki et al. 2010; Tateishi et al.
2010; Yamamoto-Watanabe et al. 2010). Cases
without a mutation (Huang et al. 2010; Fujita
et al. 2011; Matsuoka et al. 2011) are much less
common and may represent part of the sporadic
BI body disease (BIBD) spectrum (see below).

FTD WITH FUS PATHOLOGY

FTD is a clinical syndrome characterized by
abnormalities of behavior, personality, and lan-
guage (Neary et al. 1998, McKhann et al. 2001)
that accounts for 10%—15% of all dementia
cases and is the second most common cause
of dementia in individuals under the age of 65
years (Bird et al. 2003; Feldman et al. 2003). The
neuropathology that underlies clinical FTD is
heterogeneous, with a consistent feature being
the relatively selective degeneration of the fron-
tal and temporal cerebral lobes (Cairns et al.
2007; Neumann et al. 2009¢). FTLD is often
used as the general term for those pathological

FUS Neuropathology

conditions that commonly present with clinical
FTD, and there is a growing trend to classify
FTLD based on the molecular defect that is pre-
sumed to be most closely related to the under-
lying pathogenic process (Mackenzie et al. 2009,
2010a). The majority of FTD cases are associat-
ed with abnormal, intracellular accumulation of
either tau or the TDP-43 protein (FTLD-tau
and FTLD-TDB, respectively) (Neumann et al.
2009¢). However, there remain ~10% of FTLD
cases composed of a heterogeneous collection
of uncommon disorders that do not have sig-
nificant tau or TDP-43 pathology (Cairns et al.
2007; Mackenzie et al. 2008; Roeber et al. 2008).
Following the discovery of FUS mutations in
ALS (Kwiatkowski et al. 2009; Vance et al.
2009), the role of FUS was investigated in these
tau/TDP-negative forms of FTLD (Munoz et al.
2009; Neumann et al. 2009a,b; Holm et al.
2009). In most of the FTLD subtypes where
the major molecular defect was not yet known,
the characteristic pathological inclusions were
found to be FUS-ir. These included cases previ-
ously designated as atypical FTLD with ubiqui-
tinated inclusions (aFTLD-U) (Mackenzie et al.
2008; Roeber et al. 2008; Neumann et al. 2009a),
neuronal intermediate filament inclusion dis-
ease (NIFID) (Cairns et al. 2003, 2004a; Neu-
mann et al. 2009b), and BIBD (Munoz-Garcia
and Ludwin 1984; Munoz et al. 2009). As a
result, these three conditions have now been
grouped together within the broad molecular
category of FTLD-FUS (Mackenzie et al
2010a). Studies of several pathological series
have confirmed FTLD-FUS in 5%—10% of clin-
ical FTD cases (Mackenzie et al. 2008; Roeber
et al. 2008; Neumann et al. 2009a; Seelaar et al.
2010), and a large international study found
92% of tau/TDP-negative FTLD to have FUS-
ir pathology (Urwin et al. 2010).

Atypical FTLD-U

Most cases of tau-negative FTLD were previ-
ously defined by the presence of neuronal inclu-
sions that could only be shown with IHC for
ubiquitin (FTLD-U) (Mackenzie et al. 2006).
In the majority of these cases, the ubiquitinated
pathological protein was discovered to be TDP-
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43 (FTLD-TDP) (Arai et al. 2006; Neumann
et al. 2006; Davidson et al. 2007). However, it
was subsequently recognized that 10%—20% of
FTLD-U cases do not show evidence of abnor-
mal TDP-43 metabolism (Mackenzie et al. 2008;
Roeber et al. 2008). These cases of aFTLD-U
have an unusual and remarkably consistent
clinical phenotype characterized by sporadic,
early-onset, severe, and rapidly progressive psy-
chobehavioral abnormalities in the absence of
significant language or motor deficits (Macken-
zie et al. 2008; Roeber et al. 2008; Urwin et al.
2010).

Neuropathology of aFTLD-U

In cases of aFTLD-U, there is symmetric atro-
phy of the frontal and temporal lobes as well
as the caudate nucleus (Mackenzie et al. 2008;
Roeber et al. 2008; Neumann et al. 2009a).
Histological evidence of chronic degeneration
is present in the frontal and temporal neocortex,
hippocampal CA1 sector and subiculum (hip-
pocampal sclerosis), striatum, globus pallidus,
and substantia nigra. Characteristic cellular
inclusions are not seen with histochemical
staining (including those for amyloid, such
as thioflavin) and can only be detected with
[HC.

FUS IHC labels variable numbers of well-
defined, round, oval, or kidney-shaped NClIs in
the middle and deeper layers of the neocortex
(Fig. 2A) (Neumann et al. 2009a; Lashley et al.
2011; Mackenzie et al. 2011b). Similar NClIs are
moderate to numerous in the hippocampal
dentate fascia (Fig. 2B), striatum, and periaque-
ductal gray mater, whereas other cortical and
subcortical regions are less consistently involved
and to a milder degree. Neuronal cytoplasmic
inclusions with other morphologies, such as
crescentic and granular forms, are much less
frequent. In addition to cytoplasmic inclusions,
neuronal intranuclear inclusions are a consis-
tent feature and appear as a single straight,
curved, or twisted (vermiform) thick filament
(Fig. 2C). Neuronal intranuclear inclusions are
most numerous in the dentate granule cells, but
they are also found in pyramidal neurons of the
neocortex and hippocampus and occasionally

in subcortical regions. Although most neurons
harboring inclusions (either neuronal cytoplas-
mic or neuronal intranuclear inclusions) show
the absence of normal physiological nuclear
staining, this finding is inconsistent. FUS IHC
also shows occasional short dystrophic neurites
and a moderate number of oval or flame-shaped
glial cytoplasmic inclusions in white-matter ol-
igodendrocytes (Fig. 2D). The neuronal inclu-
sions are also demonstrated with THC for ubiq-
uitin and p62; however, FUS THC tends to be
more sensitive, and some types of inclusions,
such as glial cytoplasmic inclusions, are only
FUS-ir.

Neuronal Intermediate Filament Inclusion
Disease

NIFID is an uncommon neurological disorder
that typically presents as early-onset, sporadic
FTD associated with a pyramidal and/or extra-
pyramidal movement disorder (Cairns et al.
2003, 2004a). The defining feature is the pres-
ence of NClIs that are immunoreactive for all
class IV intermediate filaments (light, medium,
and heavy neurofilament subunits and a-inter-
nexin) (Cairns et al. 2004b).

Neuropathology of NIFID

In cases of NIFID, the brain is usually small with
symmetric atrophy of the frontal lobes (Cairns
et al. 2004a; Neumann et al. 2009b). Chronic
degenerative changes are prominent in the fron-
tal and temporal neocortex as well as many
subcortical regions including the basal ganglia,
thalamus, substantia nigra, periaqueductal gray
matter, inferior olivary nucleus, and cerebellar
dentate nucleus. Decreased myelin staining of
the corticospinal tracts and appreciable loss of
lower motor neurons may also be present.
Many different types of neuronal inclusions
may be seen with histochemical staining and
IHC (Cairns et al. 2004a; Neumann et al.
2009b,¢). Although immunoreactivity for inter-
mediate filaments is the defining feature of
NIFID, only a small number of the NClIs are
intermediate filament immunoreactive (IF-ir)
(Cairns et al. 2004b; Neumann et al. 2009¢;
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Figure 2. Neuropathology of FTLD-FUS. In cases of atypical FTLD with ubiquitinated inclusions (aFTLD-U),
moderate numbers of compact, round, or oval FUS immunoreactive (FUS-ir) NCIs are found in the (A) cerebral
neocortex, (B) dentate granule cells of the hippocampus, and some subcortical regions. These cases also have
long, twisted, filamentous neuronal intranuclear inclusions that are most numerous in the (C) dentate fascia
and neocortex. (D) FUS-ir glial cytoplasmic inclusions are a common feature of all types of FTLD-FUS.
Neuronal intermediate filament inclusion disease (NIFID) is characterized by NCI of varying morphologies,
including (E) hyaline conglomerate inclusions, which are sometimes immunoreactive for (F) neuronal inter-
mediate filaments (IFs). In NIFID, FUS THC shows an even wider range of inclusion types, which include (G)
annular, crescentic, and tangle-like NCI, as well as collections of (H ) cytoplasmic granules. Many of the NClIs in
NIFID are immunoreactive for FUS but not IFs (arrow, I), and all neurons that contain an IF-ir inclusion also
show a discrete focal accumulation of FUS (arrowhead, I'). Basophilic inclusion body disease (BIBD) is defined
by the presence of (J) BI in the cytoplasm of neurons in a wide range of anatomical regions. FUS THC
consistently labels (K) BI and shows additional types of (L) NCI in BIBD. Neuropathology in A-D, G, H, K,
and L is shown by FUSIHG; in E and J, by hematoxylin and eosin; and in I, by double-label immunofluorescence
for FUS (red) and a-internexin (green).
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Armstrong et al. 2011; Lashley et al. 2011).
Small, round, Pick-body-like inclusions; hya-
line conglomerate inclusions (Fig. 2E); and
crescentic, annular, and tangle-like inclusions
are all variably immunoreactive for ubiquitin,
p62, and intermediate filaments (Fig. 2F).
Large, round, brightly eosinophilic neuronal in-
tranuclear inclusions have been described in
about half of the reported cases of NIFID and
are intensely ubiquitin/p62-immunoreactive
but negative for intermediate filaments. Finally,
ubiquitin IHC shows filamentous neuronal in-
tranuclear inclusions in dentate granule cells
and cortical pyramidal neurons that are similar
to those found in aFTLD-U.

All of the morphological types of inclusions
are labeled with antibodies against FUS but in
greater numbers and staining intensity than
with other methods (Fig. 2G) (Neumann et al.
2009b; Armstrong et al. 2011; Mackenzie et al.
2011b). FUS IHC also shows additional types of
inclusions that are not seen with other tech-
niques, including aggregates of coarse cytoplas-
mic granules in some neuronal populations
(Fig. 2H) and glial cytoplasmic inclusions in
oligodendrocytes. FUS-ir pathology is abun-
dant in virtually all neocortical, limbic, and sub-
cortical gray-matter regions, with the exception
of the cerebellar cortex. Inclusion-bearing cells
often show an absence or a reduction of the
normal diffuse nuclear FUS immunoreactivity.
Double labeling confirms that all ubiquitin/
p62-ir inclusions are also FUS positive (Neu-
mann et al. 2009b; Lashley et al. 2011). Double
labeling with antibodies against FUS and inter-
mediate filaments shows that many neurons
contain NCIs or neuronal intranuclear inclu-
sions that are only immunoreactive for FUS
(Fig. 2I) (Neumann et al. 2009b; Lashley et al.
2011). Moreover, all cells with IF-ir NCIs also
have focal accumulation of FUS; however, in
these cells, the two antibodies label discrete in-
clusions or different regions of an inclusion
with minimal overlap (Fig. 2I) (Neumann
et al. 2009b; Lashley et al. 2011). These results
suggest that FUS plays a more central role in the
pathogenesis of NIFID and that the abnormal
accumulation of intermediate filaments is likely
a secondary phenomenon.

Basophilic Inclusion Body Disease

BIBD is a term that has been used for a small
number of clinically and pathologically hetero-
geneous cases, in which the common finding is
NClIs that appear blue with H&E staining (Bls)
(Fig. 2J). Clinical phenotypes include sALS
(Kusaka et al. 1993), fALS (Tsuchiya et al.
2001), ALS with dementia (Ishihara et al.
2006), and pure FTD (Munoz-Garcia and Lud-
win 1984).

Neuropathology of BIBD

In cases of BIBD, there is chronic degeneration
of the frontal and temporal neocortex, the stri-
atum, and the substantia nigra. Even in cases
with clinical FTD, Bls tend to be most numer-
ous in subcortical regions (Munoz-Garcia and
Ludwin 1984). Basophilic inclusions are round,
oval, or crescentic; weakly argyrophilic; and
may be detected with histochemical staining
for RNA. They are variably immunoreactive
for ubiquitin and p62 but negative for tau,
a-synuclein, intermediate filaments, tubulin,
actin, and TDP-43.

A recent study found that Bls in BIBD are
consistently FUS-ir (Fig. 2K) and that FUS IHC
shows additional neuronal and glial pathology
that had not previously been recognized in these
cases (Munoz et al. 2009). FUS-ir NClIs are
moderate to numerous in the cerebral neocor-
tex, hippocampal pyramidal layer, globus
pallidus, thalamus, midbrain, pons, inferior oli-
vary nucleus, and the lower motor neurons of
the spinal cord (Munoz et al. 2009; Mackenzie
etal. 2011Db). The hippocampal dentate granule
cells, striatum, hypoglossal nucleus, and cere-
bellar dentate nucleus are also consistently af-
fected but to a more variable degree. In addition
to large round NClIs that correspond to Bls,
other morphologies include crescentic, annular,
and tangle-like inclusions in the cerebral neo-
cortex, hippocampus, and basal ganglia, and
noncompact collections of coarse granules in
the thalamus, many brainstem nuclei, and the
cerebellar dentate nucleus (Fig. 2L). Affected
areas also show variable numbers of small
round or crescentic FUS-ir glial cytoplasmic in-
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clusions and short cell processes. Neuronal in-
tranuclear inclusions are exceptionally rare in
BIBD. Absent or reduced levels of nuclear FUS
in both inclusion-bearing and normal-appear-
ing neurons in affected anatomical regions is a
more consistent feature than in other types of
FTLD-FUS (Munoz et al. 2009).

Comparison of FUS Pathology among
FTLD-FUS Subtypes

BIBD, NIFID, and aFTLD-U were each original-
ly defined by the presence of specific neuropath-
ological features (BIs, IF-ir NCIs, and ubiqui-
tin-ir NClIs that are only apparent with THC,
respectively) (Munoz-Garcia and Ludwin
1984; Cairns et al. 2003; Mackenzie et al.
2008). The common finding of abundant
FUS-ir pathology indicates that these condi-
tions are more closely related than previously
understood and has resulted in them being sub-
sumed within the broad molecular class of
FTLD-FUS (Mackenzie et al. 2010a). However,
despite there being significant overlap, there are
also sufficient differences in the pattern of FUS-
ir pathology to allow the FTLD-FUS subtypes to
be distinguished from one another (Table 2)
(Mackenzie et al. 2011b; Lashley et al. 2011;
Lee et al. 2013). Cases of aFTLD-U have the
most distinct pattern of FUS pathology, charac-
terized by relatively modest involvement of sub-
cortical regions, less variation in the morphol-
ogy of NCIs, and the most numerous and
anatomically widespread neuronal intranuclear
inclusions. Cases of NIFID and BIBD both have

FUS Neuropathology

more numerous and morphologically diverse
NClIs in a broad anatomic distribution; howev-
er, the absence of neuronal intranuclear inclu-
sions in the hippocampus and neocortex is
unique to BIBD cases. These findings validate
the specificity of the classical neuropathological
diagnostic criteria and support these as repre-
senting closely related but distinct entities that
share a common molecular pathogenesis.

Biochemical and Genetic Analysis
of FTLD-FUS

In all FTLD-FUS subtypes, the pathological
changes are immunoreactive with FUS antibod-
ies that recognize different epitopes across the
entire protein (Neumann et al. 2009a,b; Lashley
et al. 2011). Immunoblot analysis of postmor-
tem brain tissue shows a relative shift of FUS
protein to the insoluble fraction; however, there
are no additional protein bands of higher
or lower molecular mass (Neumann et al.
2009a,b, 2011).

Genetic analysis has only been reported fora
small number of pathologically confirmed
FTLD-FUS cases; none of which has been found
to have any abnormality of the FUS gene (Neu-
mann et al. 2009a,b; Urwin et al. 2010; Lashley
etal. 2011; Snowden et al. 2011). A few patients
have been reported with fALS due to FUS
mutations who also developed clinical FTD
(Ticozzi et al. 2009; Blair et al. 2010; Broustal
etal. 2010; Yan et al. 2010), and one study iden-
tified a novel FUS mutation (M254V) in a pa-
tient with sporadic, adult-onset FTD without

Table 2. Frequency and morphology of cellular inclusions in FTLD-FUS

ub-ir IF-ir Bl FUS-ir FUS-ir FUS-ir FUS-ir
NCI NCI NCI NCI NCI NIl
Cortex Cortex Subcort Cortex Subcort Morph HC
aFTLD-U +4++ +/- +/= ++ ++ Round ++
NIFID +4++ ++ +/- +++ +4+ Variable ++
BIBD ++ +/- +++ +++ +++ Variable -

Based on data in study by Mackenzie et al. 2011b.

Grading: +/—, rare and not present in every case; +, few; ++, moderate; +++, numerous.

FTLD, Frontotemporal lobar degeneration; FUS, fused in sarcoma; aFTLD-U, atypical FTLD with ubiquitinated inclusions;
NIFID, neuronal intermediate filament inclusion disease; BIBD, basophilic inclusion body disease; ub, ubiquitin; ir,
immunoreactive; IE intermediate filament; FUS, fused in sarcoma; NCI, neuronal cytoplasmic inclusions; NII, neuronal

intranuclear inclusion.
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Figure 3. FUS pathology in other neurodegenerative conditions. FUS THC labels the neuronal intranuclear
inclusions that are characteristic of (A) Huntington’s disease, (B) other polyglutamine disorders such as spi-
nocerebellar ataxia type 1, and (C) cases of neuronal intranuclear inclusion body disease. Pathology in A—C is

shown by FUS IHC.

evidence of ALS (Van Langenhove et al. 2010);
however, none of these reports included neuro-
pathological evaluation. A family with autoso-
mal dominant dementia and autopsy-proven
FTLD-FUS (aFTLD-U subtype) in both the pro-
band and their mother was reported in a study
from the United Kingdom; however, no FUS
mutation was identified (Lashley et al. 2011).

FUS PATHOLOGY IN OTHER
NEURODEGENERATIVE DISORDERS

FUS THC does not label the characteristic path-
ological changes of most other common neuro-
degenerative disorders, including Alzheimer’s
disease, Lewy body disease, Pick’s disease, cor-
ticobasal degeneration, progressive supranu-
clear palsy, multiple system atrophy, FTLD-
TDP, ALS-TDP, or ALS-SOD (Neumann et al.
2009a; Rademakers et al. 2010). Important ex-
ceptions are the neuronal intranuclear inclu-
sions that characterize several of the polyglut-
amine (polyQ) repeat disorders and neuronal
intranuclear inclusion body disease (NIIBD)
(Woulfe et al. 2010; Mori et al. 2012, 2014).
Prior to the discovery of FUS mutations in
ALS and FUS-ir pathology in ALS and FID,
FUS was identified as a component of the neu-
ronal intranuclear inclusions of Huntington’s
disease (Fig. 3A) (Doi et al. 2008). A more com-
prehensive study of neurodegenerative disease
with neuronal intranuclear inclusions found
that FUS IHC labeled the neuronal intranuclear
inclusions of other polyQ diseases, including
spinocerebellar ataxia types 1 and 3 (SCAl

and SCA3, respectively) (Fig. 3B) (Woulfe
etal. 2010). This study also showed FUS labeling
of neuronal intranuclear inclusions in an exper-
imental mouse model of SCA1 and in cultured
cells transfected with mutant human hunting-
tin. No FUS reactivity was seen in the neuronal
intranuclear inclusions of disorders caused by
other repeat expansions (oculopharyngeal mus-
cular dystrophy or fragile X tremor ataxia syn-
drome), inherited forms of FTLD-TDP with
mutations in either the granulin or valosin-con-
taining protein genes, or in multiple system at-
rophy. The only other condition with FUS-ir
neuronal intranuclear inclusions is NIIBD
(Fig. 3C) (Woulfe et al. 2010; Mori et al. 2012,
2014). NIIBD is a heterogeneous neurodegen-
erative condition of unknown etiology that is
defined by the presence of eosinophilic intra-
nuclear inclusions in neurons and sometimes
glia, which are also ubiquitin-ir and show var-
iable labeling with an antibody that recognizes
expanded polyQ (1C2). Although these find-
ings suggest that the recruitment of FUS may
be a relatively specific feature of polyQ contain-
ing neuronal inclusions (Nukina 2010), these
inclusions are known to also contain a variety
of other proteins, and the role of FUS in path-
ogenesis remains uncertain.

OTHER FET PROTEINS IN FTLD-FUS AND
ALS-FUS

FUS belongs to a group of DNA/RNA binding
proteins known as the FET protein family that
includes FUS, Ewing’s sarcoma protein (EWS),
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Figure 4. Other FET proteins in FTLD-FUS. All of the different types of FUS immunoreactive cellular
inclusions, in all subtypes of FTLD-FUS, including (A) aFTLD-U, (B) NIFID, and (C) BIBD, can also be
labeled with antibodies against the other FET proteins, TAF-15 (A and C) and Ewing’s sarcoma protein
(EWS) (B). Double-label immunofluorescence confirms the co-localization of FET proteins in the inclusions
(D—F). The inclusions of FTLD-FUS also contain the FET carrier protein transportin (TRN) (G, aFTLD-U;
H, NIFID; I, BIBD). TAF-15 IHC is shown in A and C. EWS IHC is shown in B. Double-label immuno-
fluorescence is shown in D—F for FUS (red); in E for TAF-15 (green); and in F for a merged image. TRN IHC

is shown in G-1I.

and TATA-binding protein-associated factor 15
(TAF15) (Law et al. 2006; Schwartz et al. 2015).
All of the FET proteins were initially discovered
as components of fusion oncogenes that cause
specific types of human cancer. They are all in-
volved in various aspects of RNA metabolism
and are predominantly nuclear in localization
but shuttle between the nucleus and cytoplasm
via a common TRN-mediated mechanism. Pro-
tein-interaction studies suggest that FET pro-
teins are able to interact with each other and
form protein complexes (Kovar 2011; Thomsen
et al. 2013), suggesting that TAF15 and EWS
might also be altered in FUS-opathies.

Studies have shown that in cases of ALS-
FUS with a range of different mutations, there
is no co-accumulation of other FET proteins
into FUS-positive inclusions, and cells retain
the normal physiological nuclear staining of
TAF15 and EWS (Neumann et al. 2011). In
striking contrast, in all FTLD-FUS subtypes,
TAF15 and EWS are also found to co-accumu-
late in FUS-positive inclusions, and inclusion-
bearing cells show a reduction in the normal
nuclear staining of all three FET proteins, par-
ticularly TAF15 (Fig. 4A—F) (Neumann et al.
2011; Davidson et al. 2013). Moreover, inclu-
sions in FTLD-FUS also show consistent
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labeling for the FET carrier protein TRN (Fig.
4G-1I), whereas the inclusions in cases of ALS-
FUS are TRN-negative (Brelstaff et al. 2011;
Neumann et al. 2012; Davidson et al. 2013;
Troakes et al. 2013).

These findings indicate that the FUS-ir pa-
thology in FTLD-FUS and ALS-FUS result from
two distinct pathogenic processes. In ALS-FUS,
the causal mutations in FUS affect the nuclear
localization signal and specifically interfere with
the normal binding of FUS to TRN, which re-
sults in the accumulation of FUS in the cyto-
plasm where it forms inclusions (Dormann
et al. 2010; Ito et al. 2011). In FTLD-FUS, a
more general defect of TRN-mediated nuclear
import seems to be present that affects the in-
tracellular distribution of all FET proteins. Al-
though this could be the result of some primary
abnormality of TRN itself (such as genetic var-
iation in the TRN gene [TNPO!] or altered ex-
pression levels), the fact that a number of other
protein cargoes of TRN show normal intracel-
lular distribution and are not incorporated into
the FET-ir inclusions in FTLD-FUS suggests
that this is not the case (Neumann et al.
2012). Alternatively, the proper nuclear import
of FET proteins might be affected by some ab-
normal posttranslational modification that af-
fects all of the FET proteins. One recent study
provided evidence that in FTLD-FUS there is
reduced methylation of the arginine-glycine
rich region, immediately adjacent to the nuclear
localization signal, which results in abnormally
avid binding of FET proteins to TRN, produc-
ing protein complexes that cannot dissociate
and that aggregate as inclusion bodies (Dormann
et al. 2012). The cause of the arginine hypome-
thylation in FTLD-FUS is not known, but it does
not appear to be due to variation in the genes
encoding the responsible protein N-arginine
methyltransferases (Ravenscroft et al. 2013).

EXPERIMENTAL MODELS AND
PATHOGENIC MECHANISMS OF
FUS-OPATHIES

Although the mechanisms of FUS cellular redis-
tribution and inclusion-body formation in
ALS-FUS and FTLD-FUS are now fairly well

understood, it is still uncertain whether neuro-
degeneration is the result of loss of some essen-
tial normal function of FUS or gain of a novel
toxic function. Loss of function is suggested by
reduced nuclear FUS immunoreactivity in cases
of both ALS-FUS and FTLD-FUS and by in
vitro models that show a correlation between
the degree of protein loss from the nucleus
and the severity of human disease associated
with specific FUS mutations (Dormann et al.
2010; Kino et al. 2011; Niu et al. 2012). The
wide range and essential nature of the many
functions performed by nuclear FUS makes it
easy to speculate that reduced levels would be
detrimental. FUS also plays an important role in
transporting mRNAs within the cytoplasmic
compartment, which could be compromised if
insoluble protein aggregates sequester FUS and
make it unavailable. Alternatively, a gain of toxic
function is commonly implicated in neurode-
generative disorders characterized by the aggre-
gation of misfolded proteins. Redistribution of
FUS to the cytoplasm could result in aberrant
binding to cytosolic RNA targets, and abnormal
FUS aggregates might overwhelm important
cellular functions such as stress-granule dynam-
ics and proteasomal degradation. Results from
in vivo models have been somewhat inconsis-
tent but provide evidence for both types of
mechanism, possibly acting in combination (re-
viewed by Da Cruz and Cleveland 2011; Lanson
and Pandey 2012; Dormann and Haass 2013;
Deng et al. 2014). Briefly, loss-of-function path-
ogenicity is supported by studies showing that
complete knockout of FUS in mice has devas-
tating effects (including perinatal lethality),
whereas depletion of FUS in Drosophila and ze-
bra fish results in abnormal motor-neuron mor-
phology and a motor phenotype that can be
rescued by wild-type but not mutant FUS. In
contrast, many studies have shown that overex-
pression of wild-type or mutant FUS leads to
cytoplasmic accumulation and aggregation of
the protein, is associated with neurotoxicity,
and recapitulates various features of disease in-
cluding degeneration of cortical, hippocampal,
and motor neurons, impaired neuromuscular
transmission, and development of weakness
and learning and memory deficits.
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CONCLUDING REMARKS

Abnormal intracellular accumulation of FUS is
a characteristic pathological feature of fALS
caused by FUS mutations and a newly recog-
nized subset of sporadic FTD (FTLD-FUS).
Although the mechanisms that lead to FUS pa-
thology in these two classes of disease appear to
be distinct, the finding of a common molecular
defect provides further support for the concept
that ALS and FTD are closely related clinical syn-
dromes with an overlapping pathogenesis, and
adds FUS to the growing list of RNA-binding
proteins involved in neurodegenerative disease.
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